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Foreword

It is a great honor to compile the Foreword for this es-
teemed book on power systems. It is not common to
find most of the topics relating to power systems in
one book. This book is also unique in that, in spite of
the very diverse topics, many authors are well revered
and respected members of the CIGRE community. This
means that that they are respected leaders in their par-
ticular fields and recognized by fellow experts.

The book, which is, in fact, a series of books within
a book, covers all aspects of electrical power provi-
sion from the generator to the meter. Each chapter can
be read on its own, and the reader can access all the
relevant information on the topic from the particular
chapter without necessarily having to refer to other
chapters or sections. It is not exclusively a high-voltage
or transmission-based book but can be applied to all
voltage levels. It can be of value to experienced engi-
neers, as well as to newly graduated engineers, or as a
textbook for undergraduates. The chapters themselves
provide detailed equations for the design, operation,
and maintenance of the grid and the components. The
references provided will allow the reader to delve in
more depth into a specific topic where necessary.

In order to understand power systems, you need to
understand the basics of high-voltage engineering. The
chapter on high-voltage engineering covers the theory
as well as the application of the theory to power de-
livery. This provides a well-rounded document for the
reader. As mentioned in the chapter “High-voltage engi-
neering is knowledge about power transmission at high
voltage and about stress on equipment used in high-
voltage transmission systems. The basis for the design
of high-voltage equipment is the stress of the insula-
tion by the electric field, whereby the stress magnitude
depends on the voltage type. Electric field distribu-
tion is given by relative permittivity for AC and by
conductivity for DC and homogeneity of the electrode
arrangement.” The chapter covers the mathematics and
application of the theory to the components of the
power grid, such as cables and conductors. The be-
havior of gases such as air and SF6, which are very
pertinent to the equipment used on the grid, is given.

The basics of power system analysis cover power
flow analysis, short-circuit analysis, stability, power
system control, electromagnetic transients, and future
network trends covering inverter-based resources. This
provides the reader with an in-depth knowledge of all
aspects of how the power system behaves under fault

Rob Stephen
President of CIGRE
2016–2020

conditions and under certain power
system disturbances.

The chapter on switching equip-
ment deals with various HVAC switch-
ing equipment. Fundamental interrupt-
ing phenomena and switching phe-
nomena related to switching equip-
ment used in power systems are ex-
plained. The chapter is very detailed
and allows the reader, even one with
little experience, to fully understand
the components comprising a substa-
tion. The latest information on HVDC
breakers is also included.

Transformers are explained in
great detail from fundamentals, design equations as
well as the materials used in construction. The con-
struction of transformers is covered. Different types of
transformers are explained. This includes HVDC appli-
cations, furnace, traction, and other types. This chapter
covers more thanmost textbooks on the subject of trans-
former design and theory and will provide the reader
with the ability to understand the design, construction,
and operation of many types of transformers.

The section on cables covers the history of cables,
the involvement of CIGRE in sharing knowledge of ca-
bles, as well as the theory, design, maintenance, and
operation of cable systems. All cable types are covered,
as well as the theory for design of cables. The topic of
the upgrading of cable systems is also discussed. The
chapter also explains the design and use of supercon-
ducting cables and gas-insulated lines (GIL). The reader
can also expand their knowledge by studying the addi-
tional reading material provided in the last of the 14
sections. Once again, this chapter is a book in its own
right, as are most of the other chapters.

The chapter on overhead lines covers all aspects
required to understand the design, construction, and
maintenance of overhead lines. It covers towers, foun-
dations, insulators, as well as conductor selection and
when to use certain tower, foundation, and conductor
configurations. The reader can obtain a clear grasp of
the concepts of line design, as well as where to apply
them. The history of overhead lines and the use of com-
pact line versus conventional line design are covered.
The chapter covers the function of the line on the power
grid. This relates to the selection of the optimum tower,
foundation, and conductor combination. An objective
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indicator whereby the designer can assess different de-
sign options is provided. The design of components
from a mechanical and electrical point of view is also
discussed. This includes the detailed design of insula-
tors, hardware, towers, and foundations. Construction
techniques, foundation testing, and asset management
of transmission lines are also explained. Once read,
this chapter provides the reader with a full overview of
the function, design, construction, and maintenance of
overhead transmission lines.

The chapter on substations is, once again, a detailed
book in its own right. It covers the concept of substation
design, layouts, philosophy, theory, clearances, main-
tenance, and so on. It provides the reader with a full
understanding of the purpose of the substation, as well
as which layout or configuration is best suited under
which condition. It also includes safety, insulation co-
ordination, surge arrestor selection, earth mat design,
and other important factors indirectly related to substa-
tion design. The chapter is written, as are the others, in
such a way that the reader can understand the concepts
with little or no prior experience.

The book also covers the generation side of power
systems. Types of generation are explained in detail
from hydrogeneration and pumped storage to nuclear,
thermal, and renewable types. The chapter not only
describes the generation type but also includes the
equations governing the behavior of the generation. A
chapter on rotating machines is also included, cover-
ing generator and large motor designs and usage in the
power system.

Having read the above chapters, the reader will have
an in-depth knowledge of the components and systems
relating to the power system generation and delivery of
power. The book then includes power system protection
and power quality theory and application. The concept
and philosophy of power system protection is covered,
as well as the types of protection and where to apply
them. The chapter on power quality covers the required
quality, how to determine power quality, and the issues
related to the source of power quality deviations. The
reader can then broadly understand the concept of pro-
tection, as well as power quality. Optimization of the
protection schemes and mitigation power quality issues
can also be understood.

The above-mentioned chapters mainly deal with
AC transmission. The book would not be complete,
however, without a chapter on DC transmission. This
chapter explains the purpose and benefits of DC trans-
mission and goes into great detail about the types of
pole configuration. Line commutated converters are
explained with regard to operation and harmonics.
Thyristor operation, characteristics, and valve design
are explained. The chapter then looks at different tech-

nologies for converters, such as IGBTs (insulated gate
bipolar transistors), VSC (voltage sourced converters),
and MMC (modular multilevel converters). The chap-
ter ends with a discussion on the HVDC grid, which
was particularly pertinent at the time of writing. Future
trends, including cables above 500 kV, power electronic
DC circuit breakers, and off-shore DC grids are also
covered. The application of DC is growing at all volt-
ages, as the cost of the converter stations is dropping.
The ability of VSC technology to allow tap offs pro-
vides the benefits of DC to be expanded to areas not
possible before. At the time of writing CIGRE was
investigating the development of MV and LV DC sys-
tems.

The issue of energy is then explained in great de-
tail. This is the content of two chapters. The first deals
with the energy fundamentals and covers types of tradi-
tional fossil fuels, as well as renewables, such as solar
and wind energy. The global use of different types of
energy used is also given, as well as emissions of CO2

per country. The second chapter relating to energy deals
with energy storage. The different types of storage are
given, from pumped storage and batteries, to flywheels
and superconducting magnetic energy storage devices.
The uses of each type, as well as where to apply the dif-
ferent types of storage are discussed. This includes fuel
cell technologies, as well as the conversion of water to
hydrogen and the use of hydrogen in fuel cells. This is
important as it could be the next major disruptor in the
energy provision field. The reader will have enough in-
formation to determine which battery or energy storage
device to use in which application.

The issue of markets is then discussed. The concept
of markets has been in place for over 20 years at the time
of writing this book. The chapter discusses the concept
and purpose of markets, the different types of markets,
and the application of markets around the world. The
case studies of market success and otherwise from dif-
ferent continents and countries, provide the readerwith a
clear understanding of the pitfalls and successes of mar-
kets over the past two decades.Markets distort the power
flow, as they affect the generation and use of electrical
energy at all voltages. They also determine investment
in different generation capacities, ancillary services, and
energy provision. Note that inverter-based renewables,
such aswind and solar energy providemainly energy at a
very competitive cost. The power grid needs many other
components to operate successfully. This includes fault
level, frequency support, voltage support, black start ca-
pability, and other factors. Markets need to ensure that
these can be purchased and put in place when required
by the system operator.

The book can be of immense use, not only to uni-
versity students but also to professionals who have been
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in the business of power delivery for a number of years.
It provides an excellent overview of the entire industry in
oneplace,which is unique. It is not possible for engineers
to be aware of all aspects from markets to transformer
design; this book provides a source of valuable informa-
tion, which can be rapidly referenced and studied.

A further major benefit of the book is that all roy-
alties will be channeled to the development of young
engineers via the CIGRE organization (www.cigre.org).
This will provide young engineers with the means to
meet and discuss with international experts within the
CIGRE organization.

I would encourage the reader to study the book and
follow up with an in-depth study of the topics covered in

the CIGRE brochures to be found at www.e-cigre.org.
In addition, it is with great pleasure that I can announce
that a CIGRE “Green Book”, entitled “Electrical Sup-
ply System of the Future” is now available. This book
is authored by each of the 16 Study Committees of
CIGRE and provides the best possible solutions to en-
able stakeholders to fully understand the new trends and
developments of all components and systems, including
markets and regulations that comprise the future grid.
This Green Book is an excellent complementary addi-
tion to this handbook, and I highly recommend it.

12 August 2020 Rob Stephen
President CIGRE

http://www.cigre.org
http://www.e-cigre.org
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Preface

There is no doubt that writing a book is a stressful
endeavor that requires a lot of effort. However, I like
comparing the experience of holding a printed copy of
the book for the very first time to holding your newborn
baby. Being the Editor of a big work like this hand-
book is at least one level up. Firstly, the work involved
takes a considerably longer time than writing a mono-
graph – in our case 5 years – and, secondly, the stress
and effort are not limited to birth labor but includes the
teething and all the other problems of having a toddler,
too. Thankfully, also the pleasure and the proudness of
the achievement grow accordingly. In this sense, I am
extremely happy and honored to write these lines to-
day, as, evidently, the preface is written a posteriori, i.e.,
when all the hard work has been done.

I recall the day when Dr Christoph Baumann from
Springer asked to have a meeting, during which he
placed a heavy, bulky book of the typical Springer
red color in front of me. He explained that this was
a Springer Handbook and asked if I would be interested
in becoming the Editor of a new Springer Handbook of
Electrical Power Systems. My Greek spontaneity took
over, and within seconds I agreed. To be honest, despite
all imaginable and unimaginable issues that arose dur-
ing the production of such a major work, and despite
my Swiss tendency for perfection, which did not make
things easier, I never regretted this decision.

The simplest part was finding the chapter au-
thors. I am extremely proud that my colleagues from
academia and industry, the great majority strongly in-
volved in CIGRE, and all of them undisputed leaders
in their field, responded positively to my request to be-
come part of this great task. I cordially thank all of
them for their strong engagement, which is not self-
evident, considering that the writing of the book had to
take place in parallel and in addition to their day-to-day
work and other important responsibilities. That all au-
thors spontaneously agreed to offer their book royalties
to CIGRE in order to support its activities for young en-
gineers is such a clear sign of goodness and generosity
for which I can only say: Chapeau.

The writing itself proved to be more demanding. To
start with, it took some time to decide on the final num-
ber, title, and content of the individual chapters, as these
should reflect the nature of a Handbook, i.e., the all-
embracing coverage of its subject, in this case, electrical
power systems. I am confident that the final selection
will satisfy our readers.

Then, being a chapter author myself, I realized quite
early on that writing a chapter for a handbook is very
different from writing a paper or a monograph. While
the latter often present new research results, a handbook
chapter summarizes established and accepted knowl-
edge for the benefit of the reader. The fact that, by
nature, the available space is limited does not make
writing any easier – or faster – as the author is contin-
uously trying to find the balance between actuality and
tradition, and this as succinctly as possible.

It goes without saying that the high standards of
Springer, and also of all authors and the editor, en-
tailed a thorough, strenuous review of each chapter.
This would not have been possible if a high number of
internationally acclaimed experts had not offered to un-
dertake the task. From my heart, I also thank them for
adding immense value to this publication.

To continue in the same vein, unlimited thanks
are offered to Dr Christoph Baumann, the initiator of
this project, Dr Judith Hinterberg, and her maternity
cover, Heather King, for their masterful coordination
and management of such a complex undertaking, Dr
Werner Skolaut for the skillful language and content
editing, Jeanette Krause for the very attractive layout,
and all other people involved in the production of this
book, in particular those responsible for redrawing all
figures and diagrams with such unprecedented qual-
ity.

Last, but definitely not least, I would like to thank
CIGRE, the great organization that has fostered my sci-
entific and engineering activities, actually my life for
the last 45 years, and in particular my good friend
Dr Rob Stephen, the CIGRE President, who was kind
enough to write the Foreword, and the Secretary Gen-
eral of CIGRE, Philippe Adam, for arranging that
CIGRE endorses this Handbook, which I consider a ma-
jor distinction. And it is a very exciting coincidence that
our Handbook will be published in 2021, the centennial
year of CIGRE!

No list of thanks would be complete without men-
tioning my family and, in particular, my wife Margarita,
who incidentally I met many, many years back at
a CIGRE venue, for always encouraging and support-
ing my work.

It has been an unforgettable time, merci!

Athens, Greece
July 2020

Konstantin O. Papailiou
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1. Energy Fundamentals

Valentin Crastan

Fundamentals and the structure of energy supply
with primary energy, final energy, energy carriers,
reserves and resources, and the potential and use
of renewable energy are presented in this chapter.

Past energy demand and CO2 emissions are il-
lustrated for all regions of the world and for the
most important countries. The desired future de-
velopment with regard to climate protection is
discussed and illustrated with the aid of the most
important indicators.
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1.1 Basic Terms, Historical Review

Figure 1.1 represents the structure of the energy indus-
try, showing the energy carriers in use today and the
possible future of energy carriers. We distinguish be-
tween four energy conversion stages: Primary energy,
secondary energy, final energy and useful energy.

Companies with activities in the extraction, conver-
sion and transport of energy carriers, form the energy
sector of the economy. Their task is to provide the end-

user with energy in the desired form of energy carrier
(final energy) The consumer converts the final energy
by means of usage processes into useful energy.

1.1.1 The Energy Sector

Primary energy carriers are sources of energy that oc-
cur naturally. For the most part, they are not used at
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Extraction Transport Utilization
processes

Conversion
processes

Primary
energy sources

Crude oil
Coal
Natural gas
Nuclear fuel
Hydro power
Wood, biomass
Waste, industrial
waste
Ambient heat
Wind power
Solar radiation
Geothermal energy
Sea current and
wave energy
Thermonuclear fusion

Secondary
Energy sources

Fuel oil
Power fuel
EIectricity
City gas
Coke
District heat
Hydrogen

Final energy Useful energy

Heat
Mechanical work
Chemical energy
Light
Information and
entertainment
Energy

Fig. 1.1 Forms of energy, and energy conversion stages

the places where they occur, but are first extracted (e.g.,
mined), then transported and, if necessary, converted
into another more suitable form of energy (secondary
energy carriers). Coal and natural gas are usually simply
extracted and transported to the place of use; oil, on the
other hand, is converted into heating oil and motor fuel
in refineries; naturally occurring uranium is converted
into nuclear fuel; coal, oil, natural gas, water power,
wind power, nuclear fuels, solar heat and refuse, gen-
erate electricity in power stations.

Fossil fuels, nuclear fuels, hydropower, wind power,
solar radiation, geothermal energy, biomass and waste
generate electricity and district heating in power plants
and combined heat and power plants. A few energy
sources, such as solar radiation and ambient heat, but
also geothermal heat and wind, can be used in a decen-
tralized way as heat or to generate electricity directly at
the place where they arise.

In addition to the most important secondary en-
ergy carriers that have already been mentioned such
as heating oil, motor fuel, electricity and district heat,
Fig. 1.1 also shows hydrogen as a secondary energy
carrier that could be important in the future (for more
details, see [1.1]).

Extraction, transformation and transport are asso-
ciated with costs, losses and environmental impact.

Under normal conditions and when dealt with cor-
rectly and competently, the processes of mining and
transport have only a small adverse environmental im-
pact, but in wartime situations and when there are

accidents with fossil and nuclear fuels, they can have
very serious environmental consequences. Some exam-
ples are: accidents with tankers, sabotage and fires in
conveyor equipment and oil and gas pipelines, accidents
in the transport of radioactive fuel elements.

In the conversion processes the harm is, above all,
the constant environmental pollution from the burning
of fossil fuels (combustion products, CO2 that damages
the climate). Further localized sources of environmental
pollution can be accidents in nuclear power stations, oil
storage tanks and refineries.

In addition, the conversion of thermal energy from
fossil and nuclear fuels into mechanical or electrical
energy always produces a high level of waste heat for
thermodynamic reasons. With appropriate investments,
it is possible to use part of this heat (combined heat and
power, Chap. 2).

Final energy or final consumption is the energy
actually available to the consumer. National energy
statistics generally refer to final consumption and/or
primary energy, or gross consumption (annual con-
sumption of indigenous primary energy carriers plus
the import–export difference in primary and secondary
energy carriers). The figures differ considerably be-
cause of the losses arising in conversion and transport,
which includes the energy consumption of the en-
ergy sector itself. The conversion losses are very high.
Transport losses arise primarily in the transmission and
distribution of electrical energy which, for example in
Switzerland, has an overall efficiency of 93%, with the
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greatest part of the losses occurring in the distribution
network.

1.1.2 Energy-Usage Processes

Final energy is converted by the energy-usage pro-
cesses of energy consumers (households, industry, ser-
vices, commerce, agriculture, traffic) into useful energy,
mainly heat, mechanical work and light (Fig. 1.1).
A small part is stored in the form of chemical energy
in end products (steel, aluminum etc.). The amount
of this is insignificant, at least in Switzerland. An-
other small part, but this is likely to increase in the
future, is the energy used in information technology and
entertainment (for computers, leisure electronics and
communication).

Energy-usage processes have very different effi-
ciencies. Whereas, for example, in an electrical heater
the electricity is 100% converted into heat, on average
only about 20% of the energy in the fuel of a present-
day automobile is converted into mechanical energy
and a conventional incandescent light bulb converts
only about 5% of the electrical energy into light (but
at least in winter, the rest of the energy is not lost
but contributes to heating the buildings). The energy-
usage processes are therefore in some cases associated
with large losses of energy; the average efficiency has
been estimated, for example for Switzerland in 1997, as
56% [1.2]. Burning fossil heating fuels and motor fuels
produces gas emissions, which are locally and globally
(generation of CO2) a considerable source of environ-
mental pollution (Sect. 1.7).

1.1.3 Historical Review

The uses made of final energy have changed only little
and slowly since the beginnings of human history. Only
the range of available energy carriers is much wider,
and the technologies of energy conversion and usage
have become more varied, efficient and convenient.

Mechanical Work
Today, as in previous times,mechanical work is used for
acquiring and creating goods, for providing services and
for transporting goods and people. The muscular efforts
of humans and animalswere prerequisites for survival in
almost all early societies, both for the hunter-gatherers
and evenmore so for the farmers. In ancient times, urban
societies could only exist and develop thanks to slave
workers. Over the course of time it became possible to
make more effective use of muscle power and increase
productivity through many mechanical inventions such
as thewheel and the lever and, later, all kinds ofmechan-
ical devices, and also making use of the natural forces of

water and wind (water-wheel, windmill, sailing ships),
in other words to exploit new sources of energy. Much
later, starting in the eighteenth century, was the begin-
ning of replacingmuscle power bymore powerful steam
machines. From the end of the nineteenth century, elec-
tric motors enabled a big increase in productivity and in
the twentieth century, internal combustion engines re-
sulted in greatly increased mobility.

Heat and Light
Today, as in earlier times, heat and light serve to pro-
tect from the cold, in the provision of food, increasing
security, improving conditions of work, human well-
being and thus the development of cultural activities.
Energy sources were originally wood, plant waste and
dried dung. Hot springs were already in use in ancient
times. Coal first came gradually at the end of the sev-
enteenth century and then mineral oil, natural gas and
electricity which were not in widespread use for gener-
ating heat until the twentieth century.

Heat, mostly at high temperature, was also used
for producing various kinds of goods (metals, earthen-
ware, jewelery and art objects). In this connection, we
speak today of industrial and commercial process heat
(in contrast to heat for cooking and comfort).

Summary
The structure of making energy available and using it
changed but little for millennia until developments in
science from the end of the eighteenth century led to the
age of technology. The beginnings of this were already
present in antiquity and in the Middle Ages. But only
in recent times were revolutionary technical means in-
vented for the mechanical use of the heat energy of fuels
(steam engines, and later, combustion engines). Success
was achieved in creating new (secondary) energy carri-
ers such as town gas and electricity and in distributing
them to small-scale consumers. Electricity in particular
simplified and encouraged the use of energy on a scale
previously unknown and, together with coal, made the
industrial revolution possible. In many countries water
power gained great significance in generating electric-
ity. Coal, initially the most important primary energy
carrier, was to an increasing extent replaced by min-
eral oil after the 2nd World War, i.e., in the 2nd half
of the twentieth century, but in many countries it re-
tains a primary position in the generation of electricity.
Finally, new primary energy sources were successfully
exploited such as natural gas and nuclear fission.

The structure of the energy industry underwent
a fundamental change in the course of a century. The
muscle power of humans and animals is still used today
(e.g., the bicycle as a means of transport) but is not in-
cluded in the energy statistics. Wind and water power
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are only taken into account to the extent that they con-
tribute to the production of electricity.

1.1.4 Perspectives and Problems

The progress of civilization in the twentieth century
would have been considerably slower without cheap
energy. The use of energy in industrialized societies
increased by a factor of more than ten in the course
of that century. It freed humanity from the burden of
heavy manual work and made a decisive contribution to
a previously unimaginable mass prosperity. Although
this process initially only affected a part of the world,
it was the basis for a world-encompassing improvement
in the material conditions of life.

An important element of this progress was firstly
the mechanization of manual labor, and later its re-
placement by automation. Connected to this are rapid

changes in social structures and a progressive intellec-
tualization of work in general. The social problems that
arise from this are a challenge for the socio-economic
order, also in the developed world, and cannot be solved
simply by an often inadequately thought-out globaliza-
tion. More of the dark sides of this development became
manifest in recent decades with overloading and poi-
soning of the biosphere and threats to the stability of
the climate.

Attempts are being made to rectify this through po-
litical demands for social and ecological sustainability.
The contribution of the energy industry lies in the im-
plementation of making energy available with the least
possible damage to the environment and in environmen-
tally sustainable usage of energy (Sects. 1.6 and 1.7).
In this context, the rational use of energy is very im-
portant, i.e., the improvement of the efficiency levels of
all processes.

1.2 Availability of Primary Energy

All the primary energy carriers listed in Fig. 1.1 can
ultimately be traced back to the two principal forms that
occur in the universe, gravitational and nuclear energy,
as is shown in Fig. 1.2, with the second being much
more significant.

The primary energy carriers can be divided into two
large classes that are discussed below:

Fission
Fusion

Anthropogenic
nuclear energy 

Geothermal
energy

Geo-energy

Fossil fuels
(coal, oil, 

natural gas)

Very long
time
delay

Not
renewable

Ambient heat
Hydro power

Biomass (wood,
organic waste)
Wind, waves
Sea current

With short
time
delay

Solar
radiation

Without
 time
delay

Renewable

Solar energy

Nuclear energy

Tides

Gravitation
energy

Fig. 1.2 Origins of
available primary
energy types

� Non-renewable energies: fossil and nuclear energy
carriers� Renewable energies: tidal energy, geothermal en-
ergy and above all, direct and indirect solar energy.

Table 1.1 lists and estimates the energy content of im-
portant energy carriers. Since various units are used in
the literature, conversion factors are indicated.
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Table 1.1 Energy content of energy carriers (mean val-
ues [1.3]) and conversion factors

Energy carriers Conversion factors
Oil 10 000 kcal=kg 860 kcal=kWh
Hard coal 6700 kcal=kg 4.19 kJ=kcal
Lignite 4800 kcal=kg 3.6MJ=kWh
Wood 3600 kcal=kg 31.54GJ=kWa
Waste 2840 kcal=kg 0.753 toe=kWa
Natural gas 8660 kcal=m3 1.12 tce=kWa
Gas from coal and
oil (town gas)

4200 kcal=m3 1 kWa = 8760 kWh

Uranium 235 20 Tcal=kg

Energy carriers Conversion factors
Oil 10 000 kcal=kg 860 kcal=kWh
Hard coal 6700 kcal=kg 4.19 kJ=kcal
Lignite 4800 kcal=kg 3.6MJ=kWh
Wood 3600 kcal=kg 31.54GJ=kWa
Waste 2840 kcal=kg 0.753 toe=kWa
Natural gas 8660 kcal=m3 1.12 tce=kWa
Gas from coal and
oil (town gas)

4200 kcal=m3 1 kWa = 8760 kWh

Uranium 235 20 Tcal=kg

1.2.1 Non-Renewable Energies

Future Demand
Coal, mineral oil, natural gas, fissile materials (ura-
nium, thorium) are not renewable energy sources. The
fusion process has not yet been implemented [1.1,
Chap. 11]. In 2016, about 86% of primary energy de-
mand were met from non-renewable energies. Accord-
ing to the older IEA scenarios (International Energy
Agency), this share will decline only slightly by 2030
to 86% according to the reference scenario of 2004 and
to 83% according to the alternative scenario of 2004;
slightly more, namely to around 75%, with the newer
450 scenario of the IEA of 2009 [1.4, Special excerpt]
(Fig. 1.3, more details in Sect. 1.6). Less optimistic
are the New Policies and Gas Scenario scenarios from

2009 2030 Ref. 2030 Alt. 2030 "450" 2035 New Pol. 2035 Gas 2030 INDC 2030 "Bridge"
0

5

10

15

20

25
Energy demand (TW)

Coal Oil Natural gas Biomass, waste

Hydroelectricity Other renewables Nuclear

Fig. 1.3 IEA: World energy demand 2009 and scenarios for 2030 (or 2035), 1 TW = 753Mtoe=a = 31,54 EJ=a [1.4–7]
(Alt: alternative IEA scenario of 2004; New Pol. = New Policies IEA scenario of 2011; INDC = IEA scenario of 2015,
corresponds to the declared contributions of countries (worldwide))

2011, which focus more on CCS (carbon capture and
storage). The INDC scenario of 2015 corresponds to the
declared contributions of the countries (worldwide); the
Bridge scenario of 2015 [1.5] tries to approach the 450
scenario more, but with a lower share of renewable en-
ergies (about 15%). The last IEA statistic gives for 2016
a worldwide energy demand of 18.3TW.

Assuming, for example, that the average energy de-
mand of about 17TW in 2014 would increase linearly
to 20TW (approx. 15Gtoe=a) by 2030 and then stabi-
lize by 2050, the cumulative energy demand during this
period would be about 710TWa. The question arises
about the reserves and resources of exhaustible en-
ergy sources, whether and how they are able to cover
about 80% of this demand, i.e., around 570TWa. Ac-
cording to the bridge scenario of the IEA (Fig. 1.3),
for example, this quantity would be distributed as fol-
lows: coal (160TWa), petroleum (200 TWa), natural
gas (160TWa), uranium (50 TWa).

Reserves and Resources
Reserves are verifiable deposits that can be used at
todays market prices and by means of today’s technolo-
gies. Resources are deposits that are known to exist but
at present cannot be economically extracted, or those
that are assumed and

[. . . ] probably discovered in the future and/or used
with technologies yet to be developed and sold at
what will then be usual prices. [1.13]
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Table 1.2 Reserves and resources of fossil and nuclear energy sources. The duration of the reserves is based on conven-
tional reserves in 2006 [1.8, 9] and on the average consumption of the period 2004–2030 (average forecast IEA)

Reserves
1980a

(TWa)

Reserves
1990a

(TWa)

Reserves 1998a

1997b 1996c

(TWa)

Reserves
2006d

(TWa)

Resources
2006d

(TWa)

Range in years
of conv. reserves

Petroleum conventional 118 181 185a/203b 216 109 36
Petroleum unconventional 19 68 180b 88 332 –
Natural-gas conventional 89 142 170a/161b 219 250 48
Natural-gas unconventional – – 4b – 1852 –
Coal 647 1005 878c 842b/676 8101 135
Uranium 39 61 63c 85e 98 65

Reserves
1980a

(TWa)

Reserves
1990a

(TWa)

Reserves 1998a

1997b 1996c

(TWa)

Reserves
2006d

(TWa)

Resources
2006d

(TWa)

Range in years
of conv. reserves

Petroleum conventional 118 181 185a/203b 216 109 36
Petroleum unconventional 19 68 180b 88 332 –
Natural-gas conventional 89 142 170a/161b 219 250 48
Natural-gas unconventional – – 4b – 1852 –
Coal 647 1005 878c 842b/676 8101 135
Uranium 39 61 63c 85e 98 65

a [1.8, 10]; b [1.11]; c [1.12]; d [1.12]; e (OECD/IAEA)

The sizes of the reserves and resources are often re-
vized upwards, but with differences depending on who
collects the statistics, and when (Table 1.2). Resources
increase as a result of research and prospecting, that
lead to a better understanding of our planet. Resources
become reserves when new economically exploitable
deposits are discovered, and also as a result of techno-
logical progress or higher market prices.

The status of reserves and resources at the end
of 2014, as reported by the BGR [1.9], is shown in
Fig. 1.4.

The figures of Table 1.2 and Fig. 1.4 show that,
thanks to coal, there is no threat of a global shortage
in the medium term. The critical energy carrier is min-
eral oil. The so-called mid depletion point (that follows
the maximum production point and after which no fur-

Coal
(30.00%)Renewables

(2.50%)

Water power
(6.80%)

Uranium
(4.40%)

Oil
(32.60%)

Natural gas
(23.70%)

Hard coal
(33.40%)Natural gas

(25.40%)

Uranium
(5.40%)

Lignite
(1.90%)Oil

(33.90%)

Oil not
conventional

(5.30%)

Oil conventional
(18.80%)

Lignite
(8.60%)

Natural gas
conventional

(19.10%)
Natural gas

not conventional
(0.70%)

Uranium
(1.60%)

Hard coal
(45.90%)

Oil not conventional (2.10%)
Oil conventional (1.20%)

Lignite
(9.40%)

Natural gas conventional (2.20%)
Natural gas not conventional (3.70%)

Uranium + thorium (1.80%)

Hard coal
(79.60%)

a) b)

c) d)

Fig. 1.4a–d Worldwide shares of all energy sources in consumption and non-renewable energy raw materials in produc-
tion, reserves and resources for the end of 2014; (a) Energy consumption: 540 EJ = 17.1 TWa = 12 890Mtoe; (b) Energy
production with non-renewable energy sources: 522 EJ = 16.5 TWa = 12 460Mtoe; (c) Reserves of non-renewable
energy sources: 37 934 EJ = 1202 TWa; (d) Resources of non-renewable energy sources: 551 813 EJ = 17 490 TWa
(Source: [1.9])

ther increase of production is possible) is the date when
half the reserves have been used and is estimated by
most experts to be 2030–2035. From this date, a large
price increase can be expected. The situation is simi-
lar for natural gas, with the difference that the reserves
are larger and the critical point will not be reached un-
til 2050–2060. There is the possibility of converting
coal into liquid and gaseous fuels and of the technology
of separating and storing (sequestration) the resulting
CO2. However, the required industrial processes are still
at the stage of development and testing. The outlook
as regards technical, economic and ecological aspects
is therefore still uncertain. Overall, it seems sensible
and sustainable, including from the point of view of the
reserves, to reduce the worldwide consumption of fos-
sil energy sources more quickly than the IEA studies
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of 2011 foresee for 2035. The IEA–450 scenario of
2009 and the Bridge scenario of 2015 correspond quite
well to this circumstance (Fig. 1.3, see also Sects. 1.6–
1.7).

The uranium reserves have been calculated for
a marginal price of 130 $=kg. This is, however, some-
what elastic, as the cost of uranium has little influence
on the price of electrical energy supplied by a nuclear
power station. With the occurrence of the modest global
increase in nuclear power station capacity expected by
the IEA, the critical point is likely to occur relatively
late towards the end of the century. There is however,
no scope for a large-scale substitution of fossil fuels un-
less alternative concepts are introduced (4th generation
breeder technology, high-temperature reactors and tho-
rium – [1.1, Chap. 5.6]). Nuclear fusion is unlikely to
play a role until 2050.

Ethical Aspects and Environmental Protection
The question of the rate at which these reserves can be
allowed to be consumed can be given a good answer
from purely economic points of view (Hotelling’s rule
and other aspects, e.g., see [1.10]). In addition to these
there are ethical considerations and environmental as-
pects:

� From an ethical viewpoint one must ask whether it
is acceptable to extract virtually the whole of this
within two or three centuries, the human race’s store
of energy, that future generations might be depen-
dent on (emergency supplies, raw materials). This
aspect should be relativized to the extent that we do
not know today whether future generations will in
fact be dependent on this energy. But, is this behav-
ior really responsible?� The harmful effects of CO2 emissions on the
climate, corroborated by scientific studies (e.g.,
IPCC), justify political action on a global scale in
order to produce a drastic reduction in the output of
CO2 (Sect. 1.7).

As seen today, it is particularly the second aspect that
makes it clearly urgent to correct the economic view-
point by internalizing the external costs of present and
future damage to the climate.

1.2.2 Renewable Energies

Renewable energies (Fig. 1.2) are natural energy flows
of a certain magnitude that can be tapped using tech-
nical means and with a certain economic cost. Most
energies are not everywhere, but only available or eco-
nomically exploitable at favorable locations. The vari-

ous sources will now be considered in respect of their
availability.

Tidal Energy
Gravitational energy is available to us in the form of
tidal energy. Tidal friction amounts to about 2.5 TW
(i.e., the earth’s rotational energy is reduced by 2.5TWa
each year). It is estimated that only about 9% of this
is economically usable [1.12]. For economical use, the
tidal range must be at least 6m. Consequently, in rela-
tion to future global energy demands (> 25TW), tidal
energy is of very little significance. For more, details
see Kleemann and Meliss [1.14], Kugeler and Philip-
pen [1.15] and World Energy Council [1.12].

Geothermal Energy
The mean natural flow of heat is very small (about
0.06W=m2). Of this, 30% is from the residual heat of
the Earth’s core and 70% from the decay of radioactive
isotopes in the earth’s crust. The thermal gradient has
a mean value of 1 ıC per 30m. Therefore, it is above
all the geothermal anomalies (volcanoes, geysers) that
can be economically exploited. In 2005 the world total
installed power was about 28GW, of which 17GW was
thermal (main countries: China, USA, Sweden, Ice-
land) and 9GW was electrical (main countries: USA,
Philippines, Indonesia, Mexico, Italy) with annual pro-
duction rates (mean power) of 6.6 and 6.5GW. These
are almost all hydrothermal uses (hot springs). In the
future, the hot dry rock process may become more sig-
nificant [1.16–18].

Geothermal energy is a renewable energy, although
over relatively long periods (decades to centuries), so
resources usable in the short to medium term are indi-
cated. The hydrothermal resources with high enthalpy
levels, > 150 ıC, that can be used for generating elec-
tricity, amount to about 30 TWa, and the low-enthalpy
stocks suitable for heating, about 3200TWa. Howmuch
of this can be called reserves cannot be quantified at
present [1.9]. The global installed capacity can presum-
ably be increased to 2 TW (about 100 times the present
value), which would cover 5–10% of the future global
energy requirement. However, by using the heat pump,
this could be significantly greater. In some countries the
contribution of geothermal energy is very significant.

Solar Energy
Solar is the only renewable energy that is already mak-
ing a significant contribution to meeting global energy
requirements, in the form of water power and biomass
(in 2016 about 2.5 TWa).

The supply of solar energy is more than 10 000
times the current global energy demand and it is the
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Fig. 1.5 Solar energy balance of the
world

only energy source, possibly together with nuclear fu-
sion, that can meet mankind’s energy requirements in
the post-fossil age. The problems around the direct use
of solar radiation are related to economics and its low
density.

As is shown in Fig. 1.5, the flow of solar energy is
around 173 000TW. Of this energy, 52 000TW are di-
rectly reflected back into space as short-wave radiation,
while 121 000TW are absorbed, converted and finally,
since the earth is in thermal equilibrium, returned into
space as long-wave thermal radiation.

About two thirds of the absorbed radiation is stored
in air, water and the ground as low-temperature heat
and, as such, it can be made use of, e.g., by means of
heat pumps.

The remaining third drives the world’s weather by
evaporating water and creating differences of pressure
and temperature; this energy occurs as potential energy
(water content of clouds, flowing water and glaciers)
and as kinetic energy (wind, ocean currents, waves).

Only a fraction, about 40 TW, is absorbed by photo-
synthesis that creates biomass and makes life on earth
possible.

In view of its importance, the potential and exploita-
tion of solar energy will now be discussed further.

1.2.3 Potential and Use of the Main Types
of Solar Energy

We distinguish between indirect (delayed) exploitation
of:

� Ambient heat (particularly through use of the heat
pump)� Water power (via hydro-electric power stations)� Wind power, wave power and ocean currents (espe-
cially wind turbines)� Biomass (wood, plants, organic waste) and

direct (immediate) exploitation of:

� Solar radiation (solar architecture, collectors, ther-
mal solar power plants, photovoltaics).

Heat Pumps
Heat pumps are a mature technology for making use
of low-temperature heat. It enables the temperature to
be raised to values suitable for use in space heating and
providing hot water. The possible sources of thermal en-
ergy are air, ground water, surface water and the interior
of the ground. The heat pump makes it possible to use
heat from the environment, from waste, and geother-
mal heat when the source is at least 100–150m below
ground level.

It is the most mature technology for low-tempera-
ture applications for substituting fossil fuels with solar
heat and geothermal heat. The potential for ambient
heat is enormous, as Fig. 1.5 shows. Increased use of
heat pumps is being impeded in particular by cheap
fossil fuels. Also, the fact that about one third of the
generated heat must be obtained from high-value en-
ergy carriers (electricity, gas) has an inhibiting effect
in countries where a high proportion of electricity pro-
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duction is from fossil fuels. For more information about
heat pumps, see Sect. 1.7.4 and [1.1, Chap. 6].

Water Power
The potential of all flowing water in the world is es-
timated at 6 TWa (average power), of which about
1–1.5TWa is economically accessible [1.12]. In 2005,
0.334TWa (hydroelectricity) was used. The develop-
ment potential is primarily in the developing countries
but also in the north (Greenland, Canada). The con-
tribution of water power to meeting the demand for
electricity was, in 2012, 16.5% worldwide, 13.4% in
OECD countries, 61% in South America, 17% in China,
11% in India, 7% in the USA, 11% in the EU-27, 4.4%
in Germany, 66% in Austria, 58% in Switzerland and
97% in Norway (more details in Chap. 4, where the use
of hydropower is discussed in detail).

Wind and Ocean Power
The use of wind power has made considerable progress
in some countries with favorable wind conditions (Ger-
many, Spain, USA, Denmark) and the associated tech-
nology has matured. The economic viability is depen-
dent on the strength and reliability of the wind. Mean
wind speeds of at least 5–6m=s are necessary. These are
mainly to be found in coastal regions and some moun-
tainous regions. If it is assumed that 2–5% of wind and
wave energy (400TWaaccording to Fig. 1.4) can be used
economically worldwide, 1–2TWa are obtained; proba-
bly more can be used. In 1996, the installed wind-power
capacity worldwide was 6GW [1.2], but it increased to
20GW by 2001 and reached 59GW at the end of 2005
(corresponding to a growth rate of 30%=a). In 2006, the
power had reached 75GW (of which 20GWwas in Ger-
many), which corresponds to an energy output of around
12GWa (usage factor 0.16). The offshore installations
(use of wind energy in the sea) have a significantly bet-
ter utilization factor. At the end of 2014, 370GW of in-
stalled capacity or 86GWa of generated energy had al-
ready been reached worldwide. In Denmark, 1.2GWa
of electricity was already generated by wind in 2012,
a third of its total electrical energy consumption, and it
is planned to increase this figure to one half by 2030,
mainly offshore. InFrance, 23GWaofwind energy is ex-
pected to be generated in 2040.

If there is a big increase in the energy generated
by wind, however, the storage problem must also be
solved due to the substantial variability of this form of
energy (similar to the somewhat milder variability of
hydropower). The corresponding costs must be taken
into account when evaluating wind energy.

More information on the technology of using wind
energy to generate electrical energy can be found in

Sect. 2.8. For the possible use of waves and ocean cur-
rents, see: [1.19, 20].

Biomass
Definition. Biomass consists of materials of organic
origin, in other words the material from living beings
and organic waste materials (excluding fossil fuels).

Potential. The energy in the total biomass of the
world is estimated at about 450TWa [1.18, 21]
(1 TWa D 31.5EJ), with a mean calorific value of
about 3500 kcal=kg (referring to fully dry biomass).
The growth rate is of particular importance, around
60TWa=a. The conversion efficiency for solar radiation
is, on average, about 0.14%, but higher for forests and
fresh water (about 0.5%) and highest of all for tropical
forests (up to 0.8%). From the chemical point of view,
biomass consists of 82% polysaccharides (cellulose and
hemicellulose) and 17% lignin (wood pulp) [1.14].

Usage. The technologically exploitable energy poten-
tial of biomass in the form of fuels for heating and
transport is estimated to be about 6 TW. With a world
population of 10 billion people, around 2 TW of this
could be obtained from waste. Biomass is thus one of
humanity’s most significant energy reserves, that could
provide about 25% of future demand. Current usage
(mainly non-commercial energy) may be (2005) around
1.6TW. The burning of biomass is CO2-neutral only if
reforestation is also undertaken.

Technical procedures for use (see details, e.g.,
in [1.18]):

� Physical bioconversion: This includes the com-
paction to biofuels (peat, straw, wood waste !
briquettes) and the extraction of oils (rape, special
oil plants ! diesel fuel). If oil plants are culti-
vated on a large scale, biodiversity is endangered
by monocultures.� Thermochemical bioconversion: Methods to men-
tion include in particular: direct burning (especially
wood) open or in stoves, gasification/liquefaction
by pyrolysis, i.e., the thermal decomposition of
high-molecular-weight substances (including used
materials, such as waste, old tyres, plastics etc) into
smaller molecules, and methanol synthesis (for ob-
taining fuel).� Biological conversion: These are low-temperature
processes that use micro-organisms (fermentation).
They include biogas production and the produc-
tion of ethanol from plants containing sugar (sugar
cane), that is used on a large scale for fuel produc-
tion in Brazil, for example.
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Solar Radiation
Specific Availability of Solar Energy. If the
121 000TW that reaches the earth (Fig. 1.5) is dis-
tributed uniformly over the earth’s surface, the result
for a horizontal surface is

Mean annual power D 121 000TW

510� 106 km2

D 237
W

m2
:

If we consider only daylight hours (12 instead of 24 h),
the result is a doubled mean annual daytime power of
474W=m2. These figures apply to an average latitude,
clear weather and at sea level. The effective mean value
depends not only on the latitude but also on the climate.
In central Europe (often cloudy or foggy), half this fig-
ure can be expected, namely 120W=m2.

If we multiply the annual mean power by 8760 h=a,
the result is

Annual mean energy D 237
W

m

2

� 8760 h

a

D 2076
kWh

am2
:

For the reasons stated, this annual energy is not achiev-
able at moderate latitudes because it assumes con-
stant sunshine. The value is exceeded (up to over
2200kWh=(am2)) near the equator and in desert cli-
mates (Sahara, Arizona, Australia etc.).

Density of Solar Radiation (Global Radiation). The
earth’s cross-section is about 127�106 km2. Outside the
atmosphere this gives

Extraterrestrial radiation density D 173 000TW

127� 106 km2

D 1360
W

m2
:

This quantity is also known as the solar constant.
On the earth’s surface (sea level) the radiation density
(without reflections!) is, on a surface perpendicular to
the rays

Radiation density at sea level D 121 000TW

127� 106 km2

D 950
W

m

2

:

In Switzerland the figure of 1000W=m2 is usually used.
This global radiation contains both a direct and a diffuse
component (diffuse sky radiation). Under the climate
conditions of central Europe, the diffuse component is
important (Sect. 2.9).

These figures show, on the one hand, that solar radi-
ation has practically unlimited potential, but also make
clear the problems that an economical exploitation of
solar radiation encounters. The most important meth-
ods of use are listed here:

Solar Architecture. Designing buildings to exploit so-
lar energy can result in a large reduction in the demand
for heating energy. This is an option that should be used
andpromotedmuchmore than at present. Formore infor-
mation, refer to the special literature and to [1.17, 22].

Flat Collectors. Flat collectors can use direct and dif-
fuse radiation. The heat is transferred to a heat carrier
(usually water with anti-freeze). High efficiency lev-
els are achieved in low-temperature applications (up to
70% for heating open-air swimming baths, up to 60%
for water heating, but only 40–50% for space heating);
i.e., the efficiency is strongly dependent on the tempera-
ture at which the energy is used. These efficiencies are,
however, only achieved for the full irradiation levels and
are reduced more than proportionally at lower levels.
Collectors are economical at present for heating swim-
ming baths and water heating (especially in summer)
(for details see [1.17, 22, 23]).

Concentrating Collectors. Parabolic mirrors (para
bolic cylinders or paraboloids) can be used to concen-
trate direct radiation (diffuse radiation cannot be used
this way). This generates high temperatures that can
be used for producing process heat and electricity. The
mirrors do need to be moved to track the sun. The heat
carrier is usually a special oil. Examples of applications
are solar cookers for developing countries, solar farms
for producing industrial heat and electricity (solar ther-
mal power stations) by using the usual steam process,
see [1.21].

With parabolic cylinders (parabolic troughs) tem-
peratures of 100–400 ıC are achieved. The water is
heated in a tube placed at the focus of the parabola.
For higher temperatures, expensive paraboloids or he-
liostats are used, which serve both for generating elec-
tricity and for carrying out chemical processes [1.18].

Solar Thermal Power Stations. For the production
of electricity, one can use parabolic trough collectors
which concentrate the sunlight on an absorber tube run-
ning along the focal axis, or solar tower systems; in the
latter case, the sun is tracked with the aid of flat mirrors
that follow the sun biaxially (the so-called heliostats),
which concentrates radiation on the top of a tower.
A radiation receiver is located here. The heat is trans-
ferred to a working medium (e.g., steam, helium, liquid
sodium). Temperatures between 500 and 1200 ıC can



1.2 Availability of Primary Energy 11
Section

1.2

be reached. This can drive steam or gas turbines that
generate electricity in the conventional way.

Solar thermal power plants are particularly suit-
able for regions with long periods of sunshine and
clear skies, as they cannot make use of diffuse radia-
tion. Various pilot plants are in operation worldwide.
Three 50MW parabolic trough power plants have been
built in Spain, 100MW in Abu Dhabi and a total of
350MW in California; further large-scale plants are
planned. Efficiencies of approx. 15% have been es-
timated. The energy costs for plants of 100MW are
around 20 ct=kWh.

Projects with large installations in the Sahara that
could be connected to the European grid by means
of HVDC (high-voltage direct current transmission),
see [1.24] have been under discussion (Desertec).

Photovoltaics
Photovoltaics enable the direct conversion of solar ra-
diation into electricity by means of solar cells. With
polycrystalline silicon cells, commercial efficiencies of
15% are achievable today with monocrystalline, even
as high as around 20%. Crystalline cells have become
significantly cheaper in recent years, and the energy-
harvest factor (ratio of energy generated to energy re-
quired for fabrication) has improved significantly. The
technology is quite advanced and the operational expe-
rience is good.

Commercial grid-connected photovoltaic plants of
over 100 kW output using crystalline cells can today
produce electricity at a price of 15 ct=kWh or much
less, which approaches or falls below grid parity in
terms of household electricity prices in many coun-
tries. However, it is often ignored that the fluctuations
in the feed-in must also be compensated, as is done
with hydroelectrically generated energy with appropri-
ate storage facilities.

For more information on photovoltaics and photo-
voltaic power plants, Chap. 8.

1.2.4 Ecological Problems

The energy industry, together with chemistry and agri-
culture, is one of the main contributors to the contami-
nation of the biosphere with pollutants. Energy supply
and energy use lead to pollution of the atmosphere
by emissions from the combustion of fossil fuels and
biomass and by natural gas losses. Pollution of the sea
from tanker accidents is also not negligible. The main
emissions are:

� Oxides of carbon (CO, CO2);� Oxides of nitrogen;� Sulfur compounds;

� Methane;� Ozone.

Predominantly Localized Effects
Nitrogen oxides, sulfur compounds, CO and tropo-
spheric ozone mainly have regional impacts on health,
plant ecosystems and cultural assets, but are sometimes
transported over long distances by winds. The harm-
ful effects have been effectively minimized in recent
decades in advanced countries through desulphuriza-
tion and nitrification measures and catalysts.

Stratospheric ozone depletion (the ozone hole) is
rather different, and is mainly caused by emissions of
chlorinated fluorocarbons (CFCs) and only marginally
connected with energy use (for more details see, for ex-
ample, [1.18]).

Increasing the Greenhouse Effect
Much more serious consequences for the climate derive
from so-called greenhouse-gas emissions, and there is
an extensive literature on this subject. The fifth IPCC
report (Intergovernmental Panel on Climate Change)
of 2013/2014 (IPCC 2014) provides a good summary,
while other research and reports also support its find-
ings. The report concludes, even more emphatically
than earlier reports, that the observed global warming
is very probably caused by humans. The most impor-
tant greenhouse gas is CO2 which contributes 77% to
the strengthening of the greenhouse effect. Further con-
tributions are from methane (15%), CFCs (1%) and
N2O (7%). The CO2 concentration in the atmosphere
is 380 ppm, i.e., 36% higher than the pre-industrial
concentration (280 ppm, practically unchanged over the
previous 10 000 a). It increases annually by 1.5–2 ppm.
Simulations for the year 2100 give, assuming a dou-
bling of the pre-industrial concentration, and depending
on the scenario, an increase in the mean temperature
of 2–6 ıC (with a probability of 66% for an increase
between 2.4 and 4.1 ıC). In addition, sea levels could
rise by 50 cm or significantly more by 2100 (accord-
ing to recent studies), and the number and intensity of
extreme climatic events could increase. Although the
existing uncertainties could have a positive effect, they
could also have a much more negative effect, e.g., as
a consequence of non-linear feedback. A mean temper-
ature increase of 2ıC corresponds for medium latitudes
to a shift of the isotherms about 350 km northwards or
of the apparent height above sea of about 350m, with
the possibility of very great regional differences.

The consequences could be even more dramatic in
the case of a tipping point of the climate. A deflection or
slowdown or even a long-term interruption of the Gulf
Stream would, for example, have catastrophic conse-
quences for Western Europe.
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The consequences of this, in the geological time
scale, extremely rapid climate change would undoubt-
edly be further stress for the already heavily damaged
ecosystems (extinction of species, forests). The distri-
bution of water resources and agricultural productivity
could be adversely affected world-wide, with increased
stress on socio-economic systems, and with particularly
great suffering in the regions that are weak and can only
adapt slowly or not at all to the changed conditions. Al-
though there may also be winners, the global balance is
very negative.

Sustainable Development
The term sustainability has assumed political contours,
in particular through the Brundtland Commission’s
1987 report, which defined sustainable development as
one that meets current needs without compromising the
ability of future generations to meet their own needs and
called for growth that integrates social and environmen-
tal aspects into economic considerations, both spatially
and temporally.

It is thus a matter of optimizing development in the
triangle of economy, society and ecology (the triple bot-
tom line of people, planet, profit) and of global and
intertemporal solidarity. The main difficulty in imple-
menting this goal is the fact that economic, but also
sociopolitical thinking, is too often short-to-medium
term, while the ecological requirements, especially in
connection with the climate problem, require long-term
optimization.

The above paragraph has highlighted the need to
vigorously reduce greenhouse-gas emissions world-
wide, in particular CO2 emissions. The costs of this
energetic transformation are quite high, but even higher
would be the cost of a laissez-faire approach. It is not
a matter of (purely selfish) adaptation to the conse-
quences of climate warming, but above all, of putting
a brake on climate warming, reducing it to the extent
that is possible and avoiding the enormous costs of so-
cial and infrastructural adaptations, that would linearly
increase faster than the increase in mean temperature.

Regional investments Global investments

Effect in the medium and long
term through innovation Effect in the short term

Energy efficiency
CO2-intensity  

Fig. 1.6 Sustainable investments

Political initiatives are required that aim to in-
ternalize current and future external costs, a recipe
well compatible with the market economy. In the fight
against global environmental damage, it is right in the-
ory to apply capital and knowledge in those areas where
the contribution to improving energy efficiency and re-
duction of CO2 intensity will be maximized (e.g., via
the trading of emission certificates). International co-
operation in putting this sensible theory into practice
is all too often made problematic by the absence of
boundary conditions that steer market forces in the
right socio-ecological directions, and by political dif-
ferences. Sometimes this argument is rather an excuse
for doing nothing in one’s own region. Both kinds of
effort, global and local (Fig. 1.6) are necessary. Al-
though rationalization is suboptimal in terms of global
capital spending in the short term, it nevertheless pro-
motes regional innovation in the environmental sector,
which will probably pay off globally in the medium
and long term (for actions in energy economics see
Sect. 1.7).

The results of the UN climate conference COP21 in
Paris, December 2015, where for the first time a large
number of countries committed to take measures to
limit the mean temperature rise of the Earth compared
to pre-industrial times to at most 2 ıC, and if possible
aim for 1.5 ıC, provide some hope. See Sect. 1.7 for
more details.

1.3 Energy Demand, CO2 Emissions, Indicators

1.3.1 General Information

Prior to a detailed analysis of the energy situation in
Europe (Sect. 1.4), in the world (Sect. 1.5) and the
prospects in relation to climate-protection requirements
(Sects. 1.6–1.7), some basic aspects of energy demand
should be presented and indicators defined that are par-
ticularly relevant for climate change.

Especially for readers unfamiliar with energy de-
mand issues, it can also be useful to review the case of
Switzerland’s energy demand as an example of a highly
industrialized country [1.1, Appendix C]. In particular,
the structural aspects of energy demand are illustrated
with concrete figures, and the factors that determine
their evolution are presented.
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Fig. 1.7 Final energy and energy sector losses worldwide in 2016 (100% bD final energy = 8686Mtoe, together = gross
energy consumption = about 150% of final energy)

1.3.2 Final Energy and Losses
in the Energy Sector

For further considerations, it is useful to distinguish be-
tween three areas of the use of final energy [1.25, 26]:

� Comfort heating and process heat, predominantly
obtained from fossil fuels and partly from renew-
able energies (geothermal energy, biomass, solar
radiation, ambient heat). Heating by electricity is
excluded.� Propellants (fuels for transport), mainly fossil,
some biomass.� Electricity, all uses, including heating.

Figure 1.7 shows the global importance of each of the
three areas as a percent of final energy for 2016 (i.e.,
heat + district heating: 45% + 3%; transport fuels (mo-
tor fuels): 31%; electricity: 21%). The three areas are
subdivided into the primary energy carriers.

The bar for final energy (100% = 8686Mtoe in
2016) also shows the subdivision into the three energy-
consuming sectors: industry (32%), traffic (32%) and
others (36% residential, services + agriculture).

Finally, the losses in the energy sector are shown,
attributable to heat losses in power plants and the
energy sector’s own consumption of energy. The repre-
sentation of these losses corresponds to the statistics of
the IEA (international energy agency), in which hydro-
electricity is recorded but not water power. Worldwide,

there are losses of 49% of the final energy. Global
gross energy consumption thus amounts to almost
150% of final energy demand or exactly 12 892Mtoe
in 2016.

1.3.3 Global Gross Energy Demand,
Energy Sector

For further analysis, it makes sense to define the energy
sector as [1.25]:

� The electricity and district heating produced, and� All losses associated with the conversion of gross
energy into final energy.

The global demand for primary energy in 2016 can then
be illustrated by Fig. 1.8. It is composed of the en-
ergy consumed in the transport sector (fuels, excluding
electricity), of heating and process heat energy (exclud-
ing electricity and district heating) required by industry
and the other sectors (households, commerce, services,
etc.) and of the energy needs of the energy sector,
which is primarily used for the production and trans-
mission of electricity and district heating, with large
losses.

The energy sources with which this total consump-
tion was supplied in the past and will probably be
supplied in the future have already been illustrated in
Fig. 1.3 (Sect. 1.2).; Fig. 1.7 shows the situation in
2016.
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Fig. 1.8 Worldwide consumption of gross energy in 2016
(total 12 892Mtoe, 1.37 KWh=$), divided into: transport,
heat consumption and energy sector (electricity + district
heating + losses)
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and corresponding CO2 emissions,
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With 49% of the gross energy consumedworldwide,
i.e., around 6300Mtoe in 2016, the energy sector plays
a decisive role for climate protection aims.

The energy demand of the energy sector can be
broken down according to Fig. 1.9. The final energies
produced by the energy sector – electricity and district
heating – account for 33%. The remaining 67%, cor-
responding to about 4200Mtoe, are energy losses or
own consumption (difference between the gross con-
sumption of 12 900Mtoe and the final consumption of
8700Mtoe). The largest part of these losses are thermal
losses in power plants and combined heat and power
plants (broken down by type of energy carrier in the
figure). Further losses are the electrical transmission
losses (in the transmission and distribution networks).
Finally, the own consumption and residual losses in
pure heating plants and gas works, in refineries and
other conversion plants (gasification and liquefaction
processes) and in the mine extraction of energy carri-
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Fig. 1.10 Worldwide CO2 emissions and polluters. 2016,
CO2 emissions D 32.316Mt, 4.4 t=capita, 296 g=$ (GDP
PPP $ of 2019)

ers must be taken into account. High residual losses are
often a sign of a lack of efficiency in the energy sector.

1.3.4 CO2 Emissions and Indicators

Global CO2 emissions resulting from the combustion
of fossil fuels for 2016 are shown in Fig. 1.10. They
amount to a total of 4.4 t=(a capita), and almost 50%
comes from the energy sector, with electricity genera-
tion from coal being the main polluter.

For further analysis, we introduce the following re-
lationships [1.25, 26]

˛

�

t CO2

a capita

�

D k

�

t CO2

kWa

�

� e

�

kW

capita

�

; (1.1)

where ˛ D CO2 emissions per year, per capita, k D CO2

intensity of gross energy, e D gross energy consump-
tion per capita.

Specific energy consumption e correlates primar-
ily with gross domestic product (GDP), whereby it is
useful for international comparisons to refer to GDP at
purchasing power parity (GDP PPP). That’s whywe can
write

e

�

kW

capita

�

D y

�

10 000 $

a; capita

�

� "
�

kWa

10 000 $

�

; (1.2)

where y D specif. gross domestic power (adjusted for
purchasing power), "D gross energy intensity.

The CO2 emissions can then be expressed as

˛ D ke D k"y D �y

with �

�

t CO2

10 000 $

�

D k"

D CO2 sustainability of energy supply (1.3)

as a product of prosperity indicator y, energy intensity
" and CO2 intensity of energy k.

In order to reduce the specific CO2 emissions per
year per capita ˛, we must be able to achieve the de-
sired increase of y (GDP=capita) and compensate it
with a considerable reduction of energy intensity " and
CO2 intensity of the energy k. The product of these two
quantities is defined as the CO2-sustainability indica-
tor �. The corresponding figures worldwide for 2016
are summarized in Table 1.3. The GDP PPP is ex-
pressed in international dollars as of 2010 (sources:
IMF, see also [1.25, 27, 28]); we get a worldwide � =
3.49 t CO2=$10000 or 349 gCO2=$. 8

1.4 Energy Consumption and CO2 Emissions in Europe

We refer here to Europe as the EU-28 plus the three
Western European countries that are not members of the
EU: Iceland, Norway and Switzerland.

1.4.1 Population and Gross Domestic
Product

The EU-15 comprises all Western European EU mem-
bers. Figure 1.11 shows the percentage distribution
of the population in 2015. Figure 1.12 shows the

purchasing-power adjusted (PPA) gross domestic prod-
uct (GDP) per capita of the European countries.

1.4.2 Energy Consumption per Capita

Energy consumption per capita depends on the one
hand on the level of economic development (mea-
sured by GDP=capita, Fig. 1.12) and on the other
hand on the efficiency of energy use (measured by
energy intensity). Consumption is also influenced
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Fig. 1.11 Percentage distribution of
the population of Europe in 2015
(total 524million): EU-28 + Iceland,
Norway, Switzerland

by the climate and depends on the characteristics
of the economy of the country in question. Fig-
ure 1.13 shows gross energy consumption per capita
in 2015 for Western Europe and Eastern Europe (EU
13, only EU members). One notes significant dif-
ferences. Southern European countries consume less
energy than the Scandinavian countries, which is
due to climatic conditions and, in some cases, to
weaker economic development (Fig. 1.13a). Accord-
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Fig. 1.12 Per capita
GDP (PPP) of the
European countries
in 2015, in 10 000 $
(US$ of 2010)

ingly, the figures for Eastern Europe are generally lower
(Fig. 1.13b).

Iceland is not included because of the extremely
high value of 22 kW=capita, which can be explained
by the heavy use of (non-polluting) geothermal energy.
For Luxembourg, both in terms of GDP and energy
consumption, the distortion caused by the very high
proportion of cross-frontier workers must be taken into
account (Figs. 1.12 and 1.13a).
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Fig. 1.13a,b Per capita energy consumption in Europe [1.5]: (a)Western Europe (EU-15 + Iceland, Norway, Switzerland,
all OECD members), (b) Eastern Europe and Malta (only EU-28 members)
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Fig. 1.15a,b CO2 intensity of energy k of the countries of Europe in 2015: (a) Western Europe; (b) Eastern Europe and
Malta

a) b)

Decrease from 2010 to 2015 Increase from 2010 to 2015
Decrease from 2000 to 2010 Increase from 2000 to 2010

Western Europe

Greece
Germany

Finland
Belgium

Netherlands
Portugal

EU-15
Spain

Austria
Luxembourg

Italy
United Kingdom

Iceland
Denmark

Ireland
France

Norway
Sweden

Switzerland

–300 –200 –100 0 100 200 300 400 500
η (g CO2/$)

Eastern Europe

Estonia

Bulgaria

Czech Republic

Poland

Cyprus

Slovenia

Slovakia

Croatia

Romania

Hungary

Latvia

Lithuania

Malta

–300 –200 –100 0 100 200 300 400 500
η (g CO2/$)

Fig. 1.16a,b Indicator of CO2 sustainability � of the countries of Europe in 2015: (a)Western Europe; (b) Eastern Europe
and Malta (GDP PPP in $ 2010)



1.4 Energy Consumption and CO2 Emissions in Europe 19
Section

1.4

Final energy,
sectors

"Heat" (without
electricity and

district heating)

Motor fuels Electricity District heating Losses of the
energy sector

0

10

20

30

40

50

60

70

80

90

100

Industry Residential, services etc. Traffic

Coal Oil Gas

Nuclear

Biomass Hydroelectricity Other renewables

Final energy (%)

Fig. 1.17 Final energy and losses of the energy sector in the EU-15, 2015. 100% bD total final energy = 852Mtoe (source:
IEA statistics)

1.4.3 Energy Intensity and CO2 Emissions,
Sustainability

The energy intensity " of the countries of Europe is
shown in Fig. 1.14 for 2015. A low energy intensity
basically indicates a rational use of energy. Various fac-
tors, such as climate or type of economic performance
(services instead of heavy industry) or of electricity
generation, also have an impact. Multiplying the energy
intensity by the CO2 intensity of the energy k as shown
in Fig. 1.15, gives the CO2 sustainability � of Fig. 1.16
((1.1)–(1.3)).

Four countries in Western Europe have a CO2 sus-
tainability indicator � below 120 g CO2=$ (Fig. 1.16).
These are the countries whose electricity production is
predominantly CO2-free: Switzerland and Sweden with
a mix of hydropower and nuclear energy, Norway with
pure hydropower, and France with, in addition to hy-
dropower, predominantly nuclear energy. The remain-
ing EU-15 countries are between 125 and 250 gCO2=$.
The countries of Eastern Europe (only EU-28 members)
have an average of around 250 gCO2=$ and thus have
a clear need to catch up.

1.4.4 Final Energy and Losses of the Energy
Sector in the EU-15

The EU-15 comprises the economically strongest coun-
tries in Europe. In terms of population, they account
for about 400 million inhabitants or almost one third
of the population of the OECD-34. Their energy con-
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Fig. 1.18 CO2 emissions of the EU-15 in 2015 and
their distribution. Total emissions = 2517Mt, 6.2 t=capita,
164 gCO2=$ (GDP PPP in $ of 2010; Data-source: IEA)

sumption and the associated CO2 emissions are illus-
trated in Figs. 1.17 and 1.18, and the characteristic
indicators are compared in Table 1.4 with those of
Switzerland and Norway. The main difference lies in
the energy sector, which has a 40% share of CO2 emis-
sions (Fig. 1.18).

The electricity production in many EU countries is
based mainly on fossil fuels (e.g., in Germany, Italy,
Great Britain, Benelux and Denmark). But there are
big differences within the EU-15. France and Sweden
are structurally similar to Switzerland, thanks to their
electricity generation also based on hydro and nuclear
power. The structure of the energy sector is shown in
Fig. 1.19.
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Table 1.4 Indicators for 2015 for Switzerland, Norway and EU-15. �D k", ˛ D �y=100

y
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k
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�
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(t CO2=(a capita))
Switzerland 2015 5.43 0.62 134 83 4.5
Norway 2015 6.30 0.96 116 112 7.1
EU-15 2015 3.80 0.94 178 167 6.3
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Fig. 1.19 (a) Structure of the energy
sector for the EU-15 in 2015
(627Mtoe in total): electricity
generated and district heating,
thermal losses in power stations
and cogeneration plants (broken
down by type of energy source),
electrical transmission losses, residual
losses including the sector’s own
consumption (b) The corresponding
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1.4.5 Countries With More Than 30Million
Inhabitants

The six European countries with more than 30million
inhabitants: Germany, France, the United Kingdom,
Italy, Spain and Poland, accounted for a total of
358million inhabitants in 2015, and achieved 70% of
Europe-wide GDP (PPP). The corresponding energy
gross demand was 1100Mtoe. The detailed energy and
emission diagrams of the six countries are given in [1.1,

Annex D] for 2013. Energy intensity, CO2 intensity of
energy and the index of CO2 sustainability are shown
in Fig. 1.20 and compared with the climate protec-
tion 2 ıC target for 2030 of Europe [1.27, 28]. Thanks
to the production of electricity from nuclear energy
and thus a low CO2 intensity of energy, France is
closest to this goal at present. Poland has the most
catching up to do in terms of both energy intensity
and CO2 intensity. Germany occupies the second-last
place.
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Fig. 1.20 (a) Energy intensity ", (b) CO2 intensity of energy k, and (c) CO2 sustainability �D "k of the six largest
European countries (population > 30million), for 2016 (GDP PPP in $ 2010); also given are the average values of the
EU-15 and EU-28 in 2016 and the European averages necessary in 2030 for climate protection (2 ıC target)

1.5 Global Energy Demand

1.5.1 Energy Consumption in the Past

Figure 1.21 compares Switzerland’s primary energy use
and its distribution among energy sources with that of
two other countries (the Federal Republic of Germany
and Egypt) and the world as a whole [1.29]. The thick-
ness of the column corresponds to the size of the per
capita energy consumption.

Per-capita energy demand depends primarily on
a country’s level of economic development, but it is also
influenced by the structural characteristics of the econ-
omy and the climate. According to official statistics,
Switzerland has a slightly lower specific consumption
than Germany, despite a higher gross national prod-

uct per inhabitant. It should be noted, however, that
the statistics do not include the so-called gray en-
ergy. This is the balance of the energy expenditure
for the production of imported minus exported goods
or the provision of corresponding services. This im-
port balance was estimated at 23% of gross energy
for Switzerland [1.5]. A contrary example is Luxem-
bourg, which has a considerable export balance. For
large countries, gray energy is generally not too impor-
tant.

Figure 1.21 shows Egypt as an example of a de-
veloping country. Per-capita consumption in 1980 was
about one eighth of that of the developedWestern Euro-
pean countries. The degree of utilization of this energy
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(useful energy) is also lower. Not to be neglected are
the non-commercial energy sources, which still cover
a large part of the energy demand in developing coun-
tries. They include non-commercial biomass such as
wood, vegetable waste, dried manure, etc.

At the end of the century, global specific en-
ergy consumption, including non-commercial energy,
was still 2.2 kW=capita (thanks to the collapse of the
Soviet Union). In Egypt, it increased from 0.65 to
0.95 kW=capita. But there was still a gap between
OECD and non-OECD countries. While the former
claimed a good 6 kW=capita, the latter had to make do
with an average of around 1.4 kW=capita.

Before fire was used, man needed on average 100W
of energy, which he took by means of food. With
the use of fire, the amount of energy consumed in-
creased to about 250W. A sedentary farmer, who
performs field work with the help of animals and prim-
itive devices, already needs energy of the order of
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Rest-Asia/Oceania* (6.83%)
Central and South America*** (4.29%)

Africa (6.23%)
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Japan (3.03%)

Rest-OECD** (9.70%)

Eurasia+ (8.08%)
Middle East (5.18%)

China (incl. Hong Kong) (21.94%)

100%  =  12810 Mtoe

Fig. 1.22 Worldwide distribution of
gross energy consumption 2016;
� without China, India and OECD
members, �� OECD without USA,
Japan and EU-15, ��� without Chile
(OECD member)

0.5 kW, the climate having a considerable influence
on this figure. In Switzerland, per-capita energy con-
sumption of commercial energy amounted to 1 kW in
1910. Due to the mechanization and industrialization
process, the increased mobility and the increased de-
mands on comfort, the specific energy consumption
rose progressively by 2008 to around 10 kW primary
energy in the USA and Canada, and to approx. 4.6 kW
gross energy without and 5.6 kW with gray energy in
Switzerland, which roughly corresponds to the OECD
average and is not far from the Western European aver-
age.

1.5.2 Energy Demand, Population and GDP
in 2016

Figures 1.22–1.24 show the distribution of the global
gross energy demand (gross domestic consumption)
and the two most important influencing factors: popula-
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Fig. 1.25 Gross energy consumption
per capita in the world zones,
2000 and 2016, (1 kW=capita D
0:753 toe=.a capita/); � Asia/Oceania
without China, India and OECD
members

tion and GDP (the latter taking into account purchasing
power parity). Figures 1.25–1.29 illustrate, for a num-
ber of countries or groups of countries, gross energy
consumption per capita, GDP per capita, intensity of
gross energy consumption, CO2 intensity of energy and
the CO2 sustainability indicator.

The world zones considered are:

� EU-15: Germany, France, United Kingdom, Italy,
Belgium, the Netherlands, Luxembourg, Austria,
Ireland, Spain, Portugal, Greece, Sweden, Denmark
and Finland
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Fig. 1.27 Energy intensity of GDP
PPP (gross energy), 2000 and 2016
(US$ of 2010); � Asia/Oceania
without China, India and OECD
members

� OECD-34: EU-15, Slovenia, Czech Republic, Slo-
vakia, Poland, Hungary, Switzerland, Norway, Ice-
land, Estonia, Turkey, USA, Canada, Mexico, Chile,
Israel, Australia, New Zealand, Japan and South
Korea� Eurasia+: Eurasia (Russia, Ukraine, Belarus, Arme-
nia, Georgia, Kazakhstan, Azerbaijan, Kyrgyzstan,
Tajikistan and Turkmenistan and Uzbekistan) and
non-OECD Europe (Lithuania, Latvia, Bosnia and
Herzegovina, Croatia, Serbia, Kosovo, Montene-

gro, FYR Macedonia, Romania, Bulgaria, Albania,
Cyprus, Malta and Gibraltar)� China� India� Middle East� Rest of Asia/Oceania (Asia excluding India, China
and OECD Asia)� Non-OECD America (Central and South America
excluding Chile)� Africa.



1.5 Global Energy Demand 25
Section

1.5

2016
2000

China (with Hong Kong)

Japan

Middle East

Non-OECD World

India

World

USA

OECD-34

Eurasia+

Rest of Asia/Oceania*

EU-15

Non-OECD America

Africa

0 50 100 150 200 250 300
CO2 intensity (g CO2/kWh)

Fig. 1.28 Worldwide CO2 intensity
of gross energy, 2000 and 2016;
� Asia/Oceania without China, India
and OECD members

2016
2000

China (with Hong Kong)

Eurasia+

Middle East

Non-OECD World

World

USA

India

Japan

OECD-34

Africa

Rest of Asia/Oceania*

Non-OECD America

EU-15

0 100 200 300 400 500 600 700 800
η (g CO2/$ GDP PPP)

Fig. 1.29 CO2-sustainability indicator
� (adjusted for purchasing power),
2000 and 2016 (US$ of 2010);
� Asia/Oceania without China, India
and OECD members

The data sources are the reports of the IEA (Inter-
national Energy Agency) and the IMF (International
Monetary Fund) [1.30, 31]. The international $2010
used corresponds to 0.895 � $2005 or 1.087 � $2015.

1.5.3 Primary and Final Energy
and its Distribution 2016

Given the gap that separates the OECD countries from
the rest of the world in terms of GDP per capita
(Fig. 1.26), it makes sense to analyze the OECD world

and the non-OECD world separately. In addition to the
EU-15 already analyzed, other countries or groups of
countries within these groups are particularly important
and interesting, such as the USA, India, China, the Mid-
dle East, Eurasia and Central and South America, which
is why we also examine them closely.

The OECD Countries as a Whole
The OECD countries accounted for 17% of the world
population in 2016 (Fig. 1.23), and consumed 38% of
the primary energy (Fig. 1.22). Figure 1.30 illustrates
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Fig. 1.30a–c OECD-34 in 2016: (a) Gross energy as the sum of final energy and losses of the energy sector (100% =
final energy = 3303Mtoe), (b) CO2 emissions (11 591Mt in total, 9.0 t=capita, 235 gCO2=$ GDP PPP, US$ of 2010),
(c) Structure of the energy sector (2484Mtoe in total) and CO2 emissions of the energy sector (5287Mt in total)

the energy structure and CO2 emissions of the OECD
area for the year 2016. Figure 1.31 shows the same for
the USA (the most important OECD economy).

The structure of energy consumption in the OECD
area is comparable to that of the EU 15 (Figs. 1.17–
1.19). But although the share of electricity is about the
same (just under 25%), it is even more coal-based and

has a lower share of renewable energies; this thus leads
to larger coal-heavy losses in the energy sector and is
primarily responsible for the poorer CO2 balance sheet.

USA. Since the USA accounts for about 41% of the
OECD’s primary energy (and thus just under 16% of
the world’s energy demand), its behavior in connection
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Fig. 1.31a–c USA in 2016: (a) Gross energy as the sum of final energy and losses of the energy sector (100% = final en-
ergy = 1379Mtoe), (b)CO2 emissions (4833Mt in total, 14.9 t=capita, 284 gCO2=$ GDP PPP, US$ of 2010), (c) structure
of the energy sector (986Mtoe in total) and CO2 emissions of the energy sector (2158Mt in total)

with climate-protection requirements is of paramount
importance.

Figure 1.31 shows the structure of energy consump-
tion and the corresponding CO2 balance sheet. CO2

emissions per capita are 66% higher than the OECD
average; the reasons in 2016 are: 38% higher GDP

per capita (PPP); 20% higher energy intensity; and 1%
higher CO2intensity of gross energy (Table 1.8). This
result is due to the transport sector (with more than 40%
of the final energy being more important than the heat-
ing sector) and to electricity production, which is still
strongly influenced by coal.
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Fig. 1.32a–c Non-OECD world in 2016: (a) Gross energy as the sum of final energy and losses of the energy sector
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Non-OECD Countries
The non-OECD countries with a population of 6.15 bil-
lion (2016) consume only 51% more energy in total
than the OECD countries (1.28 billion inhabitants). The
energy structure is completely different, as the compar-
ison between Figs. 1.30 and 1.32 illustrates.

About 55% of the final energy in the non-OECD
world is consumed by heat applications. The corre-
sponding CO2 emissions are relatively small thanks to
the high proportion of biomass. This is likely to change
unfavourably in the future.
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Fig. 1.33a–c China (with Hong Kong) in 2016: (a) Gross energy as the sum of final energy and losses of the energy
sector (100% = final energy = 1816Mtoe), (b) CO2 emissions (9102Mt in total, 6.6 t=capita, 461 gCO2=$ GDP PPP,
US$ of 2010), (c) Structure of the energy sector (1533Mtoe in total) and CO2 emissions of the energy sector (5084Mt
in total)

The same applies to fuels because mobility is sub-
ject to strong growth. The energy sector is coal-heavy,
extremely inefficient and responsible for 55% of CO2

emissions, although electricity accounts for only 21%
of final energy.

Figures 1.33–1.35 illustrate in detail the energy con-
sumption structure of the individual non-OECD world
regions and the corresponding CO2 emissions.

China. The structure of energy supply and the associ-
ated CO2 emissions are illustrated in Fig. 1.33. China’s
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Fig. 1.34a–c Non-OECD America in 2016: (a) Gross energy as the sum of final energy and losses of the energy sector
(100% = final energy = 430Mtoe), (b) CO2 emissions (1099Mt in total, 2.2 t=capita, 173 gCO2=$ GDP PPP, US$ of
2010), (c) Structure of the energy sector (240Mtoe in total) and CO2 emissions of the energy sector (366Mt in total)

gross energy demand in 2016 was about 22% of world
demand, or 38% of that of non-OECD countries.

The heating requirement in 2016 is 60% of the final
energy. The losses of the energy sector are very high
and also reach 60% of the final energy demand. The rel-
atively high CO2 emissions are attributable to the high

consumption of coal (used to produce more than 80%
of heat and 68% of electricity).

China ranks last in the CO2 sustainability list
(Fig. 1.29), with around 450 g CO2=$, and is a key fac-
tor in the fight against climate change, given its size
and increasing economic importance. Efficiency has
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Fig. 1.35a–c Rest of Asia/Oceania in 2016: (a) Gross energy as the sum of final energy and losses of the energy sector
(100% = final energy = 606Mtoe), (b) CO2 emissions (1910Mt in total, 1.7 t=capita, 195 gCO2=$ GDP PPP, US$
of 2010), (c) Structure of the energy sector (383Mtoe in total) and CO2 emissions of the energy sector (922Mt in
total)

improved (Fig. 1.27) but strong efforts are needed to
improve and to differentiate the energy sector, which to-
day focuses almost exclusively on a conventional coal
economy (Figs. 1.28, 1.29 and 1.33).

Characteristic Indicators
The main energy indicators, as defined in Sect. 1.3, are
summarized and compared in Tables 1.5 and 1.6 for all
groups of countries or countries analyzed and for the
world as a whole.
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Table 1.5 Final energy consumption per capita (ef) and gross energy (e) as well as total CO2 emissions for country
groups and countries, CO2 emissions share of the energy sector in %, ordered by increasing e-value

2016 ef (kW=capita) e (kW=capita) CO2 (Mt=a) CO2 share of the energy sector (%)
India 0.53 0.82 2077 59
Rest of Asia/Oceania 0.70 1.01 1910 48
Non-OECD America 1.17 1.59 1099 33
World 1.55 2.30 32 177 49
China 1.74 2.69 9102 56
Middle East 2.34 3.78 1767 48
Eurasia+ 2.40 4.02 2373 61
Japan 2.69 4.06 1147 55a

EU-15 (2015) 2.80 4.07 2544 40
USA 5.77 8.35 4833 45

2016 ef (kW=capita) e (kW=capita) CO2 (Mt=a) CO2 share of the energy sector (%)
India 0.53 0.82 2077 59
Rest of Asia/Oceania 0.70 1.01 1910 48
Non-OECD America 1.17 1.59 1099 33
World 1.55 2.30 32 177 49
China 1.74 2.69 9102 56
Middle East 2.34 3.78 1767 48
Eurasia+ 2.40 4.02 2373 61
Japan 2.69 4.06 1147 55a

EU-15 (2015) 2.80 4.07 2544 40
USA 5.77 8.35 4833 45

a high value due to the Fukushima incident (March 2011) and the subsequent shutdown of nuclear power plants

Table 1.6 Worldwide characteristic energy indicators in 2016: y = GDP (PPP) per capita, " intensity of gross energy,
k D CO2 intensity of gross energy; �D k"CO2 sustainability indicator ($ of 2007) ˛ D � y=100 D CO2 emissions per
capita; ranked by increasing �-value

2016 y .104 $=(a capita) " (kWh=$) k (g CO2=kWh) � (gCO2=$) ˛ (t CO2=(a capita)
EU-15 (2015) 3.85 0.93 175 164 6.2
Non-OECD America 1.21 1.15 161 173 2.2
Rest of Asia/Oceania 0.85 1.01 188 195 1.7
Japan 3.76 0.95 254 240 9.0
India 0.60 1.20 219 262 1.6
USA 5.26 1.39 205 284 14.9
World 1.47 1.37 215 294 4.33
Middle East 2.25 1.48 229 338 7.6
Eurasia+ 1.75 2.02 197 397 6.9
China 1.43 1.65 278 461 6.6
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India 0.60 1.20 219 262 1.6
USA 5.26 1.39 205 284 14.9
World 1.47 1.37 215 294 4.33
Middle East 2.25 1.48 229 338 7.6
Eurasia+ 1.75 2.02 197 397 6.9
China 1.43 1.65 278 461 6.6

1.6 Future Development of World Energy Demand

Predictions in this area are, as the past has shown, dif-
ficult and often misleading, even using sophisticated
econometric methods [1.10]. However, on the basis of
the easily predictable development of the population
and certain assumptions about the further development
of the economy and the energy intensity of the individ-
ual regions of the world, scenarios can be generated that
provide an overall picture of possible developments in
world energy demand. These scenarios are options that
society can choose by means of energy policy, taking
into account economic, social and environmental con-
straints.

Let’s start with a few simple considerations. At
the turn of the millennium, world energy consumption
(primary energy) was 2.2 kW=capita � 6 billion peo-
ple � 13 TW. During the last 20 years of the previous
century, specific consumption has remained almost sta-
ble at around 2.2 kW=capita, a level which is mainly
due to the collapse of the former Soviet Union in
1989. In 2007, the world energy demand, according
to IEA, reached 2.26 kW=capita (with a world popula-

tion of 6.6 billion people, i.e., 15TW) and increased to
18.2 TW or 2.45 kW=capita by 2016.

In the future, it will not be easy to maintain a value
of 2–2.5 kW=capita or even to reduce it to 2 kW=capita
(2000W-Society). It is difficult to compensate the strong
need to catch up in terms of GDP (PPP) of the de-
veloping countries by reducing the energy intensity of
the already industrialized world. Scenarios promoting
a specific consumption of 2 kW per capita were dis-
cussed in the 1980s within the framework of the WEC
(then theWorld Energy Conference) in view of the CO2

problem that was already becoming known [1.29]. In
1996 the World Energy Council predicted a global en-
ergy demand of around 3 kW=capita for 2020 [1.2],
which would already correspond to a primary energy
demand of 24TW at this point in time for the expected
world population of around 7.5 billion people.

The WEO 2006 of the IEA [1.7] envisaged two sce-
narios for 2030, which have already been mentioned
in Sect. 1.2.1 Future Demand. The reference scenario,
which corresponds to current trends, leads to a global
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energy demand of 22TW or 2.7 kW=capita. The alter-
native scenario, which requires the political will to re-
duce CO2 emissions, leads to a total demand of almost
20TW or 2.5 kW=capita (Fig. 1.3). Extrapolating this
scenario up to 2050, for a world population of 9 billion
people, a specific consumption of 2.75kW=capita and
a total consumption of 25TW are obtained. However,
this figure is hardly compatible with climate protection
(for a more detailed analysis see Sect. 1.7). This is also
the reason why the IEA, in the Scenario 450 of 2009
for 2030, requires a total global consumption of 19TW,
which corresponds to 2.3 kW=capita. The latest 2015
Bridge scenario is similar, with a good 20 TWa. We
start our study with assumptions about the two most
important factors influencing the future world energy
demand: population and GDP (PPP).

1.6.1 Development of the World Population

At the turn of the millennium, the world population
was about 6 billion people. This is a doubling since
1960. Of these, approximately 1.5–2billion people are
materially privileged, while the remaining 4–4.5 billion
have a long way to go to catch up. Demographic stud-
ies are largely in agreement that the world population,
as in Fig. 1.36, will increase to at least 8 billion by
2030, and to about 9 billion people by 2050. By 2100,
a progressive stabilization to about 10–11 billion people
is predicted [1.32]. The population of today’s indus-
trialized countries will grow relatively little, mainly
through immigration, and that of the developing coun-
tries will increase considerably, even though the current
war situation in the Middle-East/Africa shows a differ-
ent picture.

1.6.2 Increase in GDP (PPP)
and Energy Demand

Table 1.7 compares GDP for the year 2030 in the
OECD, non-OECD countries and the world as a whole,
as well as for the US and China: GDP per capita y (pur-
chasing power adjusted (PPA), in $ of 2010), intensity
" of the gross inland energy demand and the resulting
per capita consumption of final and gross energy ee or
e. The figures are based on the indicator values required
to meet the 2 ıC climate target [1.29, 33, 34]. The lower
value corresponds to a scenario with a lower CCS input,
the upper value to a scenario with a higher CCS in-
put. Both assume the same GDP (PPP), so they assume
that the chosen energy policy will not have a major im-
pact on overall economic development. The scenarios
demand for coming years a significant decrease in en-
ergy intensity relative to 2016, anywhere in the world
(Fig. 1.27).
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Fig. 1.36 World population growth since 1950 and fore-
cast, IC = today’s industrialized countries (essentially
OECD-34), RW rest of the world [1.29]

Table 1.7 Comparison of GDP (PPP) y, gross energy inten-
sity " and gross energy consumption per capita e for 2030
according to 2 ıC target [1.27]

2030 y
(�104 $=(a capita))

"

(kWh=$)
e
(kW=capita)

OECD-34 4.2 0.9–1.0 4.5–4.7
Non-OECD 1.5 1.1–1.2 1.9–2.2
World 1.9 1.0–1.2 2.3–2.6
USA 5.7 1.0–1.1 6.5–7.2
China 2.6 0.9–1.2 2.7–3.2
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(�104 $=(a capita))

"
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e
(kW=capita)
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USA 5.7 1.0–1.1 6.5–7.2
China 2.6 0.9–1.2 2.7–3.2
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Fig. 1.37 Increase of the world population since the year
zero of our time calculation and forecast of further devel-
opment [1.29]
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In the OECD countries, GDP=capita adjusted for
purchasing power increases by 9% relative to 2016 and
energy intensity decreases by an average of 20%, which
essentially suggests a slight decrease in gross energy
consumption per capita (�12% on average).

In the rest of the world (non-OECD countries),
GDP=capita adjusted for purchasing power increased

by 80% relative to 2016 and an energy intensity de-
crease by 30%. So the gross energy demand per capita
increased by an average of about 10%.

Worldwide, there is an average increase in GDP per
capita of 50% and a decrease in energy intensity of just
under 25%. The gross energy demand per capita is in-
creasing on average by around 1%.

1.7 CO2 Emissions and Climate Protection

Various climatological studies [1.35, 36]) show that for
climate protection, the increase in the earth’s mean
temperature relative to the pre-industrial era must be
limited to 2 ıC, or even better to 1.5 ıC. The emissions
reduction by 2100 necessary to reach the 2 and the
1.5 ıC targets are shown in Fig. 1.38 [1.27]. To achieve
the 2 ıC goal, it is necessary to bring CO2 emissions
back to 2010 levels by 2030 (˙ 10%) and halve them
by 2050. The variant a is primarily to be aimed at and
would also allow a target of 1.5 ıC, by a strong decrease
gradient from 2030 to zero in 2050.

1.7.1 Climate Protection, Medium
and Long-Term Measures

The most important measure for most OECD and
also non-OECD countries, is the reduction of CO2-
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Fig. 1.38 Worldwide CO2 emissions 1970–2016 and climate protection scenarios up to 2100 for 2 and 1.5 ıC (cumulative
emissions until 2100: 2 ıC (< 800Gt C), 1.5 ıC (< 550Gt C)); 2 ıC scenario with variants a and b, 1.5 ıC scenario with
soft variant and hard variant starting 2030 from 2 ıC scenario variant a [1.27, 28, 34]

emissions in the energy sector, which in 2016 accounts
for around 50% of total global emissions (Table 1.5)
and primarily concerns the generation of electricity. Ex-
ceptions are some European countries (France, Norway,
Iceland, Sweden and Switzerland) as well as many Cen-
tral and South American countries with a near CO2-free
electricity generation. In 2016 their emission of CO2

was already at or below 120 g CO2=$ (Fig. 1.16). If this
advantage is maintained, the efforts of these countries
can focus on fuels for heating and transport.

Specific Energy Consumption
and CO2 Intensity

The CO2 emissions per capita and year ˛ can be ex-
pressed as the product of specific energy consumption
e and CO2 intensity of gross energy k (Sect. 1.3.4).
The gross world consumption in 2016 was around
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Table 1.8 Target values for gross energy intensity ", CO2

intensity k and CO2 sustainability indicator � for 2030
Var. a of Fig. 1.38, [1.34]

2030 "

(kWh=$)
k
(g CO2=kWh)

�

(gCO2=$)
OECD 0.95 170 160
World 1.05 165 160
Non-OECD 1.1 160 175

2030 "

(kWh=$)
k
(g CO2=kWh)

�

(gCO2=$)
OECD 0.95 170 160
World 1.05 165 160
Non-OECD 1.1 160 175

2.3 kW=capita, with a factor of around three between
the OECD and the non-OECD countries. If the global
value is not to exceed 2.3 kW=capita by 2030, an em-
phatic reduction in the specific value of the OECD
countries (2016: 5.1 kW=capita) is required in order
to compensate the inevitable increase in that of the
non-OECD countries (1.7 kW=capita), which is mainly
associated with the expected strong increase in the GDP
of this part of the world. An important step towards
this is to increase the energy efficiency (reduce en-
ergy intensity) in the industrialized countries, but at
the same time to make available to the developing and
emerging countries, technologies for increasing energy
efficiency.

Table 1.8 also shows, however, that increasing the
efficiency is not enough for reaching the goals of
climate protection set out in Fig. 1.38. It is equally im-
portant to achieve a large reduction in CO2 intensity,
that applies equally to OECD and non-OECD countries
(Fig. 1.28).

The Life-Cycle Cost-Benefit and Grey Energy
These aspects are often brought into the CO2 balance,
making some CO2-free energies or energy uses appear
to be less favorable. However, as regards the medium
and long-term climate protection goals, this is, for the
following reasons, not defensible:

Life-Cycle Cost-Benefit Ratio. A poor life-cycle cost-
benefit factor does have a negative effect on the energy
balance (and thus on the economic viability), but not
on medium-term climate protection, provided that the
energy required for manufacture and transport is also
CO2-free, which is required in any case for the medium
and long-term target.

Grey Energy. If the energy used in the manufacture of
imported products causes greater emissions of CO2 than
that used for producing exported goods, the CO2 bal-
ance of a country is in theory worsened. However, it
does not make sense to include this in the sustainability
balance. Each country is ultimately responsible for the
energy used in the production of its goods and should

put the required climate protection measures in place
using its own efforts or in the context of international
agreements or emissions trading. But emissions trading
should primarily be seen as development aid.

1.7.2 Electricity Consumption
and Climate Protection

It has already been pointed out several times that the
energy sector (which is largely determined by electric-
ity production) has the main responsibility for global
CO2 emissions (around 50%). The objectives of climate
protection can only be achieved if effective measures
for CO2-free electricity production are brought in.

Figure 1.39 illustrates which energy sources have
been used in 2016 to meet global electricity demand.
Above all, the large proportion of coal (still 38%) is
devastating for the CO2 balance.

Countries With CO2-Intense Electricity
Production

The most important countries in this group are the USA,
China, India, Russia, Japan and in Europe Germany, the
UK, Poland, Spain and Italy. Their electricity produc-
tion is essentially dependent on coal (China and India)
or heavily on coal and/or oil + natural gas (see also
Figs. 1.30–1.35).

Figure 1.40 shows the structure of electricity pro-
duction in three major countries: the USA, China and
Germany.

Turning away from coal and oil as fast as possible or
at least from the current way of using them is the imper-
ative basic requirement for effective climate protection.
The countries of the OECD should be able to achieve
this, given the political will, using their own efforts,
the emerging economies too with political support, and
the developing countries presumably only with inter-
national support. This is made more difficult by the
fact that the world demand for electrical energy is ex-
pected to increase by around 20% between 2016 and
2030.

The possible measures and substitutions are as fol-
lows (a–h). It should be noted that it makes no sense
to play one possibility off against the other in a fun-
damentalist way. All are necessary and must find their
place within the framework of an economic, ecological
and also political balance, which can vary from country
to country and from continent to continent:

a) Large reductions in losses in the energy sector by
significantly increasing the efficiency of thermal
power stations (combined heat and power, com-
bined cycle generation).
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Waste renewable 0.43%

Hydroelectricity
16.63%

Geothermal 0.33%
Solar PV 1.31%

Tide 0.00%

Coal
38.25%

Wind 3.82%
Solar thermal 0.04%

Oil
3.71%

Gas
23.10%

Waste not renewable
0.15%

Nuclear 10.39%

Biofuels 1.84%

Final consumption
20 864 TWh
Losses and own use
4216 TWh ≈ 20%

Fig. 1.39 Energy sources used for
electricity production worldwide in
2016 (25 0852 TWh in total)

b) CO2 capture utilisation and storage (CCUS) in coal
and oil-fired power stations; with a significant lim-
itation: The CCS technology is not yet mature, is
probably expensive and is not yet fully tested for
environmental sustainability. Better is CCU, which
allows to produce carbon neutral fuels by hydro-
genating carbon exhaust gases with the help of
renewables energies. Without CCUS, the 2-degree
target, and even more the 1.5-degree target is diffi-
cult to achieve.

c) Use of natural-gas power stations, substitution of
coal and oil with natural gas: CO2 emissions, com-
pared to coal, are reduced to about 55% (compared
to oil, to about 75%), with a restriction: world-
wide gas reserves are limited. Fracking increases
reserves, but its environmental risks have not yet
been sufficiently clarified.

d) Use of nuclear energy: the power stations do not
emit CO2; restriction: reserves of uranium, used
in 3rd-generation reactors, are also limited. Use of
fourth generation reactors is possible, but must be
well thought out, technically and politically. Nu-
clear fusion can only be considered in the second
half of the century.

e) Use of all opportunities to generate electricity from
water power; restriction: the potential for this is lim-
ited.

f) Use of wind energy: the technology is mature
and, where the wind conditions are favorable, cost-

efficient. The potential for this is very great. Restric-
tions: Networks and energy storage require consid-
erable adjustments.

g) Use of geothermal and biomass energy.
Limitations: geothermal power stations are only
suitable in locations with geothermal anomalies. In
several parts of the world, however, the geothermal
potential is very high.
The potential of biomass is limited. Biomass includ-
ing waste should therefore be used primarily, and
provided its use is ecologically acceptable, for fuel
in transport and heating, with the exception of local
combined heat and power. The production of bio-
fuels is often anything but CO2 neutral

h) Use of solar thermal energy and photovoltaics. So-
lar thermal power plants are appropriate only for
countries with a low proportion of diffuse light.
However, its potential in desert regions (e.g., the
Sahara) is very great. HVDC (high-voltage direct-
current transmission, see [1.24]) enables connection
to consumption centres. Due to its unlimited and
capillary exploitable potential, photovoltaics should
continue to be promoted purposefully as long as
necessary and economically justifiable, including
through feed-in tariffs. Here, too, adjustments to the
transmission and distribution grids are necessary,
as is energy storage (partly also through load con-
trol).
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Fig. 1.40a–c Structure of electricity
production (a) in the USA (4322 TWh
in total), (b) China (with Hong Kong)
(6256 TWh in total)and (c) Germany
(649 TWh in total) in 2016

Remarks. The great increase in electricity demand
expected worldwide by 2030 can hardly be avoided,
even by improving efficiency, for various reasons listed
below. It is therefore unreasonable to rely only on
the latter, however indispensable they may be. The
use of natural gas and third-generation nuclear power
plants is necessary, but at best does not enable much

more than the maintenance of their percentage shares
(Fig. 1.40, worldwide 2016: natural gas 23%, nuclear
energy 10%), but hardly the complete replacement of
coal and oil-fired power plants (shares 41% and 4%
respectively). The same applies to hydropower (17%
share). The use of b) must therefore be examined; that
of the remaining renewable energies f) to h) is indis-
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Fig. 1.40 (continued)

pensable and must be greatly increased (share 2016:
6%!). Although electricity from wind energy has mul-
tiplied worldwide, at 3.8% it is still a long way from
being a significant source of energy.

Countries With Nearly CO2-Free Electricity
Production

These countries have the great advantage of already
having solved the most important emissions problem:
Switzerland and Sweden with a mix of water power and
nuclear energy, Norway with water power, Iceland with
water power and geothermal power, France with mainly
nuclear energy and Latin America mainly with water
power. The first priority is naturally given to main-
taining the freedom from CO2 in the electrical energy
sector, which can only be achieved by the measures d)
to h). These countries already have the basic prerequi-
site and so they can be pioneers in the development and
application of new technologies for limiting emissions
in the areas of transport and heating. The areas will now
be analyzed.

1.7.3 Transport

Emissions are almost entirely caused by the use of fuels
obtained from mineral oil, which accounted for around
22% of world CO2 emissions in 2016, and is steadily
increasing (OECD 23%, non-OECD 15%). In the short

term the increase can be kept within bounds by im-
provements in efficiency (and the associated reduction
of CO2 emissions per km travelled), by electrification
of traffic (electric and hybrid cars) and by partial sub-
stitution of petrol and diesel by natural gas and biofuels
(for the latter ecological considerations are important
and require further examination).

However, in the medium and long term, protec-
tion of the climate is possible only with a paradigm
shift. The future is likely to belong to electromobil-
ity, the pure electric motor and the hybrid solution
with the electric motor as the primary drive and an
internal-combustion engine as serial or parallel sec-
ondary module to improve the range before recharging.
The latter may, except with petrol or natural gas, be
at least partially combined with biofuels provided that
their production has a good CO2 balance and is com-
patible with the food production required worldwide.
Secondary operation with solar gas (fuel derived from
syngas generated with solar energy) is also conceiv-
able.

At least 75% of vehicles are driven for less than
50 km=day. The battery supplying the electric motor
can then be charged overnight, which will at least en-
able urban traffic to be largely CO2 free. The production
of electrical energy in sufficient quantity and as far
as possible free of CO2 together with powerful bat-
teries are the prerequisites for this change which will
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therefore not happen immediately, at least not glob-
ally.

Using a fuel cell to supply the electric motor could
also make a significant contribution in the long term; for
this, however, hydrogen made using CO2 free energy is
required (Chap. 8).

The change is also imperative from purely eco-
nomic considerations. The fuel for an efficient mid-
range car with a consumption of, for example
6 l petrol per 100 km (46mpg, emissions of about
140 gCO2=km) currently costs about 8.4 C=100km at
a price of 1.4 C=l. The energy content of 6 l petrol
is 52.6 kWh and with an average efficiency of 20%
this gives a mechanical power (useful energy) of about
10.5 kWh=100km. The price of the mechanical drive
energy is therefore today already (in Europe) at least
0.8 C=kWh and rising. With an electric motor and
including the battery and the power electronics, an av-
erage efficiency of at least 65% can be achieved, giving,
for the same useful mechanical energy of 10.5 kWh, an
electricity consumption of at most 16 kWh=100km. To
achieve the same energy costs as with the combustion
engine, the electrical energy from the mains socket for
recharging the battery can cost 0.5 C=kWh or more.
The corresponding comparison with diesel fuel gives
0.45 C=kWh. Consequently, the mains electricity fuel is
already much cheaper in most countries than petrol or
diesel and the time is not far off when photovoltaic elec-
tricity will be cheaper, even from small installations.
Even when the extra power required for the heavier ve-
hicle (because of the battery) is allowed for, there is
a clear advantage in the energy costs.

The change is also necessary for purely economic
reasons. The fuel for a very efficient mid-range car
with a consumption of, e.g., 6 l of petrol per 100 km
(emissions approx. 140 gCO2=km) costs, at a price of
1.4 C=l, about 8.4 C=100 km. The energy content of 6 l
of petrol is 52.6 kWh and, with an average efficiency
of 20%, results in a mechanical drive power (useful
energy) of 10.5 kWh=100km. The price of mechanical
drive energy is therefore already today (at least in the
European environment) at least 80 ct=kWh and is ris-
ing.

With the electric motor, together with the battery
and power electronics, an average efficiency of more
than 65% can be achieved, resulting in an electricity
consumption of at most 16 kWh=100km for the same
mechanical drive energy of 10.5 kWh. In order to be on
a par with the combustion engine in terms of energy
costs, the electrical energy from the socket for charg-
ing the battery may therefore cost 50 ct=kWh or more.
The analogous comparison with diesel fuel leads to at
least 45 ct=kWh. As a result, in most OECD countries

(except the USA), the fuel electricity from the grid is
already significantly cheaper than petrol or diesel, and
the time is not far off when even electricity generated
by photovoltaics in small systems will be cheaper. Even
taking into account a power supplement for the greater
weight of the electric car (battery), there is a clear ad-
vantage in terms of energy costs. Although the vehicle
price is higher, it can be assumed that technical progress
(Chap. 9) and mass production will reduce the price dif-
ferential.

Whether a primary drive with solar gasoline or solar
hydrogen will result in an economically better solution
in the medium term is an open question, but is unlikely,
due to the following disadvantages:

� The expected high fuel price, probably significantly
higher than today’s European gasoline price� The low energy efficiency of the production chain
solar energy–mechanical drive power, which will
by far not reach that of the mains-operated electric
drive.

1.7.4 Heating

Energy for heating (excluding electricity) accounts for
27% of global CO2 emissions. This applies almost
equally to OECD countries (24%) and the rest of the
world (30%).

Heating for comfort with the lowest emissions pos-
sible should not cause particular difficulties, given the
appropriate promotion. Suitable means are: solar archi-
tecture and good insulation, solar collectors, biomass
(wood) and, not least, district heating (combined heat
and power) and, above all, the heat pump (for using
environmental and geothermal heat). For the latter, the
restriction applies that the most CO2-free electricity
possible should be used (in Switzerland, Sweden, Nor-
way and France conditions are almost ideal for this).
This gives a new dimension to the importance of an
adequate and low-CO2 production of electricity. With
a modern heat pump 25–30% of the heating energy
is supplied by the electricity. The importance of the
heat pump for heating is explained in more detail in
Sect. 1.7.4 Heat-Pump.

For process heat the contribution from fuels should
be reduced in favour of electricity (the most CO2-free
possible) and the most emissions-free possible in indus-
try by more efficient processes and the use of biomass,
above all in the form of waste.

Let it be emphasized again that in the use of
biomass, this is not CO2-neutral unless woodland clear-
ance is compensated by new growth (preservation of
forests and the rain forests in particular).
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Heat-Pump
Technical methods have been known for about 150 a
to pump up heat by means of work from a low to
a higher temperature level. The refrigeration machine
has been using these methods for a long time: it ex-
tracts heat from the object to be cooled and pumps it
up to a temperature slightly above the ambient temper-
ature. Similarly, the heat pump removes heat from the
environment and brings it to a temperature necessary
for heating purposes.

The refrigeration machine quickly became popular
as no other processes were available. The heat pump
as a heating system, however, could not compete with
conventional heating. Pioneering systems were, in the
1930s, built mainly in the USA and during the Second
World War in Switzerland because of the shortage of
coal. After the war, however, the heat pump was al-
most forgotten due to the onset of the oil boom. Only
in the USA did it experience a renaissance in the 1950s
and 1960s as a year-round air-conditioning unit (about
300 000 in use in 1963).

As a result of the 1973 oil crisis, interest in the heat
pump returned everywhere in the second half of the
1970s, and it gradually began to become an alternative
heating system.

From an exergy point of view, as well as in terms of
energy efficiency, the heat pump clearly has advantages
over other heating methods. In terms of sustainability,
it is by far the best heating system. The relatively high
installation costs compared to a boiler plant and cheap
fossil fuels have so far worked against their use. The
latter disadvantage should diminish more and more in
the future.

Exergy Comparison. The heat energy of a medium is
expressed by the following relationship

Q D cmmT.kJ/ (1.4)

with cm D average specific heat (KJ=(kgK)), m D mass
(kg), T D absolute temperature (K).

The heat energy is represented by a rectangle in
the (cmm, T) diagram (Fig. 1.41), which clearly shows
the exergy and anergy components [1.1, in Annex A,
Sect. A.2.2] when the ambient temperature is entered.
The exergy levels at combustion temperature and at
low temperature applications are very different. At low-
temperature, a larger mass or greater specific heat is
necessary to store the same amount of heat.

In a conventional heating system (Fig. 1.42a), the
large exergy content of the fuel is uselessly destroyed
during the transition from A to B. The use of fuels

1000

1500

500

T (K)

0

Anergy
Exergy

Tu

cmm (kJ/K)

Fig. 1.41 Heat content at combustion temperature and low
temperature

(which have a high potential exergy content) to produce
low-temperature heat is thermodynamically very waste-
ful.

If, for example, the following values are assumed:
T0 = 1300K, Tv = 340K and Tu = 280K and a con-
version efficiency of � = 0.95 in combustion and heat
emission, the following exergy efficiency results

�ex D �
Tv �Tu
Tv

T0
T0 � Tu

D 0:21 ; (1.5)

see also the energy flow diagram in Fig. 1.42b.
Heating with a heat pump is quite different. The

analogous representation in Fig. 1.43a shows that only
that exergy in the form of work is used, that is required
for reaching the heating inlet temperature. The anergy
is supplied by the environment. With reference, e.g., to
Fig. 1.43b, the thermodynamically much more favor-
able characteristic figures result (COP = coefficient of
performance),

exergetic efficiency: �ex D useful exergy

exergy
� 0:55

COP of heat pump: ˇ D useful energy

work
� 3 :

(1.6)

Comparison of Energy Utilization Degrees. To as-
sess the energy utilization degree, assumptions must be
made about the origin of the work required to operate
the heat pump. The degree of utilization is defined as

�use D useful energy

required energy
: (1.7)

In the case of conventional heating, the degree of
utilization is always < 100% (for example, 95% in
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Fig. 1.44 Utilization degree of the
heat pump heating with hydroelectric
energy supply
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Fig. 1.45 Utilization degree of heat-
pump heating with energy supply
from a thermal power plant
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Usefull heat

28%
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ηuse = (28% + 54%) / 51% = 160%

Fig. 1.46 Utilization degree of heat
pump + CHP plant with power balance

Fig. 1.42). In the case of the heat pump, however, uti-
lization rates much greater than 100% are the rule. Here
are some examples:

� The electric drive energy comes from a hydro-
electric power plant, which works with an effi-
ciency of 85%. Figure 1.44 shows the flow dia-
gram of Fig. 1.43b with a utilization rate of about
250%.

� The drive energy comes from a thermal power plant
with an efficiency of 35%. Figure 1.45 then follows
with a utilization rate of 105%. If the transmission
losses in the network are taken into account, there
is no significant advantage over conventional boiler
heating.� The heat pump is operated together with a heat-
power cogeneration plant (CHP). Particularly inter-
esting is the case of the power balance, in which
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the CHP plant generates exactly as much electric-
ity as is required to drive the heat pump. Assuming
that the combined heat and power plant has an over-
all efficiency of 90% and generates 35% electricity,
this results in a utilization rate of 160% (Fig. 1.46).
With modern gas turbines and combined with dis-
trict heating the utilization rate can reach 180% [1.1,
Sect. 6.1.2])

Conclusions. The highest energy utilization degree is
achieved with the combination hydropower-heat pump
(e.g., small hydro powerplant and heat pump), which
is also a very sustainable solution because it is CO2-

free. The same applies to the combination: power from
another renewable energy (sun, wind)-heat pump.

The combination of heat pumps with conventional
thermal power plants operated with fossil energies is
pointless. In the case of nuclear energy or biomass, the
utilization degree is not higher than that of conventional
boiler heating, but the heat produced is CO2-free and
the contribution to sustainability therefore considerable.

The combination of the heat pump with CHP plants
has utilization degrees of well over 150% and therefore,
even if it is not CO2-free, has a considerable potential
for saving CO2 (but only for countries with a high share
of electricity production from fossil energy).
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2. Power Generation

Valentin Crastan

The 1:5 ıC climate target calls for rapid elimination
of coal and oil for electricity production and the
progressive reduction of the contribution of nat-
ural gas. This demands an enormous effort in the
energy sector for the production of electricity using
CO2-free energy sources. This chapter discusses five
ways to generate electrical energy as sustainably
as possible. The resulting grid stability problems
are briefly outlined.

Hydropower (Sects. 2.1–2.6) is one of the
most important sources of energy for generating
electricity. It is also ecologically sound (no CO2
emissions) if the plant construction (river dams,
reservoirs) respects nature and human settlements
appropriately. In 2016, hydropower installations
accounted for 16:6% of global electricity pro-
duction. This section provides an overview of the
planning, engineering and modeling of hydraulic
power stations.

The efficiency of power generation from fossil
fuels in thermal power plants has risen consid-
erably over time and today reaches almost 60%
in natural gas-powered, combined cycle power
plants (Sect. 2.7). Nevertheless over 40% of the
energy is still lost as waste heat. In combined heat
and power (CHP), useful heat is produced in ad-
dition to electrical energy, thus further increasing
overall energy efficiency.

The potential of wind energy (Sect. 2.8) and
the prerequisites for its economic use have already
been briefly discussed in Sect. 1.2.3. This section
deals in more detail with the technical and eco-
nomic aspects of wind-energy use.

In Sect. 2.9 the basics of photovoltaics (pho-
toelectric effect) and solar cells (structure, types,
characteristics, efficiencies) are given. To use them
optimally requires knowledge of the radiation in-
tensity and thus the calculation of the apparent
movement of the sun relative to the Earth. Pho-
tovoltaic is the renewable energy with the highest
potential worldwide.

Fuel cells (Sect. 2.10) can be used to con-
vert hydrogen as well as natural gas and other
hydrocarbons (e.g., petrol, methanol) or biogas

electrochemically directly into electrical energy.
It is predictable that in the course of the next
decades this technology will open up a wide range
of applications for mobile and stationary applica-
tions.
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The 1:5 ıC climate target calls for rapid elimination
of coal and oil for electricity production and the pro-
gressive reduction of the contribution of natural gas.
However, the demand for electricity will continue to
increase worldwide, not only because of economic
growth, but also because of the increased use of heat
pumps for heating buildings, the progressive electrifi-
cation of mobility and the increasing use of synthetic
power to gas (PtG) generation as a natural gas replace-
ment. This requires an enormous effort in the energy
sector for the production of electricity using CO2-free
energy sources. This chapter discusses ways to gener-
ate electrical energy as sustainably as possible.

Figure 2.1 shows the current distribution of energy
sources used worldwide for electricity production. Due
to the high proportion of fossil fuels, electricity produc-
tion accounts for nearly half of global CO2 emissions
(Fig. 2.2).

In view of the climate problem, the sections on
hydropower, wind energy and photovoltaics are
paramount. Wind energy and, above all, photovoltaics
have enormous potential, but also a temporal variabil-
ity, that represents a big challenge to the control systems
for frequency maintenance and grid stability. Because
of the bi-directionality of the energy flows, this vari-
ability also requires general strengthening of local and
transmission grids. Hydroelectricity has a very good
growth potential in many developing countries and is

Oil 3.71%

Gas 23.10%

Waste not renewable
0.15%

Nuclear 10.39%

Biofuels 1.84%

Waste renewable 0.43%

Geothermal 0.33%

Solar PV 1.31%

Solar thermal
0.04%

Wind 3.82%

Tide 0.00%

Hydro-
electricity

16.63%

Coal
38.25%

Final consumption
20 864 TWh
Losses and own use
4216 TWh   ≈ 20%

Fig. 2.1 Energy sources used for
electricity production worldwide
in 2016, 25 082 TWh in total (see
Chap. 1)

indispensable there for primary and secondary regula-
tion of the electricity grid. Pumped-storage plants are
being used less and less to convert inexpensive night-
time energy into expensive peak energy, as the rising
solar energy share reduces the cost of daytime energy,
but they remain an essential element for rapid compen-
sation of the variability of wind and solar energy.

Fossil-based thermal power plants will be less and
less able to take over this work, as their share is likely to
be reduced as quickly as possible if climate goals are to
be achieved, even if CCS (carbon capture and storage)
technology can bring some relief. Combined heat and
power generation (CHP) plays an indispensable role in
improving efficiency. Although geothermal or biomass
(wood from forests, waste, landscape maintenance and
industrial residues) power stations are, or can be, CO2-
neutral, their capacity is limited, with the exception of
certain parts of the world (with big geothermal resources
such as Indonesia and certain areas of America). The
power to gas (PtG) processes for the synthetic produc-
tion of CO2-free hydrogen or gas are very interesting for
the decarbonization of the transport sector (hybrid long-
distance vehicles and air traffic), but also require, due to
poor conversion efficiencies, large amounts of electricity
that worldwide can only be generated with big photo-
voltaic systems in sunny regions (e.g., Sahara, Middle
East) and require, if local gas production is not appro-
priate, suitable transmission grids.
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Fig. 2.2 Energy flow in the energy sector and total CO2 emissions from fossil fuels (with marine and aviation bunkers),
worldwide in 2016. PP: power plants; CHP: combined heat and power; HP: heat plants; Heat: heating and process heat
of non-electrical origin, without district heat (may contain non-electrical stationary work, in developed countries usually
minimal) (adapted from [2.1, 2])

Since the decreasing use of thermal power stations
will reduce their grid control ability, other methods of
grid control will be needed. Thus, the importance of
the flexibilization of the load is constantly increasing.
Through appropriate digital controls and intelligent use
of storage, thedemand for electricity in thefield of indus-
try, building technology and mobility can be adjusted in
terms of time and be frequency dependent, thus making
a contribution to grid stability. Similarly, the supply from
photovoltaic systems and wind turbines can be adjusted
to the grid requirements (smart and micro grids). Above
all, medium and large photovoltaic power plants (more
and more are needed in the evolution to a CO2-free en-

ergy supply) can and must replace the inertia of the gen-
erators of thermal power plants with a virtual inertia of
inverter-to-grid coupling, with appropriate controllable
storage units, and thusmakean important contribution to
the primary and secondary regulation of the grid [2.3].

Regulation through nuclear power plants has been
enforced in France with a flexibilization of the power
output (inevitably, because of the very large share of
NPPs in power generation), but in principle light-water
reactors have, for physical and economic reasons, only
limited suitability for primary control within seconds;
their flexibility is possible but is associated with disad-
vantages.

2.1 Hydroelectric Power Stations

Hydropower is one of the most important sources of en-
ergy for generating electricity. It is also ecologically
sound (no CO2 emissions) if the plant construction
(river dams, reservoirs) respects nature and human set-
tlements appropriately.

Table 2.1 Europe 2016, share of hydroelectric power in electricity production in %

Austria 62.8 Estonia 0.3 Iceland 72.6 Malta 0 Slovakia 17.0
Belgium 1.7 Finland 23.0 Ireland 3.2 Netherlands 0.1 Slovenia 29.0
Bulgaria 10.1 France 11.7 Italy 15.3 Norway 96.2 Spain 14.5
Croatia 55.1 Germany 4.0 Latvia 39.4 Poland 1.6 Sweden 39.8
Czech Republic 3.8 Greece 10.2 Lithuania 24.5 Portugal 28.1 Switzerland 58.1
Denmark 0.1 Hungary 0.8 Luxembourg 69.6 Romania 28.5 United Kingdom 2.5

Austria 62.8 Estonia 0.3 Iceland 72.6 Malta 0 Slovakia 17.0
Belgium 1.7 Finland 23.0 Ireland 3.2 Netherlands 0.1 Slovenia 29.0
Bulgaria 10.1 France 11.7 Italy 15.3 Norway 96.2 Spain 14.5
Croatia 55.1 Germany 4.0 Latvia 39.4 Poland 1.6 Sweden 39.8
Czech Republic 3.8 Greece 10.2 Lithuania 24.5 Portugal 28.1 Switzerland 58.1
Denmark 0.1 Hungary 0.8 Luxembourg 69.6 Romania 28.5 United Kingdom 2.5

In 2016, hydropower installations accounted for
16:6% of global electricity production (for Europe see
Table 2.1). This section provides an overview of the
planning, engineering and modeling of hydraulic power
stations.
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OW

UW

Power station

G
HbQ

T

Fig. 2.3 Basic diagram of a hydropower plant: OW head-
water, UW tailwater, Hb gross head, Q water flow, T tur-
bine, G generator

The basic scheme shown in Fig. 2.3 can be used for
any hydropower plant, whether it is a run-of-river or
a storage power plant.

Due to the stagnation of the water, there is a fall
height or gross headHb (m) between the upper pool (the
headwater) and the lower pool (the tailwater). The gross
gradient varies somewhat depending on the amount of
water present. The nominal gross head usually refers
to the maximum quantity of usable water Q (m3=s) for
which the system is dimensioned. The gross power Pb

of the power plant is then

Pb D �QgHb

�

kg

m3

m3

s

m

s2
m D J

s
D W

�

: (2.1)

Due to friction in the supply and discharge lines, the
head is smaller at turbine level; this is known as the
effective head H (m), and is obtained via

H D �hHb ; (2.2)

where �h is the efficiency of the hydraulic system or the
hydraulic efficiency (which also depends on the amount
of water present).

The hydraulic power Ph that is actually available at
the inlet of the turbine is

Ph D �QgH : (2.3)

The energy of the moving water is converted into me-
chanical power in the turbine, which is available as
a turbine power Pt on the turbine shaft

Pt D �t�QgH ; (2.4)

where �t is the turbine efficiency.
The mechanical power is finally converted into elec-

trical power in the electrical generator. The net output
of the power plant is

P D �ePt D �e�t�QgH ; (2.5)

where �e is the efficiency of the electrical device (gen-
erator, transformer, own requirements of the power
plants).

Example 2.1
A power plant with a net output of 100MW and a gross
head of 500m has the following efficiencies: �h D 0:92;
�t D 0:85; �e D 0:96. Also, �D 1000 kg=m3 and g D
9:81m=s2. Determine:

(a) The turbine and hydraulic power
(b) The effective head and the nominal water flow
(c) The diameter of the circular feed gallery if the op-

timal water speed is 4m=s
(d) A general expression for the specific energy w of

a kg of water and the value of the specific energy
gH at the turbine entrance.

Solutions

(a) Pt D P

�e
D 100

0:96
D 104:2MW

Ph D Pt

�t
D 100

0:85� 0:96
D 122:6MW

(b) H D Hb�h D 500� 0:92 D 460m

Q D Ph

�gH
D 122:6� 106

1000� 9:81� 460
D 27:2

m3

s

(c) A D Q

v
D 27:2

4
D 6:8m2

D D
r

4A

 
D 4� 6:8

 
D 2:94m

With increasing water speed, the loss costs due to
friction increase approximately quadratically, while
the investment costs of the tunnel decrease with
smaller diameter. Optimizing the total cost results
in the optimal speed.

(d) Since �Q represents the water flow in kg=s, the spe-
cific energy w of the water at the entrance to the
turbine is gH, and can be calculated using (2.3).
Therefore, the solution to (d) is:

w D Ph

�Q
D gH ;

gH D 9:81� 460 D 4:51 kJ=kg :

(2.6)
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2.2 Hydrological Planning Principles

Figure 2.4a shows the catchment area of the observation
point P of a river.

Concerning the annual water volume, as a rule,
long-term measurements are available that enable a sta-
tistical assessment of the above-ground discharge con-
ditions. If no measured water quantities are available,
but rainfall values are available, the mean annual runoff
quantity can be used for preliminary studies. Qma can
be estimated with the following formula

Qma D ˇhmA� 103
�

m3=h
�

;

where A is the catchment area of the observation point P
(km2), hm is the long-term average of the precipitation
height (mm=a), and ˇ is the discharge coefficient (< 1
because of evaporation and seepage, dependent on the
type of ground and surface, e.g., vegetation).

In addition to the long-term mean values, the maxi-
mum values (wet years), as well as the minimum values
(dry years) and their frequency, are also of interest.

Measurements at various observation points along
the watercourse from the source to the estuary show the
discharge pattern in Fig. 2.4b.

Source Estuary
Hb

Qa

P1

P2

a) b) Qma (m3/a)

A

Catchment
area

Height above
sea level

P

Fig. 2.4 (a) Catchment area, (b) flow
rate diagram of a river
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Fig. 2.5 Power station chain on the Rhine between Lake Constance and Basel (adapted from [2.4])

A part Qa (m3=a) of the available water at P1 can be
captured and used with the gross head (also gross drop
height) Hb. The corresponding energy potential of the
power station (gross energy=a) is

Wa D �QagHb
1

3:6� 106
.kWh=a/ ;

(� � 1000kg=m3, Qa (m3=a), g � 9:81m=s2, Hb (m))
and is thus proportional to the area QaHb.

Several power stations along the watercourse, e.g.,
a low-pressure power station at P2, provide for a more
or less complete use of the water body, whose potential
is shown by the area integral of the diagram in Fig. 2.4b.
Figure 2.5 shows an example of an almost complete use
of the gradient of a river section on the Rhine.

It is also important for the planning of the power sta-
tion to take into account the temporal fluctuations of the
water supply during the year. Figure 2.6a shows the typ-
ical behavior of alpine waters (snow melt) and Fig. 2.6b
the long-term duration line (frequency curve) of the wa-
ter supply, which serves as the most important planning
basis.
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1st Oct. 1st Oct.1st Apr.

Winter
Summer

a) Water quantity Qm (m3/s)

0 8760

Frequency
curve

b) Water quantity Q (m3/s)

Duration (h/a)Time of year

Fig. 2.6 (a) Typical annual water
quantity curve of an alpine water
body, (b) annual duration line of the
water supply

The construction of a hydraulic power station con-
stitutes an intervention in the natural, constantly re-
newing water outflow. Water management planning
must therefore be given priority over the needs of the
energy industry. Often other aspects such as irriga-
tion, shipping and flood control [2.5] have to be taken
into account. The requirements of environmental pro-
tection must be taken into account in the broadest
sense (drinking and groundwater, fauna, flora, land-
scape protection). It should not be forgotten, how-
ever, that hydropower is a clean, ecologically valuable
form of solar energy that can be used as a substi-

tute for more environmentally damaging primary ener-
gies.

Hydropower plants can be divided into three main
categories from an energy-economy point of view, and
are discussed below. They are:

� Run-of-river power stations, i.e., power stations
without water storage� Storage power stations with daily and weekly stor-
age� Storage power stations with annual and multiyear
storage.

2.3 Run-of-River Power Stations

Run-of-river power stations have various basic forms:

� If the river has a sufficient gradient, the power
station can be placed directly next to the weir
(Fig. 2.7a). Full use of the water is then possible.
The drop height is usually a few meters.

Power station

Headwater

Weir

Old riverbed

Weir

Tailwater

Headwater channel

Sluice

Power station

Old riverbed

Weir

Tailwater channel
Power station

Switching station

Dam

Power stationTunnel

Surge tank

a) b)

c) d)

Fig. 2.7a–d Types
of run-of-river
power stations:
(a) Power station
directly at the weir,
(b) run-of-river
power station with
tailwater channel,
(c) run-of-river
power station with
headwater channel,
(d) run-of-river
power station
with upstream
water supply
through tunnels and
pipelines (adapted
from [2.4])

� Agreater drop height is possible if the water is fed to
a lower lying tailwater channel (Fig. 2.7b).However,
a residualwater amount in the river bed is prescribed,
so that the full water amount cannot be used.� The same applies to power stations at the end of an
upstream channel (Fig. 2.7c).
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Fig. 2.8 Run-of-
river power station
with Kaplan turbine
(adapted from [2.6])

� With a larger river loop, the drop height can be con-
siderably greater, and the water supply might even
require a mountain cutting (Fig. 2.7d).

Due to the normally small drop height, run-of-river
power stations are usually low-pressure systems. The
turbines in question will then be eitherKaplan (Fig. 2.8)
or bulb turbines (Fig. 2.10) (see also Sect. 2.5). In spe-
cial cases with greater drop heights (e.g., waterfalls,
rapids and designs as in Fig. 2.7d), Francis turbines are
also used.

2.3.1 Water Management

The natural water inflow is used, i.e., the management
usually has no influence on the timing of water use.
Sometimes short-term storage (in the hours range, e.g.,
in the case of hydropeaking [2.8]) is planned, and thus
a small contribution to peak energy production is possi-
ble.

2.3.2 Execution

Figure 2.8 shows the section of a run-of-river power sta-
tion with a Kaplan turbine. In order to dam the turbine
chamber from headwater and tailwater, dam beams are
provided that are inserted with special cranes into the
grooves provided for this purpose. The screen prevents
coarser items from reaching the turbine. A screen clean-
ing machine makes it possible to keep the screen free of
alluvial material.

The versionwith a bulb turbine (Fig. 2.10a,b)makes
practical a low construction method that is well com-
patible with landscape protection. The bulb turbine can

also be used on very small gradients. The inlet spiral
is omitted and the generator is located in a watertight
housing. Thanks to the favorable hydrodynamics, the
efficiency is excellent.

2.3.3 Design

If the power plant is designed for the design water flow
rate Qa the hatched area in Fig. 2.9 is lost. The quantity
Qa is optimized with the following limit value consid-
eration: comparison of fixed capital and operating costs
for an additional �Qa with the revenue generated by
the corresponding increase in energy. This considera-
tion is also decisive in determining the new capacity for
power-plant renewals. Note that, with the assumptions
in Fig. 2.9, the surplus of energy occurs in summer, i.e.,
when there is more of an energy surplus in Central Eu-
rope and the market value of the energy is low (this is
often not true for purely thermal production).

1st Oct. 1st Apr.

Qa

Winter

Summer
Average water
supply curve

Lost water

Residual water

1st Oct. t

Qm (m3/s)

Fig. 2.9 Selection of the design water quantity Qa. Resid-
ual water is required if the version includes tailwater or
headwater channels
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Fig. 2.10
(a) Run-of-river
power station
with bulb tur-
bine (adapted
from [2.6]),
(b) Low-pressure
run-of-river power
station: 1 weir
system, 2 sluice
gate, 3 stilling
basin, 4 baffle pier,
5 machine hall,
6 assembly shaft,
7 generator housing,
8 access shafts,
9 turbine runner,
10 guide vanes,
11 guide appara-
tus, 12 generator,
13 cooler, 14 cable
conduit, 15 screen,
16 screen cleaning
machine, 17 dam
beams, 18 turbine
outlet, 19 control
and switching
building, 20 work-
shop and garage
building, 21 fish
ladder, 22 boat
stairs, 23 open-
air switchgear or
energy transport
(adapted from [2.7])
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2.4 Storage Power Stations

2.4.1 Daily and Weekly Storage

As a rule, these are river power stations with a higher
water level of several tens of meters. The headwater
becomes a daily or even weekly storage basin. Ka-
plan or Francis turbines are used. A special type of
daily storage basin are the pure pumped-storage plants
(Sect. 2.4.3).

Application and Design
The design water quantity Qa will be determined on
the basis of considerations similar to those set out in
Sect. 2.3.3 (Fig. 2.9). However, as more valuable peak
energy is produced, it is usually worthwhile to use
a largerQa. As long as Qa, e.g., for a daily storage plant,
exceeds Qm, the amount of water available on the day
under consideration (Fig. 2.11) energy production can
be concentrated on the peak hours.

The quantity

k.t/D Vmax

86 400 ŒQa �Qm.t/�
.h=d/

can be taken as the daily concentration factor, where
Vmax is the daily storage capacity. This factor changes

Qm

Qa

Vmax Vmax

24 h t

Q (m3/s)

Fig. 2.11 Use of a daily-storage facility

Vmax

Sat Sun Mon Tue Wed Thu Fri t

V (m3)

Fig. 2.12 Typical course of the useful content of a weekly
storage unit

over the course of the year. The value of the energy in-
creases with the concentration factor. If this dependency
is known, the achievable annual revenue can be calcu-
lated and compared with the annual costs, and thus the
storage capacity and design water quantity can be opti-
mized.

For weekly storage units, similar considerations
can be made. Figure 2.12 shows the typical course of
the useful content of a weekly storage unit. The stor-
age tank is refilled at night and on weekends, while
emptying takes place during peak hours, especially on
weekdays.

Example 2.2
The Schiffenen power plant on the Saane has an in-
stalled capacity of 73:2MW and an average annual
production of 136GWh. The overall efficiency is 0.85.
The lake has a useful volume of 35�106 m3, and the
lake surface area is 4:25 km2. The maximum drop
height is 48:2m. Calculate the following characteristic
numbers:

a) The storage capacity
b) The theoretical draining time at full power
c) The theoretical number of cycles per year
d) The duration of use of the installed capacity.

What type of power plant and storage facility is it?
Fluctuation of the headwater level is

�h D 35�106
4:25�106 D 8:2m :

The average head is thus approximately 44m:

a) Storage capacity D ��VmaxgHm .Ws/

D 0:85� 1000� 35�106 � 9:81� 44
1

3600
D 3570MWh

b) Theor. draining time D 3570MWh

73:2MW
D 48:8 h

c) Theor. number of cyclesD 136 000MWh

3570MWh=cycle
D 38

d) Usage duration D 136 000MWh=a

73:2MW
D 1857 h=a :

Evidently it is a weekly storage power plant for the pro-
duction of peak energy.
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2.4.2 Annual Storage (Seasonal Storage)

Alpine waters carry considerably more water in sum-
mer than in winter. It is an obvious strategy to collect
these quantities of water (so-called seasonal water)
with the help of annual reservoirs. Since in Switzer-
land in the winter usually less running water is avail-
able, a considerable part of the electricity will be
generated from seasonal water. Accordingly, the water-
processing curve in alpine annual storage power sta-
tions varies in the opposite direction to the supply curve
(natural inflows), as Fig. 2.13 shows. The storage vol-
ume is determined by the size of the catchment area and
the topographical conditions. Certain legally stipulated
quantities of water must also be able to flow down the
valley in summer.

The energy content of the stored water is higher
when a greater drop height can be selected. Annual
storage plants in the high mountains are economical be-
cause large amounts of energy can be produced with
relatively little water.

Larger storage volumes of rivers are not possible in
Switzerland because of the high population density and
for reasons of landscape protection. Worldwide, how-
ever, in various cases, rivers have been dammed to form
large lakes with annual or even multiyear storage.

The main elements of an alpine annual storage
power plant are shown in Fig. 2.14a. The reservoir-
stored water is transported with an almost horizontal
pressure tunnel, often over many kilometers to a suit-
able place, where it is led with a steep pressure pipe (or
pressure shaft) to the power plant.

The head can be a few hundred to 2000m. To pro-
vide for this, between the tunnel and the pen stock
a surge chamber is required. This is an equalizing tank
with the task of collecting the water flowing down-
stream when the turbine closes quickly and thus avoid-

1st Apr. 1st Oct.

Water processing
curve

Natural inflows

Storage capacity

1st Apr.  t

Qm (m3/s)

Fig. 2.13 Typical profile of water supply and water pro-
cessing in annual storage power plants

6 9
8 3

1

2

5

4
7

17

14
16 18

19

11

10

1213

15

3

2
1

9

8

10

12

14
13

11
15

4 5
6

7

a)

b)

Fig. 2.14 (a) Main elements of an annual storage power
plant (1 water catchments, 2 feed tunnel, 3 reservoir, 4 dam
wall, 5 overflow, 6 bottom outlet, 7 inflow, 8 pressure tun-
nel, 9 surge chamber, 10 pressure shaft (or pressure line),
11 ball-valve chamber, 12 machine cavern (or center),
13 underwater tunnel, 14 access tunnel, 15 switching and
possibly transformer station), (b) cavern power plant with
Pelton turbines (1 distribution line, 2 ball valve, 3 turbine
casing, 4 ring line, 5 inlet nozzle, 6 jet deflector, 7 Pel-
ton turbine, 8 turbine shaft, 9 bearing, 10 generator shaft,
11 generator rotor, 12 generator stator, 13 cooler, 14 ex-
citer machine, 15 control panel, 16 transformer, 17 crane,
18 cable gallery, 19 to the underwater tunnel) (adapted
from [2.7])
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Fig. 2.15a–c Types of dam: (a) gravity
dam, (b) arch dam, (c) dam (adapted
from [2.7])

ing impermissible pressure surges. The power plant is
often located in a cavern (Fig. 2.14b).

The types of dams frequently encountered in
Switzerland are shown schematically in Fig. 2.15. In
agravity dam, theweight of the dam is sufficient to retain
the dammedwater (example:GrandeDixence nearZion,
285m high). Particularly elegant and material-saving
is the arch dam that transmits water forces to the valley
flanks through its curved shape (example: Mauvoisin

WATER
RESERVOIR

SUFERS

Generatoren  185 000 KW
Pumpen 42 000 kW

WATER RESERVOIR
VALLE DI LEI

Cavern power station Ferrera

Power station
Bärenburg
225 000 kW

Power station Sils
235 000 kW

Fig. 2.16 Multi-stage plant: Hinterrhein power plants (Switzerland, Canton of Grisons)

dam in Val de Bagnes, 237m high). Another possibility
is to use dams of soil, clay, gravel or sand (example:
Mattmark dam in the Saas Valley, 120m high).

For the drop heights mentioned, Francis and Pel-
ton turbines are used (Sect. 2.4). The large drop height
can often only be used with the aid of multistage sys-
tems. An example of a three-stage system is shown in
Fig. 2.16: the total drop height is 1258m; the individual
stages are 524, 321, and 413m high, with a total output
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of 645MW. The Ferrera top power station also allows
the pumping up of the running water of a side valley
(Sect. 2.4.3).

2.4.3 Pump Storage

With pumped storage, water is pumped up from a low-
lying collecting basin to a higher reservoir. This fulfills
two functions:

� Conversion of cheap night or summer energy into
expensive peak and winter energy� Collection of excess running water that would oth-
erwise be lost.

A distinction is made between circulation systems and
seasonal pump storage.

Circulating systems have a short-term storage,
mostly day storage, for the conversion of night into day
energy. Recently, they have the function not only of bal-
ancing load fluctuations, but also fluctuations of feed-in
(wind and solar energy). They are often implemented
as pure pumped-storage plants without natural inflows;
then the turbined water quantity is equal to the pumped
water quantity. In this case, the upper basin is usually
artificially excavated (Fig. 2.17a). In other plants, one
finds pumped storage sets, combined with normal turbo
sets with natural inflow.

The seasonal pump storage primarily serves to con-
vert summer run-of-river energy into winter energy. The

UW PT

OW

Z

a) b)

c)DL

P K MG T

MG

Fig. 2.17 (a) Pure pumped-storage plant with a head of
usually 300�700m: OW headwater (often artificially
dredged), UW: tailwater (river or lake), DL: pressure line,
Z: control center, (b) separate hydraulic machines (P:
pump, T: turbine, MG: motor generator, K: clutch), (c) PT:
pump turbine

running water is pumped into a seasonal reservoir at
a higher altitude. Seasonal pump storage normally takes
place in addition to the turbination of natural inflows
(Fig. 2.16).

There are two design options for the pump-storage
units:

� Version with separate hydraulic machines. In tur-
bine operation, the pump is disconnected, while the
turbine idles (Fig. 2.17b) in pump operation.� Version with pump turbine: is often cheaper in terms
of investment, but has a lower efficiency. The pump
turbine runs as a turbine when water is supplied and
as a pump when the direction of rotation is reversed
(Fig. 2.17c).

2.5 Water Turbines

According to Sect. 2.1, the turbine power is

Pt D �t�QgH .W/ ; (2.7)

with H being the effective head.
The specific work performed by the turbine (per kg

of water) is

wt D Pt

�Q
D �tgH

�

J

kg

�

; (2.8)

where gH represents the specific utility potential.
In any cross section of a water flow (Fig. 2.18), the

specific energy can be expressed as [2.9, Annex A1]

e D p

�
C 1

2
c2 C gz

�

J

kg

�

: (2.9)

The flow energy is composed of pressure energy, ki-
netic energy and potential energy.

With reference to Fig. 2.18, let e1 and e2 be the ener-
gies of cross sections 1 and 2. The flow performs work
between points 1 and 2 in a turbine. The mechanical
energy supplied by the turbine is in accordance with the
principle of energy conservation

wt D e1 � e2 � qr ; (2.10)

where qr are friction losses.

2

1

e1

e2c
p

z

wt Reference
plane

Turbine

Fig. 2.18 Water-
flow energy
(p: positive wa-
ter pressure,
c: mean water
speed, z: height
coordinates)
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If (2.9) is inserted into (2.10), the following applies,
namely the Bernoulli equation of fluid mechanics

wt D p1 � p2
�

C 1

2
.c21�c22/Cg.z1�z2/�qr

�

J

kg

�

:

(2.11)

The potential energy g.z1 � z2/ plays a secondary role
or can even be neglected. Depending on the significance
of the two components of kinetic and pressure energy,
a distinction is made between action and reaction tur-
bines.

Impulse turbines (e.g., Pelton turbine). These are
free-jet turbines, where the pressure is equal to atmo-
spheric pressure, and p1 D p2 D 0. In these turbines, ki-
netic energy is converted intomechanical energy, and so

wt Ñ
1

2

�

c21 � c22
�� qr :

Reaction turbines (e.g., Francis and Kaplan tur-
bines). Within these turbines, there is a pressure dif-
ference (p1 � p2), and both pressure energy and kinetic
energy are transformed into mechanical energy. The
degree of reaction r designates the proportion of the
pressure energy converted in the impeller relative to the
total available pressure energy (D gH). The degree of
reaction is between 0.3 and 0.8.

2.5.1 Pelton Turbine

Figure 2.19 schematically shows a plant with a Pelton
turbine. A part of the gross head becomes friction loss
Hv in the feeder lines. The height differenceHx between
the jet level and tailwater level can also not be used. The
hydraulic efficiency (Sect. 2.3.3) is thus

�h D H

Hb
D 1� Hv CHx

Hb
:

The energy conversion of 1 kg of water on its
way from the upstream water level to the turbine is
illustrated in the energy diagram Fig. 2.20. When de-

Pressure
pipe

a) b)Headwater

Pelton 
wheel

Nozzle

0

Hx

Hv

H Hb

Fig. 2.19 (a) Plant with Pelton turbine, (b) Pelton wheel

scending to the intake of the pressure line, part of the
potential energy gHb is converted into pressure energy
and there partly also into kinetic energy. In the pressure
line, the potential energy progressively becomes pres-
sure energy as far as Hx. The pressure energy available
before the nozzle, is converted in the nozzle (Fig. 2.21)
into kinetic energy of the water jet.

Figure 2.21 illustrates the energy conversion within
a Pelton turbine (consisting of nozzle and wheel). The
Pelton wheel has the diameter D and rotates at speed n.
The circumferential speed of thewheel is u. Thewater jet
hits cup-shaped blades and releases its energy. The noz-
zle needle regulates the jet diameter and thus the amount
of water and the power of the turbine. The turbine can
also have several nozzles. In the following, we calculate
the specific energy in the cross sections 0, 1, and 2.

If the beam plane is selected as the reference plane,
the potential energy in this plane is zero. The expres-
sion for the specific energy in front of the nozzle (cross
section 0) is

e0 D p0
�

C 1

2
c20 D gH : (2.12)

0 1 2
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Fig. 2.20 Energy diagram (specific energy e) of the Pelton
plant
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Fig. 2.21 Pelton turbine
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The pressure energy in the jet is also zero. For the spe-
cific energy after the nozzle (cross section 1), it follows
that

e1 D 1

2
c21 D �DgH ; (2.13)

with �D D nozzle efficiency (is a part of �t and approx-
imately 0.96).

From (2.13), the jet velocity is

c1 Dp

�D2gH : (2.14)

The jet velocity depends only on the effective head and
is therefore independent of the set jet diameter d.

The specific energy immediately after the wheel
(cross section 2) is calculated with the assumption of
z2 � 0 to be

e2 D 1

2
c22 ;

where, for optimally shaped blades, c2 � c1.
The specific work and efficiency of the turbine are

wt D e0 � e2 � qr D �tgH ;

.1� �t/ gH D 1

2
c22 C qr �! �t D 1�

1
2c

2
2 C qr
gH

;

with friction losses qr in nozzle and wheel.

Jet Diameter and Water Quantity
There is a relationship

Q D i
 d2

4
c1 ; i D number of nozzles : (2.15)

Therefore, the maximum jet diameter corresponding to
the design volume of water Qa is

d0 D
s

4Qa

i c1
: (2.16)

Optimum Circumferential Speed
The relationship between turbine efficiency and wheel
circumferential speed for a given amount of water is
shown in Fig. 2.22.When the wheel is locked, no power
is transmitted. If the wheel speed is equal to the jet
speed, the power is also zero, since no power transmis-
sion is possible (momentum = 0). The efficiency of the
wheel will be greatest at about half the jet velocity. The
optimum circumferential speed is thus

uopt D kc1 ; with k approximately 0:5 : (2.17)

0 uopt

Pt

c1 u

Fig. 2.22 Power
yield as a function
of circumferential
speed

From (2.17), the relationship between diameter and
synchronous speed n (rpm) is

D D 60

 n
kc1 : (2.18)

Diameter, Specific Speed
To determine the diameter, a further correlation be-
tween diameter and speed is necessary. To find this, the
ratio between the maximum jet diameter and the wheel
diameter is calculated. From the relationships (2.16)
and (2.18), one obtains

d0
D

D 2Q0:5
a  n

i0:5 0:5c0:51 60kc1
D Q0:5

a  
0:5n

i0:5 .�D2gH/
0:75 30k

and finally by introducing the specific speed of rotation

nq D n
Q0:5

a

H0:75
(2.19)

and the constant

a D  0:5

.2g/0:7530k�0:75D

D 0:634�10�2

k�0:75D

(2.20)

we obtain

d0
D

D a
nqp
i
: (2.21)

The specific number nq is defined as a numerical value
with n in rpm, Q in m3=s and H in m. It characterizes
geometrically similar turbines. For the same number
of jets and the same nq, the ratio d0=D that is propor-
tional to the ratio of blade size to wheel diameter is
constant. For a mechanically optimal Pelton wheel, this
ratio varies only slightly; therefore, the ratio nq=

p
i is

for Pelton turbines practically a given. For large tur-
bines and for large water heads (400�1000m), the ratio
nq=

p
i D 5�6:5 can be used. For heads> 1000m, these

values must be corrected downwards (about 3�4 for
2000m) and for small heads slightly upwards (for more
details see [2.10]).
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Example 2.3
Check the relationships using the Pelton facility de-
picted in Fig. 2.23. The nominal values are: Pt D
167MW, Q D 46:12m3=h, H D 413m, n D 180 rpm.

The hydraulic power and turbine efficiency follow
from the data

Ph D �QgH D 1000� 46:12� 9:81� 413

D 187MW ;

�t D Pt

Ph
D 167

187
D 0:89 :

From (2.19), one obtains

nq D 180
46:120:5

4130:75
D 13:34 ;

nqp
i

D 13:34p
6

D 5:45 :

Assuming that �D D 0:96 and k D 0:47, it also follows
from (2.14) and (2.17) that

c1 D p
0:96� 2� 9:81� 413 D 88:2m=s ;

uopt D 0:47� 88:2 D 41:5m=s

and finally for the wheel diameter from (2.18)

D D 60� 41:5

 180
D 4:40m ;

that corresponds well to the real wheel dimensions
(4:35m).

Jet needle

Beam
deflector

ImpellerNozzle

Ring line

Shut-off device

Fig. 2.23 Six-jet free-jet turbine New Colgate on the
Yuba River, California (Voith works drawing) (adapted
from [2.4])

The maximum jet diameter determines the blade
size. From (2.20) and (2.21), we can see that

a D 1:39�10�2 ;

d0
D

D 1:39�10�2 � 5:45 D 7:58�10�2 :

The maximum jet diameter is 7:6% of the wheel di-
ameter or 33:4 cm. The guide values apply for the
dimensions of blades and nozzle: blade spacing 0:9d0,
blade length and width approximately 3d0, blade height
0:3d0, nozzle opening 1:25d0 and nozzle tube diameter
3d0.

The specific energy at the turbine inlet is

gH D 9:81� 413 D 4:05
kJ

kg
:

If the penstock diameter at the turbine inlet is estimated
as d D 2m, it follows that

c0 D 4Q

 d2
D 4� 46:12

 22
D 14:7

m

s
;
1

2
c20 D 0:11

kJ

kg
:

Using (2.12), the overpressure at the turbine inlet is

P0 D �

�

gH � 1

2
c20

�

D 1000� .4:05� 0:11/

D 39:4�105 N

m2
:

2.5.2 Reaction Turbines

Figure 2.24 schematically shows the structure of a plant
with a reaction turbine. The water moves from the pres-
sure pipe (or penstock) to the inlet spiral and from there
by mainly radial movement to the turbine. Thanks to the
diffuser (or suction tube), the entire head to the tailwater
level (UW) is used, minus friction losses in the supply
lines. The hydraulic efficiency is

�h D H

Hb
D 1� Hv

Hb
:

Penstock

Spiral

OW

Diffuser

0

UW

Hv

H Hb

Fig. 2.24 Plant with
reaction turbine.
OW: headwater,
UW: tailwater
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Inflow spiral

Inflow spiral

Inflow
spiral

Inflow spiral

Guide vanes

Guide vanes

Guide vane shaft (rotatable)

Turbine shaft

Turbine shaft

Turbine
wheel

Turbine wheela) b) Fig. 2.25 (a) Sketch of the volute
casing, (b) section through the turbine
(adapted from [2.6])

Figure 2.25 shows a sketch of the volute casing
and a section through the Francis turbine (adapted
from [2.6]).

Francis and Kaplan turbines differ in the shape of
the impellers. The Francis turbine (Figs. 2.26 and 2.31)
has fixed rotor blades. The propeller-like Kaplan tur-
bine (Figs. 2.27 and 2.32) has rotor blades whose angle
of inclination is adjusted as a function of the amount
of water in order to improve efficiency at partial load.
A propeller turbine is the variant with fixed rotor blades
and is only appropriate when operation can mainly be
at full load.

To describe the energy conversion in the reaction
turbine, the specific energy in cross sections 0, 1, 2,
and 3 is considered, with the tailwater level being cho-
sen as the reference plane for the potential energy. In
cross section 0 in front of the inlet spiral (Fig. 2.24), the

Inflow spiral Guide vanes

UW 3 2
Blade
(fixed)

1

Diffuser

D
z2

z1

a) b)

Fig. 2.26 (a) Schematic representation of the Francis tur-
bine, (b) Francis wheel

Inflow spiral Guide vanes

UW 3 2
Blade
adjustable

1

Diffuser
Di

D
z2

z1

a) b)

Fig. 2.27 (a) Schematic diagram of the Kaplan turbine,
(b) Kaplan wheel

following applies

e0 D p0
�

C 1

2
c20 C gz0 D gH :

The specific energy in cross section 1, immediately af-
ter the guide wheel is

e1 D p1
�

C 1

2
c21 C gz1 D �SLgH : (2.22)

�SL takes into account the losses in the inlet spiral and
guide wheel.

The specific energy in cross section 3 (tailwater
level) is

e3 D 0 ; (2.23)

because the water velocity and the overpressure are zero
here, too.

Some energy is lost in the diffuser due to friction.
For the specific energy in cross section 2, immediately
after the impeller, the following applies

e2 D p2
�

C 1

2
c22 C g z2 D qD ; (2.24)

where qD indicates the friction losses in the diffuser.
From (2.22) and (2.24), the specific energy available

at the turbine shaft follows, in accordance with (2.10)
and (2.11)

wt D e1 � e2 � qr D p1 � p2
�

C 1

2

�

c21 � c22
�

C g .z1 � z2/� qr
D �SLgH � qD � qr D �tgH ; (2.25)

where qr D friction losses in the impeller.
Also, from (2.24)

p2
�

D �1

2
c22 � gz2 C qD : (2.26)
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Fig. 2.28 Energy diagram (specific
energy e) of a reaction turbine plant

Cavitation Effects
From (2.26), since qD is small, a negative pressure
results at the exit of the impeller. A too high nega-
tive pressure results in steam formation at the usual
water temperatures and leads to the cavitation ef-
fect: implosion-like condensation of steam bubbles that
causes noise, vibrations and, above all, corrosion of the
blade surface over the course of time [2.11]. Efficiency
and service life are reduced. The higher the water ve-
locity c2, the greater the negative pressure. Wheels with
high rotational speeds are particularly at risk. The cav-
itation hazard is characterized by a cavitation number
(or Thoma number), that is essentially proportional to

2.p2abs � pD/

�c22
;

with p2abs absolute pressure (D p2 C atmospheric pres-
sure) and pD vapor pressure (temperature-dependent,
for details see [2.11]).

The geometry of the turbine is also determined for
the reaction turbine by the specific rotational speed
nq (2.19) (see also (2.30)). To limit the water speed
c2, the specific speed may not exceed certain values as
a function of the head H.

To limit the negative pressure, according to (2.26),
not only can c2, but also z2 be kept small or even made
negative, so that the turbine lies lower than the tailwater
level. This measure can be expensive if larger excava-
tions in rocky ground are necessary.

Energy Diagram
In summary, the energy conversion in a plant with reac-
tion turbines can be illustrated by the energy diagram in
Fig. 2.28. In contrast to the Pelton system (Fig. 2.20),
the energy at the impeller inlet consists mainly of pres-

sure energy, that is directly converted into mechanical
energy. The pressure energy at the impeller output is
even negative. The diffusion allows recovering of the
remaining kinetic energy (corresponding to c2), and if
z2 is positive to also recover the potential energy, i.e., to
convert it back into pressure energy.

Flow Rate and Pressure Coefficient
In addition to the specific speed (2.19), further charac-
teristic numbers are introduced for the reaction turbine,
i.e., the flow coefficient and the pressure coefficient

flow coefficient ' D c2
u
;

pressure coefficient  D 2gH

u2
: (2.27)

The flow coefficient is defined as the ratio of the water
velocity at the outlet cross section 2 and the circumfer-
ential velocity u of the wheel in the same cross section.
With reference to the outlet cross section 2, the follow-
ing applies

Q D c2
 D2

4

�

1�˛2�D 'u
 D2

4

�

1� ˛2� ; (2.28)

with ˛ D Dt=D.
The factor ˛ takes account of the fact that in the Ka-

plan turbine (Fig. 2.27) the exit cross section is reduced
by the propeller body (with diameterDi). With the Fran-
cis turbine, this effect can be neglected in a first approx-
imation (Kaplan guide value: ˛ � 0:4, Francis: ˛ � 0).

For a given turbine, the flow coefficient according
to (2.28) is proportional to the instantaneous amount
of water. In order to achieve optimum efficiency at
full load (optimum peripheral speed), the flow rate has
a certain nominal value 'a. With increasing specific
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Fig. 2.29 Mussel diagram of a Francis
turbine: O: Nominal point, A: opening
degree, �: efficiency (adapted
from [2.12])
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Fig. 2.30 Relationship between
specific speed nq and effective head H.
Hatched area: optimum area from
experience (adapted from [2.4])

speed, this value is 0:4�0:25 for Francis turbines and
0:2�0:35 for Kaplan turbines.

For a turbine with a given specific rotational speed,
there is a so-called mussel diagram in the (',  )-plane
(Fig. 2.29), with the curves for constant efficiency and
constant guide wheel position (extent of opening).

Since the pressure coefficient depends only on the
effective head, in stationary operation it has a prac-
tically constant value, independent of the output, that
corresponds to the maximum efficiency. From the pres-
sure coefficient, the optimum peripheral speed follows
from (2.27).

Relationship Between nq, 'a and  
With (2.27), one can express H as dependent on  . Us-
ing H and Qa (according to (2.28)) in the expression

(2.19) for specific speed, taking into account that

D D 60u

 n
; (2.29)

it follows that

nq D n
Q0:5

a

H0:75
D 60.2g/0:75

2 0:5

'0:5
a

 0:75

p
1�˛2

�! nq D 157:8
'0:5
a

 0:75

p
1� ˛2 : (2.30)

Turbine Design
When H and Qa are given, the specific speed is first de-
termined according to the effective head so that it lies
within range of the diagram in Fig. 2.30 shown by ex-
perience to be economically optimal. Within this range,
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Fig. 2.31 Vertical machine set with
Francis turbine, Paulo Alfonso at the
Riao Sao Francisco, Brazil (Voith
work drawing) (adapted from [2.4])

a compromise must be found between two opposing de-
mands:

� A speed (and thus also a specific speed) as high as
possible is indeed advantageous for both the turbine
and generator for economic reasons.� But the higher the speed selected, the greater the
damage caused by cavitation may be.

Depending on nq, the pressure coefficient follows
from Fig. 2.30, from Fig. 2.24 the peripheral speed
and from (2.29) the diameter of the impeller. Equa-
tion (2.30) gives the flow rate for rated operation.

Example 2.4
For the Francis turbine in Fig. 2.31, determine the
most important parameters without knowing the mus-
sel diagram and check the dimensions. The data values
are H D 87:5m, Q D 284m3=s, n D 138:5 rpm, Pt D
221MW, 60Hz.

The hydraulic power and turbine efficiency are de-
rived from the data

Ph D �QgH D 1000� 284� 9:81� 87:5

D 243:8MW ;

�t D pt
ph

D 221

243:8
D 0:907 :

From (2.19), one obtains

nq D 138:5
2840:5

87:50:75
D 81:47 :

This number is not far from the lower limit of the
optimal range of Fig. 2.30. If the nominal flow rate is es-
timated at 0.3, the following relationship follows from
(2.27), (2.29) and (2.30)

 0:75 D 157:8
0:30:5

81:47
D 1:0609 �!  D 1:082 ;

u D
s

2gH

 
D 39:8

m

s
;

D D 60� 39:8

 � 138:5
D 5:49m ;

that is well in line with the real value (5:57m). Con-
versely, since the flow coefficient is proportional toD�3,
the actual diameter results in

'a D 0:287 ;  D 1:0505

�! u D 40:4
m

s

�! c2 D 11:6
m

s
:
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Fig. 2.32 Vertical Kaplan turbine
Rosshaupten am Lech (Voith work
drawing) (adapted from [2.4])

If the losses in the diffuser that have a favorable effect
are neglected and assuming z2 D 0, a negative pressure
of 0:67 bar follows from (2.26). The turbine is posi-
tioned lower to reduce the negative pressure. For z2 D
�4m, follows, e.g., that p2 D �0:28 bar (for details re-
garding cavitation and permissible negative pressure
see [2.11]).

Example 2.5
For the Kaplan turbine in Fig. 2.32, determine the most
important parameters without knowing the mussel dia-
gram and check the dimensions. The data is: H D 38m,
Q D 75m3=s, n D 200 rpm, Pt D 24:8MW, 50Hz.

The hydraulic power and turbine efficiency are de-
rived from the data.

Ph D �QgH D 1000� 75� 9:81� 38

D 27:96MW ;

�t D Pt

Ph
D 24:8

27:96
D 0:887 :

Using (2.19) gives

nq D 200
750:5

380:75
D 113:17 :

This number is at the bottom of the hatched area of
Fig. 2.30. If the nominal flow coefficient 'a is estimated
as 0.25 and ˛ as 0.4, (2.27), (2.29) and (2.30) give

 0:75 D 157:8
0:250:5

113:17

p
1� 0:42 D 0:639 ;

�!  D 0:550 ;

u D
s

2gH

 
D 36:8

m

s
;

D D 60� 36:8

 � 200
D 3:51m:

The outlet velocity is c2 D 'au D 9:2m=s. From this,
the negative pressure can be estimated: for z2 D 0
and neglecting the diffuser losses, (2.26) gives, p2 D
�1:000.0:5� 9:22/D �0:42 bar.

Types of Reaction Turbines and Rotary Pumps
A reaction turbine, by reversing the direction of rota-
tion, becomes a rotary pump. As Table 2.2 shows, the
characteristic speed and thus the geometry of reaction
turbines and rotary pumps can vary greatly (for the
turbines see also Fig. 2.28). A distinction is made be-
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Table 2.2 Specific speed of reaction turbines and rotary
pumps

Turbine/pump nq
Francis slow 20–40
Francis medium 40–65
Francis fast 65–110
Kaplan (propeller) 90–300
Radial pump slow 10–30
Radial pump medium 30–60
Radial pump fast 60–150
Axial pump 110–500

Turbine/pump nq
Francis slow 20–40
Francis medium 40–65
Francis fast 65–110
Kaplan (propeller) 90–300
Radial pump slow 10–30
Radial pump medium 30–60
Radial pump fast 60–150
Axial pump 110–500

tween slow runners (small nq suitable for H large and
Q small, with strongly curved blades), medium-speed
and fast runners (large nq suitable for H small and Q
large, with slightly curved blades). It should be noted
that the designations slow and fast refer to nq and not to
the effective speed.

The flow direction is radial-axial for Francis tur-
bines and radial pumps and purely axial for Kaplan
turbines and axial pumps. Pumps are often multiflu-
ent (splitting the water quantity into several wheels)
and multistage (splitting of the pressure onto several
wheels) (analogous to parallel and series electrical cir-
cuits). The pump turbine mentioned in Sect. 2.4.3 is
a compromise machine, that has a lower efficiency, but
results in lower plant costs.

2.5.3 Turbine Selection

The criteria that determine the choice of a turbine are
briefly summarized and illustrated here by a few exam-
ples. As a rule, H and Q are given. The turbine type
(specific speed), the speed (generator type) and the di-
mensions are to be determined. In principle, the speed
of the turbine generator group should be chosen as high
as possible, as this reduces dimensions and costs.

Pelton Turbine
The specific speed varies within narrow limits and can
only be increased by the number of nozzles. This prac-
tically determines the speed and number of pole pairs
of the generator, unless gearing is used. The head deter-
mines the jet velocity and thus the optimum circumfer-
ential speed. This essentially determines the diameter
of the turbine and the blade size.

Reaction Turbine
The specific speed should be as high as possible. It has
an upper limit because of cavitation (Fig. 2.28). For
a specific head, it is therefore determined with narrow
limits. From this the speed and number of pole pairs of
the generator corresponding to the mains frequency can
be found. If the mussel diagram is known, the optimum

value of  , and thus the circumferential speed u result.
This also gives the diameter of the impeller.

Number of Groups
The capacity of the hydropower plant is determined
by hydrological and topographical conditions and by
economic considerations. For an optimal choice of the
number of groups of the power plant, i.e., optimum
distribution of the output, the following arguments are
decisive:

� If the output is divided into several groups, the
dimensions of the plant and thus the investments
normally increase. It should be noted that the ma-
chines themselves do not necessarily become more
expensive because they become faster when the
amount of water is reduced.� However, this disadvantage of higher investments is
offset by the advantage that at partial load a better
efficiency is achieved by switching off some groups
and better utilizing the remaining ones. This is par-
ticularly the case for turbines with fixed blades, that
exhibit poor efficiency at partial load (Francis and
propeller turbines, Fig. 2.33). The loss calculation
can be carried out by simulating the intended mode
of operation of the power plant.� The security of the grid feed-in increases with
a larger number of groups. However, this argument
is only significant in the case of larger outputs com-
pared with the network output.

Example 2.6
Determine the turbine and generator types for 50Hz,
assuming a machine efficiency of �t�e0:85 for the fol-
lowing groups:

a) H D 100m, P D 30MW
b) H D 1000m, Qa D 5m3=s.

According to Fig. 2.28, a Francis turbine with a charac-
teristic rotation speed nq of about 70 is chosen. Then,

Qa D P

�t�e�gH
D 30�106

0:85� 1000� 9:81� 100

D 36:0
m3

s

n D nq
H0:75

Q0:5
D 70

1000:75

360:5
D 369min�1 ;

choose p D 8,

�! n D 375min�1 ;

�! nq D 71:15 :
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In order to roughly estimate the dimensions, assume,
since no mussel diagram is available, 'a D 0:32, from
this and with (2.30),  D 1:35, with (2.27), u D
38:1m=s and finally with (2.29), the diameter D D
1:94m follows. A change in 'a has a reciprocal effect
with the cube root, i.e., relatively little; thus the choice
would be 'a 0.25 and diameter D D 2:11m.

Only the Pelton turbine is suitable for the 1000m
head. With the number of nozzles i D 4, and nq D 5:5�p
4 D 11, it follows that

P D �t�e�QagH D 0:85� 1000� 59:81� 1000

D 41:7MW

n D nq
H0:75

Q0:5
D 11

10000:75

50:5
D 875min�1 ;

possible solutions are

p D 4 �! n D 750min�1 �! nq D 9:43 ;

p D 3 �! n D 1000min�1 �! nq D 12:57 :

Further solutions are possible by changing the number
of nozzles.

The jet velocity is c1 D 137m=s (with �D D 0:96).
The solution with n D 1000 rpm results in u �

68m=s and D � 1:3m.

Exercise 2.1
A run-of-river power plant is equipped with bulb tur-
bines with the following parameters:H D 13:57m,Q D
334:8m3=s, Pt D 41:22MW [2.8]. Determine the most
important parameters and main dimensions of the tur-
bine.

0 100806040
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Load (%)
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Fig. 2.33 Typical turbine efficiency curve, a: Pelton,
b: Francis, c: Kaplan, d: Propeller

2.5.4 Small Hydropower Plants

Full exploitation of the hydropower potential requires
the construction of small-scale plants, where there
are opportunities, often in conjunction with supplying
drinking water (in Switzerland, usually < 300 kW).
There are also programs to support this [2.13]. The
calculations are mostly on the same basis as for a large
plant. For the solution of the exercises see [2.9, annex F].

Exercise 2.2
1. A stream continuously supplies a usable water

quantity of at least 200L=s. Without any particu-
lar construction problems, an effective head of 10m
can be installed. Which turbine variants are possible
and what are their characteristics and dimensions?

2. Which turbine is suitable if the usable water quan-
tity is only 40 L=s, but the usable head can be
increased to 50m?

2.6 Dynamics

For the investigation of dynamic processes during nor-
mal or disrupted network operation, but also for plan-
ning studies concerning network stability or network
reconstruction, models are necessary that correctly re-
flect the dynamics of the hydropower plant including
the hydraulic part. For example, the speed behavior can
be influenced by the characteristics of the hydraulic
system. Dynamic calculations of the hydraulic system
are also a prerequisite for the optimum design of the

surge chamber and the pressure line (pressure surge
processes, Sects. 2.6.3 and 2.6.5).

In the general case, the system consists, according to
Fig. 2.34, of a storage tank, pressure tunnel, surge tank,
pressure line and hydro group. The reservoir is usually
very large, and theheightof theheadwaterHOW canbe re-
garded as constant for dynamic processes. For processes
that are not too slow, this also applies to the heightHUW

of the tailwater. The gross head isHb D HOW �HUW.
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Fig. 2.34 Hydropower plant: G: generator, T: turbine, Q:
water flow, A: cross section, L: length; indexes: s: pressure
tunnel, w: surge tank, c: penstock, D: pressure regulator
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Fig. 2.35 Pressure-
tunnel model

2.6.1 Pressure Tunnel

The energy balance (specific energy) is

Ls
dvs
dt

D gHb � gHa � gHs

�

J

kg

�

; (2.31)

with vs D mean water speed, Ha D effective head at the
end of the tunnel, Hs D loss of height in the tunnel.

The left-hand side shows the acceleration en-
ergy of the water masses (

R

Fdx D R

m.dv=dt/dx D
m.dv=dt/L). The following is a good approximation of
the losses in the tunnel

gHs D KsQs jQsj ; with Qs D vsAs : (2.32)

Replacing vs by Qs in (2.31) gives

Ls
As

dQs

dt
D gHb � gHa � gHs : (2.33)

By introducing the nominal head Hr and the nominal
water quantity Qr and dividing (2.33) by gHr, one ob-
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∆ha

∆qs
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∆hb

sTs 1

∆ha

∆qs
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∆hb

cs0  + sTs
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≡

Fig. 2.36 Linear tunnel model

tains

hb D Hb

Hr
; ha D Ha

Hr
; hs D Hs

Hr
;

qs D Qs

Qr
; cs D Ks

Q2
r

gHr
; (2.34)

the per unit (pu) equations of the tunnel

Ts
dqs
dt

D hb � ha � hs with Ts D LsQr

AsgHr

hs D csqs jqsj ; (2.35)

and the corresponding block diagram Fig. 2.35.
By linearizing the loss equation, the linear model

follows as

Ts
d�qs
dt

D�hb ��ha ��hs ;

�hs D 2cs jq0j�qs D cs0�qs (2.36)

with the block diagram and transfer function of
Fig. 2.36.

2.6.2 Surge Chamber

The exact representation of the surge chamber is quite
complex [2.14], but with small oscillations of the water
level the energy can be expressed with acceptable accu-
racy by: Energy gHa at the end of the tunnel (or at the
base of the surge chamber) is the sum of the potential
energy corresponding to the water level Hw in the surge
tank (Fig. 2.34) and the kinetic energy of the water at
its base, the latter being assumed, as a good approxima-
tion, to be proportional to the square of the water flow
in the tunnel [2.12, 14]. Kinetic energy and losses in the
surge tank are neglected. Thus

gHa D gHw CKwQ
2
s : (2.37)

Furthermore

Qw D Aw
dHw

dt
;

Qs D Qc CQw : (2.38)
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Fig. 2.37 Model of the surge chamber
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–
∆qc

∆qw ∆hw

kw0

∆ha∆qs

sTw

Fig. 2.38 Linearized model of the surge chamber

The introduction of the pu values, and the reference
values Qr and Hr analogous to (2.34), yields the pu
equations

ha D hw CKwq
2
s ; with Kw D Kw

Qr

Hr
I

qw D Tw
dhw
dt
; with Tw D Aw

Hr

Qr
I

qs D qc C qw (2.39)

and the corresponding block diagram (Fig. 2.37). The
coefficient kw can be determined on the basis of theoret-
ical considerations [2.14] or preferably by experimental
identification.

cc

hc

ha

h

a) b)

–
–

qc sTc ∆ha

∆qc

– ∆h
cc0+sTc

Fig. 2.39 (a) Model of the rigid penstock, (b) transfer
function

qc
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–

–
hb qs qw hw h

sTc

cs
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qc

1

kw

sTs

1
sTw

Fig. 2.40 Nonlinear model of the
hydraulic system

Linearizing the kinetic energy gives

�ha D�hw CKw0�qs; with Kw0 D 2Kwq0 I
�qw D Tw

d�hw
dt

I
�qs D�qc C�qw; (2.40)

and the linear model in Fig. 2.38, where stationary
qs0 D qc0 D q0.

2.6.3 Rigid Penstock

With the assumption that water is incompressible and
the penstock is rigid, the penstock model is identical to
that of the pressure gallery (the elastic pressure shock is
dealt with in Sect. 2.6.5). If the effective head is denoted
by H, then, instead of (2.35), we have

Tc
dqc
dt

D ha � h� hc with Tc D LcQr

AcgHr
;

hc D ccqc jqcj ; (2.41)

or by linearizing the losses

Tc
d�qc
dt

D�ha ��h��hc ;

�hc D 2cc jq0j�qc D cc0�qc: (2.42)

The block diagram of the rigid pressure pipe (penstock)
is shown in Fig. 2.39a, and the transfer function ob-
tained by linearization is shown in Fig. 2.39b. The input
variable is the water flow qc dictated by the turbine.

2.6.4 Overall Model of the Hydraulic System

Nonlinear Block Diagram
By bringing together Figs. 2.35, 2.37 and 2.39, the non-
linear block diagram of the hydraulic system results
(Fig. 2.40).

Transfer Function
From (2.36), (2.40) and (2.42), the linearized relation-
ship between the effective energy�h and the amount of
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∆h

∆hb

Gb(s)

G(s)
∆qc

Fig. 2.41 Transfer
function of the
hydraulic system

water �qc or the change in the gross head �hb can be
determined with

G.s/D Gw.s/CGc.s/

D cs0 C sTs
1C s .kw0 C cs0/Tw C s2TwTs
C .cc0 C sTc/

Gb.s/D 1C skw0Tw
1C s .kw0 C cs0/Tw C s2TwTs

(2.43)

and is represented in Fig. 2.41.
The change of the gross head is usually zero or very

slow, so the function G.s/ is of little significance for
dynamic processes.

The transfer function GW.s/ describes the effect of
pressure tunnel and surge tank. A change of the water
flow results in damped oscillations with the properties

resonance frequency !0 D 1p
TwTs

;

characteristic frequency !e D !0

p

1� �2 ;

damping factor � D 1

2
.kW0 C cs0/

s

TW
Ts

:

(2.44)

For well-damped behavior, the time constant TW and
thus the cross section of the surge tank (2.39) must be
sufficiently large. The period of oscillation is usually in
the range of 100�300 s, while Tc is on the order of 1 s.
For slow processes, the effect of the penstock can be
neglected and G.s/D Gw.s/ can be used.

t

Integral hydraulic shock = Tc  ∆qc

Maximum pressure = cc0  ∆qc  + Tc

∆qc

qc

t

cc0 ∆qc

∆h dqc

dt

Fig. 2.42 Pressure surge

Conversely, for processes in the seconds range (pri-
mary speed control), the height ha can be assumed to be
constant andG.s/D Gc.s/ can be used. By correctly di-
mensioning the surge tank, a decoupling between slow
and fast processes is achieved.

The transfer function Gc.s/ describes the effect of
the penstock on the useful energy h. It is of a differ-
ential nature and is illustrated in Fig. 2.42. For large
heads, h is practically the pressure at the lower end of
the penstock. A linear decrease in the amount of water
required by the turbines results in a pressure surge. If
the water flow is restricted quickly, the pressure can as-
sume very high values. An excessively rapid decrease
in the water flow in the pressure line must therefore be
avoided. To be able to reduce the turbine power quickly
despite this (e.g., in the case of sudden load reduction),
the Pelton turbine uses jet deflectors (Fig. 2.23), while
the closing speed of the nozzle needle is limited. In re-
action turbines, conversely, the guide wheel is quickly
regulated according to the load and the pressure in the
penstock is controlled by a pressure valve that diverts
water upstream of the turbine inlet beyond an adjustable
pressure limit (Fig. 2.34).

The preceding description of the penstock disre-
gards the compressibility of the water and the elasticity
of the penstock wall (together referred to concisely as
elasticity). This causes the pressure conditions to be re-
produced inaccurately. In Sect. 2.6.5, the elasticity is
taken into account.

2.6.5 Elastic Pressure Surge

For systems with a large head, elasticity must also be
taken into account because it makes it more difficult
to stabilize the speed control. This generally applies to
heads of approximately 100m or more.

In any short section of the initially assumed lossless
penstock, at a distance xLc from the beginning of the
line, the acceleration energy or acceleration force is

�gdH D Lcdx
dv

dt
D Lcdx

Ac

dQc

dt

�

J

kg

�

;

��AcgdH D �Lcdx
dQc

dt
.N/ : (2.45)

This force causes, in a time dt, as a result of the elas-
ticity of water and the pipe, a change in the quantity of
water per element Lcdx

� dQc

Lcdx
dt D

�

1

"
C D

Ed

�

�AcgdH
�

m2
�

; (2.46)

where " is the elastic constant of the water, E the mod-
ulus of elasticity of the conductor material, where D
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Table 2.3 Analogy between electric cable and pressure
line (Zr D nominal impedance of the electric cable, Zw0
= wave impedance for ! ! 1), see also [2.17, Chap. 5]

U h
I q
ZW0=Zr 2�A
	 	

CZr 	=.2�A/
L=Zr Tc
R=Zr Ccjqcj oder cc0a

U h
I q
ZW0=Zr 2�A
	 	

CZr 	=.2�A/
L=Zr Tc
R=Zr Ccjqcj oder cc0a
a with linearization of losses

and d are the diameter and thickness of the pipe. From
(2.45) and (2.46) it follows that

�@H
dx

D Lc
gAc

@Qc

dt

�@Qc

dx
D
�

1

"
C D

Ed

�

�AcLcg
@H

dt
: (2.47)

These equations are wave equations. Pressure waves
(sound waves) propagate in the water with a speed a
defined by

1

a2
D �

�

1

"
C D

Ed

�

: (2.48)

The order of magnitude of a is 1000m=s. With the pu
values, and the time constantTc from (2.41) and the pen-
stock friction losses, the following differential equations
are finally obtained, where �A is the cable characteris-
tic of Allievi, and 	 D Lc=a is the propagation time of
the pressure waves in the penstock [2.15, 16],

�@h
dx

D Tc
@qc
dt

C cc jqcj qc ;

�@qc
dx

D Tc

.2�A/
2

@h

dx
; with 2�A D Tc

	
: (2.49)

Equations (2.49) are analogous to Eq. 5.1 of the electric
cable in [2.17], if the latter are brought into pu form.
The analogous sizes are listed in Table 2.3.

2

e–sτ e–K

eK esτ

–

– 2ρA–

–

ha h

cc0 cc

qc

qca 1
2ρA

Fig. 2.43 Model of the elastic
penstock

Penstock Models with Elasticity
Pressure-Wave Model. Amodel of the pressure-wave
processes results, using the above-mentioned analogy,
directly from Equations 5.86 [2.17, Chap. 5] of the
distortion-free electric line, which, when rewritten anal-
ogously, are (with linearized losses)

ha D hae C har ;

h D haee
�.KCs	/ C hare

KCs	 D he C hr ;

qc D hae
2�A

e�.KCs	/ � har
2�A

eKCs	 ;

qca D hae
2�A

� har
2�A

: (2.50)

The corresponding model is shown in Fig. 2.43; ha and
qca are energy and water flow at the intake, and h and
qc are those at the outlet of the penstock. The pressure
wave attenuation is taken into account with a block e�K

that corresponds to the block e�˛l of the electrical cable.
For K values, using Table 2.3

˛l D R

2Zw0
�! K D cc0

4�A
: (2.51)

In order to include the stationary losses not correctly
allowed for by (2.50), an appropriate correction and
a non-linear block are introduced. The diagram is sim-
plified if the formation of qca is not done and qca D qc
is used, i.e., the feedback effect of the fundamental
and harmonic components on the sluggish plant on the
mountain side is neglected.

For further analytical considerations, it is useful to
write the first of the two-port Equations 5.12 [2.17] by
the following analogy

ha D h cosh s	 C qc2�A sinh s	 C hc ; (2.52)

or even

h D ha � hc
cosh s	

� qc2�a tanh s	 ; (2.53)

where the equations for the lossless case are written and
the losses are dealt with separately.
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Fig. 2.44 Rational approximation to the elastic penstock
corresponding to the electrically short line

Rational Approximations. Similar to the explana-
tions in [2.17, Sect. 5.6.2] it can be advantageous to
replace the transcendental relationships with rational
approximations.With the approximation cosh s	 D 1C
s	2=2, sinh s	 D s	 , it follows from (2.52) that

ha D h

�

1C s
	2

2

�

C qcsTc C hc ; (2.54)

that represents the analogue of the lossless electrically
short line. According to this analogy (Table 2.3), by
introducing attenuation, the characteristic polynomial
.1C s	2=2/ can be replaced by the characteristic poly-
nomial

K.s/D 1C s	
cc0
4�A

C s2
	2

2
: (2.55)

By transformation from (2.54), we have

ha D hC sTc

�

qc C h
s	

4�A

�

C h
s	

4�A
cc0 C hc (2.56)

and taking into account that 2�A D Tc=	 , we have the
corresponding block diagram in Fig. 2.44. In this repre-
sentation, qca D qc is used.

The fundamental oscillation is determined more
exactly by the modal reduction analogous to [2.17,
Eq. 5.95] with the characteristic polynomial

K.s/D 1C s	
2cc0
 2�A

C s2	2
4

 2
; (2.57)

that can be used instead of (2.55). In Fig. 2.44, the prop-
agation time 	 is then replaced by 	� D 	 � 2

p
2= .

A more convenient representation, essentially
equivalent to Fig. 2.44, is obtained, if the second
of [2.17, Eqs. 5.12] is also used with the somewhat
coarser approximation cosh s	 D 1, sinh s	 D s	 . The
analogy gives

qca D h

2�A
s	 C qc : (2.58)

cc
hch

ha

qc

qcm h1
sTc sτ *2

2Tc

Fig. 2.45 Efficient approximation of the elastic pressure
line
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Fig. 2.46a,b Response of h to a sudden change in qc.
(a) Model Fig. 2.43; (b) model Fig. 2.45, �qc D 0:2 pu,
h0 D 1 pu, Tc D 1:3 s, 	 D 0:45 s

By taking this relationship into account, it follows from
(2.56) that

ha D hC sTcqcm C hc ;

with qcm D 1

2
.qca C qc/D qc C hs	2

2Tc
;

hc D cc jqcmj qcm : (2.59)

Equations (2.58) and (2.59) give the model in Fig. 2.45
as a result. The formation of qca, that differs from qc
by only a fundamental oscillation component, and can
be dispensed with, as this component has hardly any ef-
fect on the sluggish surge-tank-tunnel system. A similar
representation can be found in [2.18].

Also in this model, the frequency of the fundamen-
tal oscillation is represented more accurately if 	 is
replace by 	� D 	 � 2

p
2= .

Figure 2.46 shows the change in the effective head h
if there is a sudden change in the water flow for the
models in Figs. 2.43 and 2.45.
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Transfer Function of the Elastic Penstock
Through linearization of (2.58) and (2.59) and with 	�
instead of 	 , it follows that

�qca D s	�2

Tc
�hC�qc ;

�ha D�hC sTc�qcm C cc0�qcm ;

�qcm D 1

2
.�qca C�qc/ : (2.60)

If�qcm and�qca are eliminated and taking into account
the elasticity, the transfer function of the penstock be-
comes

�h D �ha � .cc0 C sTc/�qc

1C cc0	�2
2Tc

sC 	�2
2 s2

D �ha � .cc0 C sTc/�qc
K.s/

: (2.61)

2.6.6 Overall Model of the Hydraulic System
with Elasticity

Transfer Function
The block diagram in Fig. 2.41 is still valid, where for
Gc.s/ the following expression is used

Gc.s/D cc0 C sTc
K.s/

: (2.62)

The effect of K(s) on ha (and thus on Gw.s/ and Gb.s/)
can be neglected because of the inertia of the surge tank.

Nonlinear Block Diagram
If in Fig. 2.40 the rigid penstock is replaced by the
model of the elastic penstock given in Fig. 2.45, the
block diagram Fig. 2.47 is as follows.

2.6.7 Turbine and Hydroelectric Plant Model

The behavior of the turbine is statically determined if
the mussel diagram in the (',  )-plane and the two sets

qcm

ha
– –– –

–
hb

qs

qw hw h

cs
cc

qc

1

kw

sTs

1
sTw

qcm1
sTc

2Tc

sτ*2

Fig. 2.47 Nonlinear overall model of
the hydraulic part

of

 D f .';A/ ;

 D g.'; �t/ (2.63)

are known (2.32). The curves are largely independent of
the rotation speed. Let A be the degree of opening of the
control element of the turbine. For analytical treatment,
it is advantageous to solve these two equations for '
and �t. From (2.27) and (2.28), it follows that

Q D K0!'. ;A/ ;

�t D �. ;A/ ;

 D 4

D2

2gH

!2
; (2.64)

where K0 can be determined from (2.28) or experimen-
tally from the mussel diagram for the nominal speed !r

in the (Q;H)-plane.
For the Pelton turbine ((2.14) and (2.15)), the first

line of (2.64) simplifies to

Q D K!
D

2
A
p

 D KA
p

2gH : (2.65)

pu Equations
The turbine power according to (2.7) is

Ph D �QgH ; Pt D �tPh ; (2.66)

and for the drive torque Mt

Pt D Mt! : (2.67)

The rotation rate is determined by the mechanical equa-
tion, which in the simplest case assumes the form

Mt �M D J
d!

dt
: (2.68)

Here, M is the load torque and J is the moment of iner-
tia of the generator group. With the assumption that the
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penstock feeds m turbines and introducing the follow-
ing reference or nominal values

PenstockW Hr;Qr D
m
X

iD1

Qir I

TurbineW Qir; rated speed !ir;

rated efficiency �ir ;

Pir D �ir�QirgHr D Mir!ir ;

Pelton turbineW Qir D KiAir

p

2gHr ;

Reaction turbineW Qir D K0i!ir' . ir;ir / ;

with  ir D 8gHr

D2
i !

2
ir

(2.69)

and as well as the following pu values

h D H

Hr
; qi D Qi

Qir
; ai D Ai

Air
;


�
i D 
i


ir
;  �

i D  i

 ir
; phi D Phi

Pir
;

pti D Pti

Pir
; ni D !i

!ir
; mti D Mti

Mir
; (2.70)

the following pu system of equations is obtained from
(2.64) and (2.66)–(2.68)

qi D ni'
�
i

�

 �
i

�

with  �
i D h

n2i
;

�ti D �i
�

 �
i ; ai

�

;

phi D 1

�ir
qih ;

pti D �tipti D mtini ;

mti �mi D Tmi
dni
dt

with Tmi D Ji
!ir

Mir
; (2.71)

and the corresponding block diagram in Fig. 2.48. For
the Pelton turbine, the first equation simplifies to

qi D ai
p
h : (2.72)

A simpler representation results from the assump-
tion that the efficiency depends only on a or if the losses
are modeled instead of the efficiency, where these are
usually expressed as a function of the output power.
A loss model can be obtained from the efficiency curve
for a nominal head and nominal speed. For the Pelton
turbine, Fig. 2.49 (without pressure regulator) is appli-
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cable. This model is also often used for the reaction
turbine, but it should be noted that (2.72) is a rather
rough approximation for this turbine [2.12].

Linearization of Turbine Equations
If we omit the index i for the sake of clarity, the lineariza-
tion of (2.71) at the operating point (index 0) yields

�q

q0
D K1

�h

h0
C .1� 2K1/

�n

n0
CK2

�a

a0

with K1 D @'

@ 

 0

'0
; K2 D @'

@a

a0
'0
;

��t

�t0
D K3

�h

h0
� 2K3

�n

n0
CK4

�a

a0

with K3 D @�

@ 

 0

�t0
; K4 D @�

@a

a0
�t0

;

�ph
Ph0

D .1CK1/
�h

h0
C .1� 2K1/

�n

n0
CK2

�a

a0
;

�pt
Pt0

D .1CK1 CK3/
�h

h0

C .1� 2K1 � 2K3/
�n

n0

C .K2 CK4/
�a

a0
;

�mt

mt0
D �pt

pt0
� �n

n0
;

�mt ��m D Tm
d�n

dt
: (2.73)

The coefficients K1 �K4 can be taken from the mus-
sel diagram. In the case of the Pelton turbine, (2.72) is
applicable and therefore K1 D 1=2, K2 D 1. If the effi-
ciency is only expressed as a function of a, then K3 D 0.
If the efficiency is assumed to be constant, K4 D 0 also.

If, on the other hand, a loss model is used, as shown
in Fig. 2.49 with

pt D ph � pv .pt/

�!�pt D�ph � dpv
dpt

�pt ; (2.74)

the equation for turbine power should be replaced by

�pt
pt0

D K5 .1CK1/
�h

h0
CK5 .1� 2K1/

�n

n0

CK5K2
�a

a0

with K5 D 1
pt0
ph0

�

1C dpv
dpt

	 : (2.75)

Regardless of which assumptions are made, the follow-
ing generally applies

�pt
pt0

D Kh
�h

h0
�Kn

�n

n0
CKa

�a

a0
; (2.76)

where the three coefficients can be obtained from (2.73)
or (2.75), depending on the model. Finally, if the elec-
trical power is introduced instead of the torque, then

�p D�mn0 C�nm0;

where p0 D pt0 ;m0 D mt0 ; (2.77)

and the linearized block diagram of the hydro group in
Fig. 2.50 results.

The hydraulic system can be described by the fol-
lowing equation, corresponding to Fig. 2.48

�h D �G.s/
m
X

iD1

˛i .�qi C�qDi/

D �G.s/˛�qC�hz ;

with ˛i D Qir

Qr
I (2.78)

�hz represents the disturbance caused by the pressure
regulator and the change in the water flows of the other
turbines fed from the same penstock. For fast processes
in the seconds range, as they occur in the primary speed
control, we have G.s/D Gc.s/ that is given by (2.62).

Transfer Function of the Turbine
If the first equations of (2.73) are inserted into (2.78),
and (2.78) (or �h) into (2.76), one obtains

�pt D Gt.s/�aCGz.s/�hz � St.s/�n

with Gt.s/D pt0
a0

Ka
1�C2G.s/

1CC1G.s/
;

Gz.s/D pt0
h0

Kh
1

1CC1G.s/
;

St.s/D pt0
n0

Kn
1CC3G.s/

1CC1G.s/
;

C1 D ˛q0
h0

K1 ;C2 D ˛q0
h0

�

K2
Kh

Ka
�K1

�

;

C3 D ˛q0
h0

�

K1 � .1� 2K1/
Kh

Kn

�

; (2.79)

and the linear block diagram of the hydropower plant as
shown in Fig. 2.51, which is suitable for control engi-
neering investigations.
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1
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Fig. 2.50 Linearized block diagram of the hydro group
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Fig. 2.51 Linearized block diagram of the hydropower
plant

In Gt.s/ is the transfer function of the turbine;
it describes the dependence of the turbine power on
the degree of opening; Gz.s/ describes the influence
of groups fed from the same penstock on the turbine
power; St.s/ is the self-regulating function of the tur-
bine. If it is positive, an increase in speed leads to
a reduction in power and thus to a self-regulating effect.

With the loss model, the following applies exactly

c2 D ˛q0
h0

: (2.80)

An approximation of (2.72) is often used, with the exact
equation for Pelton turbines, but for reaction turbines
this is mostly inadequate, and the following applies

K1 D 1

2
; K2 D 1

�! C3 D C1 D 1

2

˛q0
h0

: (2.81)
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Fig. 2.52a,b Time
course of turbine
output �pt=pt0
in the event of
a sudden increase
in the degree of
opening �a=a0:
(a) �A D 1:73,
(b) �A D 0:433

The self-regulating function is then reduced to the
coefficient Kn. In the case of the loss model, or if
the efficiency depends only on the degree of opening,
Kn D 0 and the self-regulation effect is absent, other-
wise Kn D 2K3.

If even the change in efficiency is neglected, that is
exactly correct at the point of maximum efficiency, the
following applies

Kh D 1:5 ; Kn D 0 ; Ka D 1

�! Gt.s/D pt0
a0

1� ˛q0
h0

G.s/

1C 1
2
˛q0
h0

G.s/
; st.s/D 0 : (2.82)

If G.s/D Gc.s/ is used, corresponding to (2.62), while
the elasticity and losses of the penstock are neglected,
and the load-dependent effective time constant Tcx in-
troduced, the result is

Tcx D ˛q0
h0

Tc

�! Gt.s/D pt0
a0

1� sTcx
4
�

1C s sTcx2
� : (2.83)

Figure 2.52 shows the typical course of turbine power
with an abrupt change in the degree of opening. When
the elasticity of the penstock is taken into account,
damped vibrations are superimposed (if �A < 1) with
a frequency corresponding to (2.44) f0 D 1=.4	/�
250=Lc Hz (Lc in m). With a weakly loaded turbine, Tcx
and correspondingly, also �A D Tcx=.2	/, are small.
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2.7 Thermal Power Stations

The efficiency of power generation from fossil fuels in
thermal power plants has risen considerably over time
and today reaches almost 60% in natural gas-powered,
combined cycle power plants. Nevertheless over 40%
of the energy is still lost as waste heat.

2.7.1 Combined Heat and Power Generation

In combined heat and power (CHP), useful heat is
produced in addition to electrical energy, thus further
increasing overall energy efficiency. In the case of
steam turbines, this can be done in two ways:

1) Through steam extraction (as with feed water pre-
heating)

2) By increasing the condensation pressure (counter
pressure system).

Variants and combinations of these two basic configu-
rations are possible.

In the case of gas turbine with or without a recu-
perator or downstream steam turbine, the useful heat is
recovered from the exhaust gases, with double compres-
sion also from the cooler [2.9, Sect. 5.2, Fig. 5.8].

Finally, for small capacities, diesel systems are also
used, such as so-called Block unit power plants or
TOTEM (total energy modules), whereby heat is ex-
tracted from the exhaust gases or the cooling circuit of
the engine.

Extraction Condensation Circuit
The part m0

e of the steam mass m0 is extracted at the ex-
traction point G (Fig. 2.53). The corresponding heat is
used for a heating system. The extraction ratio is de-
fined as

˛ D m0
e

m0 : (2.84)

With reference to the cycle of Fig. 2.53, turbine
power Pt, extracted heat output QH and supplied heat

A

B ≈ AB
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Super-
heater

E

G
F

F
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a) b)
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p2
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T

s

Fig. 2.53a,b Heat-power generation
by steam extraction. (a) Basic
circuit diagram, Pt D turbine power,
Q D �H �QH D useful heat output.
(b) Temperature–entropy diagram,
T0 D flow temperature of the heating
system

Q1 are

Pt D m0 Œ.hE � hG/C .1� ˛/ .hG � hF/� ;

QH D m0˛ .hG � hA/ ;

Q1 D m0 .hE � hA/ : (2.85)

For the performance figure " of the extraction conden-
sation circuit, the ratio between the decoupled heat and
the reduction of the turbine output is used

"D QH

�Pt
D hG � hA

hG � hF
: (2.86)

The performance figure is independent of the extraction
ratio. If the performance figure is specified (usually "D
7�10), the enthalpy of extraction hG can be calculated
from (2.86) and thus the extraction pressure. With the
stated values of ", the electrical power is reduced by
less than 10% when maximum heat is extracted.

The power-heat ratio that indicates the ratio be-
tween electrical power and extracted thermal power is

� D �ePt

QH
D �e

.hE � hF/� ˛ .hG � hF/

˛ .hG � hA/

D �e
."� 1/ .hE � hF/� ˛ .hF � hA/

˛" .hF � hA/
: (2.87)

The extraction condensation circuit enables a flexible
adaptation of the heat extraction to the requirements. At
full steam extraction (˛ D 1), one obtains the minimum
electricity/heat ratio

�min D �e
hE � hG
hG � hA

D �e
" .hE � hF/� .hE � hA/

" .hF � hA/
:

(2.88)

The overall energy efficiency is

�nutz D �ePt CQ

Qb
D
�

�ePt

QH
C Q

QH

�

QH

�ePt

�ePt

Qb

D � C �H

�
� ; (2.89)
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Fig. 2.55a,b Gas turbine with
sequential combustion and combined
heat and power generation. (a) Basic
circuit diagram, Pt D turbine power,
Q D �H �QH D useful heat output.
(b) Temperature–entropy diagram,
T0 D flow temperature of the heating
system

where Q D �HQH is the useful heat output, Qb the heat
content of the fuel and � the efficiency of the power
plant without steam extraction. The overall efficiency in-
creases with increasing heat extraction, from � for the
processwithout heat extraction (˛D 0,� D 1) up to the
maximum value (˛ D 1, � D �min) according to (2.89).

Back-Pressure System
In the back-pressure circuit, the turbine outlet temper-
ature TF is higher than the inlet temperature of the
heating system (Fig. 2.54). This reduces the thermal ef-
ficiency of the process, but the full condensation heat is
used. The main relationships result from (2.85) that il-
lustrates the extraction condensation circuit for hG D hF
and ˛ D 1

Pt D m0 .hE � hF/ ;

QH D m0 .hF � hA/ ;

Q1 D m0 .hE � hA/ : (2.90)

The formula for the power-heat ratio is always

� D �ePt

QH
D �e

hE � hF
hF � hA

: (2.91)

For the overall energy efficiency, it follows that

�nutz D �ePt CQ

Qb
D �C Q

Qb
D �

� C �H

�

D Q

Qb

� C �H

�H
; (2.92)

where Q represents the heat effectively used and �
represents the efficiency of electricity generation. The
back-pressure circuit does not allow efficient adaptation
of the heat extraction for reduced requirements, without
a proportional reduction of the electricity production. If
electricity production remains constant, the overall en-
ergy efficiency decreases in line with the reduction in
useful heat efficiency �H D Q=QH.

Gas Turbines
Gas turbine plants are ideally suited for combined heat
andpowergeneration because thewaste heat is generated
at a high temperature. This also applies to the gas-turbine
plant with a recuperator or downstream steam turbine.

With reference to the sequential combustion process
of Fig. 2.55, the main relationships (m0 � const. due to
the large excess of air in the combustion process) are
applicable according to [2.9, Sect. 5.2].

Pt D m0cp Œ.TCTC0/C .TC00 � TD/ .TB � TA/� ;

QH D m0cp .TDTA/

Q1 D m0cp Œ.TCTB/C .TC00TC0/� : (2.93)

For the power-heat ratio, we have

� D �e

�

TC �T 0
C

�C �

T 00
C � TD

�� .TB � TA/

TD �TE
(2.94)

and for the overall energy efficiency

�nutz D �ePt CQ

Qb
D �

� C �H

�
; (2.95)
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Fig. 2.56 Energy balance of a combined heat and power
plant (gas turbine with sequential combustion and down-
stream steam turbine) as a function of steam extrac-
tion [2.19]

where Q D �HQH is the heat effectively used and � rep-
resent the efficiency of electricity generation.

By combining it with a downstream steam turbine
and using the heat from the exhaust gases and steam
extraction, it is possible to achieve particularly high
levels of overall energy efficiency paired with flexible
heat extraction. As an example, Fig. 2.56 shows the en-
ergy balance of a combined cycle plant in the 100MW
range [2.9, Sect. 5.3, Fig. 5.13], with an overall energy
efficiency of up to 85%.

Block-Type Thermal Power Stations
In a similar way, heat can also be recovered from the
exhaust gases and the cooling circuit in diesel- or gas-
engine power plants. The basic circuit for this is shown
in Fig. 2.57. Units in the power range 50 kW–15MW
are offered, with overall energy efficiencies from 85 to
90%.

Combined Heat and Power and CO2 Balance
In countries in which the production of electrical energy
is predominantly from fossil fuels (such as Germany),

Q

Diesel or
gas engine

Exhaust
gases

Fuel 
air

Fig. 2.57 Com-
bined heat and
power unit

combined heat and power (CHP) enables a much more
rational use of fossil fuels and thus contributes to the
mitigation of the CO2 problem (increased greenhouse
effect).

In Switzerland, where electrical energy is gener-
ated almost exclusively with hydroelectric and nuclear
power, the question arises as to whether the widespread
use of combined heat and power leads to increased con-
sumption of fossil fuels and thus to the opposite effect,
unless biomass is used. The CO2 balance looks much
better when CHP is combined with heat pump technol-
ogy [2.9, Chap. 6].

2.7.2 Fossil-Fired Steam Power Plants

A distinction is made between three main circuits, as
illustrated in Fig. 2.58, in which the last two also occur
in nuclear power plants:

� Air–fuel–flue gas/ash circuit� Water–steam cycle� Cooling water circuit.

Air–Fuel–Flue Gas/Ash Cycle
The fuel and the air preheated by the flue gases are fed
into the combustion chamber. Flue gas cleaning (flue
gas treatment) includes, among other things, denitrifica-
tion, desulfurization and dust removal. An ash extractor
is required for coal fired systems. For more information
on the combustion process, flue gas treatment and tech-
nology of fossil-fired steam generators see [2.20–22].

Water–Steam Cycle, Losses
The thermodynamics of the water–steam cycle is de-
scribed in [2.9, Sect. 5.1]. The main elements are the
boiler, including a superheater and intermediate su-
perheater, the turbine, the condenser and a feed-water
preheater.

The dimensioning of the steam generator (caul-
dron) is based on the vapor pressure (p1) and the amount
of steam required. For the latter, the rough guide value
is approximately 3 t=.h;MWe/; the exact values can be
calculated from the process data (Mollier diagram) and
efficiency �e.

The steam turbine is a flow machine that converts
the enthalpy difference between inflow and outflow into
mechanical energy.

The rotation rate is 3000 or 1500 rpm at 50Hz
(3600 or 1800 rpm at 60Hz), see also [2.17, Sect. 6.1].
Sometimes higher speeds are also chosen, and then the
coupling to the generator is via a gear.

In the condenser the condensation heat is extracted
from the humid or saturated steam leaving the turbine.
Condensation pressure (p2) and temperature are related
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Fig. 2.58 (a)Main circuits in a fossil-
fired steam power plant (principle),
(b) steam turbine (1 live steam line,
2 stop and control valve, 3 high
pressure turbine, 4 water separator/
reheater, 5 steam line, 6 low pressure
turbine, 7 guide vanes, 8 rotor
blades, 9 condenser, 10 support
plate, 11 vibration dampers) (adapted
from [2.7])

via the vapor-pressure curve. In modern power plants,
condensation pressures of 0:04�0:1 bar are usually se-
lected (corresponding to temperatures of 29�46 ıC).
The choice of condensation pressure strongly influences
the efficiency of the cycle, but also the cost of the con-
denser.

For more information on the technology and design
of steam generators, steam turbines and condensers,
see [2.22].

The losses, see also [2.9, Sects. 3.2 and 5.1], are the
losses of the boilers and the circulation – �K (guideline
value 0.88), the losses of the idealized cycle �threv (guide
value 0.45–0.6 depending on the implementation), tur-
bine losses (guide value 0.85) and generator losses and
on-site power �e (guide value 0.94). The indicated guide
give, for example, a power plant efficiency of 31�42%.
A small part of the heat loss is released into the environ-
ment with the flue gas and at various points in the plant.
Most of of the waste heat is transferred to the cooling
water of the condenser that emits this heat to the envi-
ronment via the cooling-water circuit.

Cooling-Water Circuit
A distinction is made between freshwater cooling and
tower cooling. The principle of freshwater cooling is
shown in Fig. 2.59. The cooling water is taken from
a river or lake and the heated water is returned to
the source. The necessary cooling water quantity is
about 50�70 times the steam weight, if cooling water
heating of approximately 10 ıC is permitted. For ex-
ample, for a 300MW power plant with approximately

Condenser

Steam
0.05 bar, 33 °C

Water ca. 25 °C

15 m3/s

Water 0.05 bar, 33 °C

Cooling water
(river, lake) 15 °C

Fig. 2.59 Principle of freshwater cooling, possible values
for 900 t=h steam
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Fig. 2.60 (a) Principle of the wet
cooling tower, (b) cooling tower
(1 shell, 2 supports, 3 basin, 4 water
supply lines (from condenser),
5 distribution channels, 6 distribution
troughs, 7 spray nozzles with baffle
plate, 8 trickle plates, 9 drip catcher,
10 cooling water outlet (to condenser))
(adapted from [2.7])

900 t=h steam, 54 000 m3=h or 15m3 of cooling wa-
ter is required. As the river temperature should only
rise slightly for ecological reasons (the oxygen con-
tent decreases with increasing temperature), large rivers
are needed even for these relatively small quantities
of water (e.g., the River Rhine near Schaffhausen has
a flow rate of around 180m3=s). For this reason, tower
cooling is usually used, especially when several power
plants are operated on one river. The standard solution
used today is wet tower cooling. The principle of wet
tower cooling is shown in Fig. 2.60. The heated water
trickles in a counterflow to the air rising in the cooling
tower and partly evaporates. This removes heat, and the
cooled water can be recycled. The water losses amount
to only 2�3% of the required cooling-water quantity.
The air flow results from the natural draught and can be
amplified by fans.

The steam vapors above the tower are disruptive, es-
pecially for nearby human settlements. Alternatives that
do not have this disadvantage are dry or hybrid cooling
towers, that however, have a lower cooling capacity for
the same dimensions. For more information on the cool-
ing system and the calculation and performance of wet
and dry cooling towers, please refer to the section on
the cooling system [2.20–22].

Unit Control
The power fed into the interconnected electrical grid
by the power-plant units must correspond to the power
drawn by consumers.

The grid frequency drops if the consumers draw
more electrical power than the power plants feeds in,
and increases if more power is fed in than is taken
out. By controlling the mains frequency, a balance be-
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Fig. 2.61 (a) Energy conversion in a steam power plant.
(b) Sliding pressure diagram

tween supply and consumption is established. This is
achieved on the one hand by means of fast primary
frequency control, in which the power plants involved
increase or decrease the output in proportion to the de-
viation from the target frequency in order to support the
grid frequency. On the other hand, the load distributor
also specifies power setpoints for the individual power
plants so that the grid frequency can be brought back to
the desired setpoint (secondary frequency control).

Unit control of a power plant regulates the power
setpoint, that is varied with a given load change rate
(MW=min) according to the expected power require-
ments for the grid. Short-term changes in the power
drawn from the electrical network are regulated by the
primary frequency control. In accordance with the set
values (MW=Hz), each power station involved in main-
taining the frequency increases or decreases the sup-
plied electrical power proportionally to the deviation of
the mains frequency from the set frequency. Further de-
tails on primary and secondary frequency control can
be found in [2.17, Sect. 6.5.2] and [2.3, Chap. 2].

Figure 2.61 shows the principle of the energy con-
version in a steam power plant. The thermal energy in
the water vapor obtained from the primary energy must
be in equilibrium with the electrical energy, taking into
account the energy conversion losses. The steam pres-
sure in the boiler falls when more electrical power is
consumed than can be generated with the fuel supplied
in.

G

N
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f

Fig. 2.62 Unit control principle: boiler follows

Unit control is the higher-level load control, that
regulates the unit power capacity according to the
network requirements and coordinates the interaction
between the steam generator and the turbo-generator set
of a power-plant unit, taking into account the dynamic
behavior of the power-plant unit and the permissible
load on the power-plant components.

The electrical output can be changed quickly with
the control valves of the steam turbine, whereas firing
control and steam generation act slowly. Furthermore,
the storage behavior of the boiler can be used to handle
short-term load changes of the turbine.

Depending on the plant design, the boiler pressure
is set to a fixed set point (fixed pressure control) or to
a variable load-dependent set point (sliding pressure).
In a condensing turbine, the pressure upstream of the
turbine valves and the turbine output are approximately
proportional to the steammass flow. If the steam turbine
is operated with fully opened valves (natural sliding
pressure), the pressure value before the turbine will cor-
respond to the steam mass flow generated by the boiler.

In natural sliding-pressure operation, the turbine
output cannot be increased by opening the control
valves. Turbine power control is made possible by
regulating the boiler pressure slightly above the sliding-
pressure characteristic curve determined by the turbine
design by means of firing control. This mode of opera-
tion is called modified sliding pressure.

In principle, two types of unit control can be distin-
guished [2.23].

In the first case, the steam turbine regulates the elec-
trical power by means of the control valves, and the
boiler regulates the steam pressure by means of the
firing in order to establish the balance between the elec-
trical power and the corresponding steam production.
The steam pressure can be specified as a fixed setpoint
or as a variable setpoint for modified sliding-pressure
operation. The boiler follows the turbine power, as
shown schematically in Fig. 2.62.

This procedure allows the boiler storage tank to be
used for rapid load changes. If, however, the boiler can-
not follow the desired load increase, the steam pressure
drops. In order to avoid an inadmissible pressure re-
duction due, for example, to malfunctions in the steam
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generator, an additional limitation control is applied to
the control valves of the steam turbine if the steam pres-
sure falls below the minimum value.

To improve the dynamics of the boiler pressure con-
trol, load changes are connected to the fuel control as
feed forward control. When operating with modified
sliding pressure, it must be taken into account that the
boiler pressure must also be increased if the load is in-
creased or reduced if the load is reduced. This type of
control enables fast and precise control of the electrical
power and requires extra outlay to achieve fuel control
that is both sufficiently fast and smooth.

In the second case, the boiler regulates the electri-
cal output, and the steam pressure is regulated by the
steam turbine. In this approach, the turbine follows the
load changes of the boiler, as schematically shown in
Fig. 2.63.

The advantage of this circuit is that the control is
stable on its own and also automatically copes with mal-
functions in the boiler area. To be able to meet fast
performance requirements, the control valves can be
operated with some throttling (modified sliding pres-
sure). This increases the steam pressure in the boiler
and the stored energy can then be called up for a short-
term increase in output before the steam production is
adjusted to suit the changed requirements.

A short-term increase in performance can also be
achieved by the condensate-accumulation process. In

Turbine
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MD/ND

Unit control

Coal mill

Preheater

Feedwater
tank Cold

condensate
storage

Fresh
fan

Boiler G

Fig. 2.64 Unit control with integrated
condensate accumulation

this process, the steam supply to the low-pressure pre-
heaters is temporarily reduced, resulting in an increase
in the electrical output of the steam turbine. The conden-
sate supply is reduced accordingly to avoid a drop in the
feed-water tank temperature. Depending on the capacity
of the feed-water tank and of the cold condensate storage
tank, it is thus possible to vary the output for a limited
period with almost no reaction before the steam produc-
tion is adjusted to meet the changed requirements.

Figure 2.64 schematically shows the main inter-
vention points of a unit control with an integrated
condensate-accumulation process. The required fuel
flow is determined from the required power. Depending
on the fuel flow, the combustion air must be adjusted
for complete combustion and the feed-water flow set
to meet steam production. Fast dynamic-load changes
are achieved by the turbine control valves, that are
slightly throttled in straight operation, and the extrac-
tion flaps for the low-pressure preheaters until the fuel
flows again, corresponds to the electrical output.

In addition to unit power plants, which serve exclu-
sively to generate electrical energy, there are also power
plants that provide process heat in addition to electrical
energy (Sect. 2.7.1). Depending on the system configu-
ration, the process steam or process heat extraction can
be considered as a disturbance variable in the unit con-
trol for the electrical output, so that these power plants
can participate in the primary and secondary control of
the electrical grid. In many industrial power plants, how-
ever, the case occurs where the extracted process heat is
the actual main control task, and the electrical output is
adjusted according to the required process heat.

Dynamics
In view of the rich variety and complexity of the steam
power plants, only the basic behavior with regards to the
reference scheme is described in Fig. 2.65. Although
several coordinated valves can be active in a steam
turbine, a single equivalent control valve between the
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a steam power plant with a three-stage
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superheater and high-pressure (HP) turbine is assumed
for the sake of simplicity. The thermal power available
for the conversion at the superheater output E is given
by PE D m0

E ��h, where m0
E is the mass flow and �h

the available enthalpy change. If it is assumed that the
subordinate control loops are capable of maintaining
the temperature TE, the enthalpy change is also con-
stant and thus the power is proportional to the mass
flow. This in turn is proportional to the degree of open-
ing of the valve, that is controlled by the primary speed
governor [2.3, Chap. 2].

Delays of the mass flow occur due to the volumes
of the steam power plant. If we consider the volume V
between two cross sections 1 and 2, then

m0
1 �m0

2 D V
d�

dt
D V

@�

dp

dp

dt

D V
@�

@p

1

K

dm0
2

dt
D T

dm0
2

dt
; (2.96)

where � represents the mass density. If it is also as-
sumed that the output mass flow is proportional to the
pressure, the mass flow m0

2 follows the mass flow m0
1

with the time constant T , that characterizes the iner-
tia of the steam mass. In the plant under consideration,
the largest delay is caused by the reheater whose time
constant T2 is of the order of 10 s. Further first-order
delays are between the valve and the HP turbine (guide
value T1 D 0:3 s) and between medium-pressure (MP)
and low-pressure (LP) turbine (guide value T3 D 0:5 s).

The relationship between the mechanical pu power
pt and the pu mass flow m0

E can be described by the
block diagram of Fig. 2.66a. The coefficients ˛, ˇ, �
take into account the shares of the three turbine stages in
the total output (with ˛CˇC� D 1). Stationary power
losses can be accounted for with the constant Kt. Fig-
ure 2.66a leads to a third-order transfer function. It can
be seen from the above-mentioned reference values that
the output of the MP and LP turbines react much slower
than that of the HP turbine because of the reheating.
In view of the magnitude difference between the three
time constants, a first approximation can set T1 � 0

pt
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Fig. 2.66a,b Transfer function of the steam turbine plant.
(a) General third-order schema, (b) first-order approxima-
tion
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or T1 � T3 � 0, with the turbine plant represented ap-
proximately by a second- or even first-order transfer
function, as in Fig. 2.66b.

Between mass flow in the HP turbine, live steam
pressure pE and the degree of opening a of the valve,
there is the following pu relationship

m0
E D pEa : (2.97)

An increase in valve cross section �a leads directly to
an increase in mass flow and thus to a delayed increase
in turbine output as shown in Fig. 2.66. On the other
hand, the change in the mass flow causes a drop in pres-
sure and thus, also in the density in the steam generator,
that must be compensated by the boiler control. This de-
crease in pressure can be described by the pu equation

TD
dpE
dt

D m0
C �m0

E ; (2.98)

where m0
C represents the mass flow generated in the

steam boiler. The time constant TD can range between
several tens of seconds and several hundred of seconds,
depending on the type of boiler. The boiler control that
controls the mass flow m0

C comprises several control
loops that monitor the fuel, fresh air and feed-water sup-
ply. For example, it can have the task of maintaining the
live steam pressure at the desired setpoint; in this case
it is called fixed pressure control. In the case of slid-
ing pressure control, it is controlled directly by speed
or power (Sect. 2.7.2, Unit Control).

Figure 2.67 provides a dynamics diagram of the
steam power plant, where the turbine is represented by
a first-order system (Fig. 2.66b) and the boiler by the
transfer functionGK.s/. The latter includes both the de-
lays caused by heat release and the transfer function of
the boiler controller (often a proportional integral (PI)
controller).

2.7.3 Nuclear Power Plants

Nuclear power plants are essentially (as they are at
present) steam-turbine power plants that are operated
with nuclear instead of fossil fuel. The furnace is re-

placed by the reactor. An additional cooling circuit
can be connected between the reactor and turbine ([2.9,
Sect. 3.4], Fig. 2.71a).

A distinction is made between the:

� Primary system: reactor C in some cases additional
cooling circuit and� Secondary system: the other conventional elements
of the steam circuit (for which the explanations in
Sect. 2.7.2 essentially apply).

Energy Generation by Nuclear Fission
Nuclear energy can be released in two ways [2.9, An-
nex B]:

� By fusion of light atomic nuclei, i.e., from the hy-
drogen isotopes deuterium and tritium to helium.
Industrial application is still a long way off (more
details in [2.9, Chap. 11]).� By splitting heavy atomic nuclei such as uranium,
thorium and plutonium into medium-weight nuclei.
The current industrial production of nuclear energy
is based on the uranium-fission reaction. Thorium
can be used in high temperature reactors. Plutonium
is a by-product of uranium fission. For use in fast
breeder reactors, the breeding is required be purified
(Sect. 2.7.3).

Uranium Fission. Of uranium, 99:3% is the isotope
238U (238 nucleons, of which 92 are protons and 146
neutrons) and approximately 0:7% is 235U (with only
143 neutrons), and there are further small amounts of
234U. Only 235U can be split, and that is by slow (ther-
mal) neutrons. The corresponding reaction is described
in a somewhat simplified form in Fig. 2.68: the fission
produces two nuclei of medium-weight (e.g., 137Ba and
97Kr), that have a higher binding energy and are there-
fore stable, releasing around 200MeV. The fission of
one kg of 235U results in the amount of energy

20
Tcal

kg
� 24

GWh

kg
D 1000

MWd

kg
: (2.99)



2.7 Thermal Power Stations 85
Section

2.7

n

n
n

Moderator
Thermal

20 Tcal/kg 235U

Fast

235U

S

S

Fig. 2.68 Uranium fission: n: neutrons, S: fission products
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Fig. 2.69 Basic design of the thermal reactor

The fission of 235U atoms, releases an average of
2�3 neutrons, that have a high kinetic energy (fast
neutrons). These neutrons are partly absorbed and
partly available for further fissions as so-called fission
neutrons. If on average more than one fission neu-
tron remains, the number of fissions increases like an
avalanche, i.e., there is a chain reaction with exponen-
tially increasing heat output. With less than one fission
neutron on average, the reaction fades out. In a con-
trolled reaction it is ensured that just one fission neutron
maintains the reaction (Fig. 2.68). The reactor is then
critical, and the power output is constant.

For the fission neutron to be able to maintain the re-
action, however, further conditions must be met. Fast
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n
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Fig. 2.70 Conversion reaction

neutrons with kinetic energies in the range 1 eV to
MeV lead much less often to fission of 235U than ther-
mal neutrons with energies below 0:1 eV. In addition,
fast neutrons are more easily captured by 238U atoms.
This has the consequence that, for example, in natu-
ral uranium that contains a lot of 238U and not much
235U, the reaction ends immediately. The reaction can
only be maintained if, with the help of a moderator,
the speed of the neutrons is reduced to thermal values.
Substances that strongly slow down neutrons without
capturing them are H2O, the best D2O (heavy water)
and graphite. Further information on uranium fission
can be found in [2.9, Annex B.6].

These physical conditions lead to the basic struc-
ture of the thermal reactor as in Fig. 2.69. The fuel
rods containing an uranium compound (UO2) are sur-
rounded by the moderator. The control rods consist of
a neutron-absorbing material (e.g., boron), and can be
lowered into the reactor to the desired depth, so that
the critical state of the reaction can be assured, i.e., the
power of the reactor can be regulated. Liquids or gases
are used as coolants to transport the resulting heat away
(H2O, D2O, CO2, He).

Conversion Processes. For each fission reaction of
235U nuclei, on average, slightly more than two neu-
trons are generated. One of these is needed to maintain
the reaction. The remaining neutrons are absorbed by
the moderator, control rods and fuel (without fission)
or escape from the reactor core. The neutrons absorbed
by 238U lead in a few cases to the rapid fission of
238U (that also contributes, to a small extent, to energy
and neutron production), but they are mainly absorbed.
The resulting 239U is transformed by electron emission
into neptunium 239Np (atomic number 93) with a half-
life of 23min, as shown in Fig. 2.70. With a half-life
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of 2:3 days, this unstable element decays into a long-
lived isotope plutonium 239Pu, that is fissile and has
properties similar to those of 235U and contributes to
energy production (see [2.9, Annex B.5]). Both reac-
tions correspond to the following scheme n ! pC C e�
(ˇ-radiation).

The conversion factor is the ratio of newly formed
239Pu nuclei to consumed 238U nuclei. Depending on
the reactor type, it can assume different values, but is
always small in thermal reactors (reactors in which
fission is done by thermal neutrons). The conversion
processes only slightly improve the utilization of nat-
ural uranium.

The conversion of 238U can also be triggered by
239Pu instead of 235U. Then, starting from 239Pu, new
Pu is formed from 238U. If conversion factors > 1 are
reached, this is no longer called conversion, but breed-
ing and breeding factors.

Reactor Types
The reactors built to date are classed according to the
moderator used:

� Light water reactors� Heavy water reactors� Graphite moderated reactors� Fast breeder reactors (without moderator).

By far the largest proportion of the reactors used world-
wide are light water reactors that have gained great
importance in the energy sector. The individual reactor
types are described briefly in the following, for further
details see the relevant extensive technical literature.

Light Water Reactors (PWR, BWR, EPR). Normal
(light) water is a good moderator, but not an excellent
one. The critical state of the reaction therefore cannot be
reached with natural uranium as the fuel (contains only
0:7% 235U). For this purpose enriched uranium is re-
quired with a degree of enrichment (content of 235U)
ranging usually from 3�3:5%. For the enrichment nat-
ural uranium, available as UO2, is first transformed into
the gaseous uranium hexafluoride UF6. This is then cen-
trifuged, using thedifference inweight between 235Uand
238U to separate the enriched and depleted components.

A great advantage of the light water reactors is that
the moderator and coolant are identical, namely H2O.
The makes the design very simple and the problem of
heat transport can be solved relatively easily.

The achievable steam-inlet temperature of the tur-
bines is significantly lower for all light water reactors
than for fossil-fuel fired plants. Correspondingly, the
achievable power plant efficiency is generally lower, at
approximately 33%.

Light water reactors are built as pressurized wa-
ter reactors (PWR) and boiling water reactors (BWR).
In the pressurized water reactor, the heat is taken to
a separate steam generator by the pressurized primary
cooling water. The basic, somewhat simplified structure
of the power plant with typical steam data is shown in
Fig. 2.71a. The detailed structure of a pressurized water
reactor power plant is shown in Fig. 2.71b.

The pressurized water reactor is currently experi-
encing an upswing as the EPR (European pressurized
reactor, French–German financed). A first reactor of
this type is under construction in Finland (capacity
1600MW) and a second one in France (Fig. 2.71).
These reactors of the so-called 3rd generation have sig-
nificantly better safety properties. Also the efficiency is
said to be better (at 36%).

In a boiling-water reactor, steam production takes
place in the reactor itself. The structure of the power
plant and typical steam data are shown in Fig. 2.72.

Heavy Water Reactor (HWR). In the heavy water reac-
tor, D2O (heavy water) is used instead of normal water
as the moderator and coolant. The fuel elements are lo-
cated in pressure tubes that are cooled individually. The
heated heavy water transports the heat to the steam gen-
erator (as in the pressurized water reactor Fig. 2.71).
Since heavy water is an excellent moderator, natural
uranium can be used as fuel, which is the main advan-
tage of this type of reactor (no enrichment necessary).
HWR were developed to industrial maturity in Canada
and are used there and in India. The achievable power
plant-efficiency is around 32%.

Graphite-Moderated Reactors. Various types of
graphite-moderated reactors have been developed and
used over time.

In the RBMK (reaktor bolshoy moshchnosti kanal-
nyy) reactor, that was developed in the former USSR
and is still in operation in the successor countries, the
fuel elements are also located in pressure tubes in which
H2O flows (coolant). The pressure tubes are housed in
a graphite block. The moderator is H2O and above all
graphite. The achievable steam temperatures are com-
parable to those of light and heavy water reactors. After
the accident in Chernobyl, the development of this re-
actor line has been halted.

In the AGR reactor (advanced gas cooled reac-
tor), that is being developed and used in Great Britain,
the fuel elements in steel tubes are located directly in
the graphite. Cooling is done with CO2. The materials
used make it possible to reach temperatures of 550 ıC
and thus implement steam processes with superheat-
ing. This increases the power plant efficiency to around
40%.
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Since graphite is a better moderator than light water,
both reactor types (RBMK and AGR) use fuel elements
with a slightly lower enrichment of approximately 2%.

In a high-temperature reactor (HTR), graphite and
silicon are used as fuel cladding materials and he-
lium as the coolant (nuclear research facility Jülich,
Germany, 1970s). This allows coolant temperatures of
700�950 ıC to be achieved, enabling the operation of

Fig. 2.71 (a) Principle of the pressurized water reactor and
typical steam and pressurized water data (1 reactor, 2 steam
turbine, 3 generator, 4 condenser, 5 condensate pump,
6 steam generator, 7 coolant pump), (b) pressurized water
reactor power plant (1 reactor building, 2 safety container
(steel shell), 3 exhaust chimney, 4 reactor pressure vessel,
5 fuel elements, 6 control rods, 7 primary coolant pump,
8 steam generator, 9 pressurizer, 10 flood tank, 11 fuel
element storage pool, 12 fuel element loading machine,
13 live steam line, 14 safety valves, 15 machine hall,
16 fast-closing and control valves, 17 high pressure tur-
bine, 18 water separator reheater, 19 steam line, 20 steam
bypass system, 21 low pressure turbine, 22 generator,
23 exciter, 24 transformer, 25 feed water tank, 26 pre-
heater, 27 feed water pipe, 28 capacitor, 29 cooling C pipe
(cooling circuit), 30 interim storage facility for radioactive
waste (underground)) (adapted from [2.24]), (c) diagram of
the EPR power plant under construction in Finland (Areva)
(1 reactor, 2 reactor cooling pumps, 3 steam boiler, 4 re-
heater, 5 turbine, 6 generator, 7 switchgear, 8 condenser,
9 water preheater, 10 condensate pump, 11 cooling water
circuit, 12 cooling water pumps, 13 cooling water system,
14 cooling tower) J

285 °C

CondenserCondensate pump

Reactor

70 bar

Generator

Steam turbine

Fig. 2.72 Principle of the boiling water reactor and typical
steam data

both superheated steam circuits and gas turbines or
combined cycle plants. Accordingly, the power plant
efficiencies can reach 40�48% [2.25]. The fuel must
have a relatively high enrichment level > 8%. Despite
the great advantages of this reactor line, and also the in-
herent passive safety (inherent operational safety), the
development towards industrial maturity in Germany is
currently blocked. The development of this reactor line,
that was to become the reactors of the so-called 4th
generation is mainly being pursued in China, Japan and
South Africa. It also allows thorium (about three times
abundant as uranium) to be used as fuel.
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Fast Breeder Reactors. The fast breeder reactor fo-
cuses on the conversion process described in Fig. 2.70
with a conversion factor > 1 (breeder factor). It is
not, however, driven by thermal neutrons, but by fast
neutrons which is why a moderator is not necessary.
However, since fast neutrons produce fewer fission
neutrons than thermal neutrons, a relatively high en-
richment level is necessary. In this respect, plutonium
behaves much better than uranium, which is why the
reactor core typically consists of an inner fission zone
with 80% natural uranium and 20% plutonium and an
outer breeding zone with 238U. Liquid sodium is used
as a coolant because of its non-moderating properties.

Interest in the breeder reactors lies in the far better
utilization of uranium, that in thermal reactors is about
1%, while in breeder reactors can be increased 30–50
times. It could therefore solve the problem of limited
uranium reserves. This development is stagnating as
a result of the risks associated with this reactor line and
the resulting lack of acceptance (see also Sect. 2.7.3).

Steam Cycle and Control
The only difference between a nuclear power plant and
a normal fossil steam-power plant is that the reactor re-
places the furnace or boiler. The steam cycle of light
water reactors is characterized by weak superheating
and reheating to temperatures only slightly over the
evaporation temperature. Accordingly, as already men-
tioned, the efficiency is lower than that of fossil-fired
plants. Reheating is primarily intended to prevent steam
condensation in the turbines.

Nuclear power plants are used as base-load power
plants, i.e., they operate at constant power and do
not participate in the frequency power control of the
grid [2.3, Chap. 2]. In principle, the block diagram in
Fig. 2.67 applies to the dynamics of the nuclear power
plant, with the reactor control replacing the boiler con-
trol. For more information about reactor dynamics and
reactor control see, for example, [2.23, 26].

Reactor Safety and Fuel Cycle
The radiation generated by nuclear fission and the ra-
dioactive fission products must be isolated from the
environment, for which appropriate safety and disposal
measures must be set up. This concerns the nuclear
power plant itself and all plants involved in the fuel cy-
cle. [2.27]

Reactor Safety. For safety reasons, the primary plant,
that comprises the reactor and the primary cooling cir-
cuit, is housed in a separate, often spherical building.
The fission products produced in the reactor are sep-
arated by a graduated barrier system isolated from

the environment. The pressure-resistant and gas-tight
casings of the fuel elements form the first barrier.
A second barrier is the equally pressure-resistant steel
shell of the reactor or primary system. Finally, the
reactor plants are located in the aforementioned re-
actor protection building made of steel and concrete,
that forms the third barrier. This triple barrier system
is intended to provide protection against internal and
external influences. Aircraft crashes and earthquakes
should be mentioned as external influences. In addition
to the radioactive radiation generated during operation,
which must be absorbed, the internal influences also
includes the increase in pressure or heat build-up oc-
curring in the event of accidents, that in the worst
case can lead to core meltdown if the multiple con-
trol and shutdown devices fail. During normal operation
or in the event of malfunctions, the discharge of con-
taminated air or water is prevented by suitable filter
systems.

Fuel Cycle and Disposal. The steps involved in the
supply and disposal of fuel are shown schematically in
Fig. 2.73a.

The supply comprises the mining of uranium ore,
the extraction of natural uranium and finally the ura-
nium enrichment with subsequent fuel production re-
quired for the operation of light water reactors.

After use in the NPP, the spent fuel elements are ini-
tially stored temporarily in water in the reactor building
for about one year and cooled until the residual heat has
decayed. Then they are taken into reprocessing or pre-
pared for final storage.

If no reprocessing is planned, the spent fuel ele-
ments are temporarily stored centrally for a long time
and finally conditioned. Conditioning includes vitrifica-
tion and containment of waste in steel containers. The
final storage sites are sealed caverns impermeable to
gases and liquids (e.g., salt mines).

During reprocessing, reusable materials such as
uranium and plutonium are separated and taken for
enrichment or fuel production. Non-usable waste is
conditioned and put into permanent storage.

Low and intermediate level waste from power plants
is conditioned together with waste from medicine, re-
search and industry (using other processes) and finally
disposed of in suitable repositories.

Reprocessing has the advantage that less natural
uranium is required and allows the use of plutonium,
that reduces the amount of high-level radioactive waste
(by a factor of about five). On the other hand, how-
ever, the amount of low- and intermediate-level waste
increases considerably as a result of the reprocessing
process.
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Fig. 2.73 (a) Fuel cycle of nuclear
power plants with light water
reactors and associated work steps.
The disposal routes for low- and
intermediate-level waste are not
marked [2.27]. (b) Disposal and
storage of nuclear waste of high,
medium and low activity (adapted
from [2.27])

Since civilization with technology produces ra-
dioactive waste (not only in nuclear power plants), it
is imperative to dispose of it safely. Practical prob-
lems arise in democratic, federally organized countries
due to the initial lack of regional acceptance of the
repositories, which must be achieved through laborious
educational work or the centralization of competencies
by political means.

Another controversial issue and the subject of tech-
nical and political discussion is whether the final dis-
posal of waste should be sustainable, safe and defini-
tively monitored over the long term, and whether the
monitoring and maintenance of the repositories should

then be ensured over a long period of time and adapted
to the latest technology.

Hazards of Nuclear Power
Like other processes in our technical civilization, nu-
clear power has associated hazards. These depend on
the state of development of technology that will ul-
timately decide whether or not nuclear power will
continue to play an important role in energy supply
in the future. If breeder reactor technology does not
prevail, nuclear energy from fissile material will only
remain an (albeit important) temporary energy source
because of limited uranium and thorium reserves and
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will very probably play a major role only in the 21st
century.

Four factors need considering in the hazard discus-
sion:

1) Safety during the operation of nuclear power plants
2) The possible environmental contamination caused

by the fuel cycle
3) The safe storage of radioactive waste
4) The question of the possible use of fissile mate-

rial, in particular plutonium, in the manufacture of
weapons.

Safety of the Power Plant. The safety measures
taken during planning and construction are described
in Sect. 2.7.3 [2.28]. Modern nuclear power plants de-
signed to Western standards offer maximum safety, as
demonstrated by themany years of operation of themore
than 430 power plants installed and producing energy
worldwide, amounting to an experience of more than
10 000 man-years. The additional radioactivity level
during normal operation in the vicinity of a nuclear
power plant is far below that of natural radioactivity.

In the case of a MCA (maximum credible accident),
the consequences for man and the environment are not
noticeable if the protective devices function correctly,
as they are designed to avoid the external effects of such
an accident. For a reactor built to Western standards,
this also includes the meltdown of the reactor core (the
only accident of this kind is Harrisburg 1979, with no
consequences for the environment).

If a contamination of the environment occurs (as in
Chernobyl 1986), it is referred to as a super-GAU. The

accident at Chernobyl was specifically due to the type
of construction used and is not possible in light water
reactors. It was also caused by inadequate safety pre-
cautions.

In the case of a super-GAU, as in Chernobyl, there
is considerable harm to the environment and to peo-
ple, which must be avoided under all circumstances.
In high-standard reactors, such an accident is extremely
unlikely, but its probability cannot be reduced to zero.
Whether such a loss or risk is acceptable (and insurable)
or not is the subject of socio-political debate (a ques-
tion of assessing a very small probability of a residual
risk occurring with major consequences). The ecolog-
ical benefits of nuclear energy in view of the climate
problem must be taken into account and the possible
damage must be assessed in relation to that caused
each year by other technical facilities (e.g., road and
air traffic, chemicals) but tolerated. Section 2.7.3, Effect
of Radioactivity, considers the hazards of radioactive
contamination.

Nuclear technology is also making progress, with
(international) efforts moving towards light-water re-
actors with even greater safety margins (EPRs), with
the aim of further reducing the probability of GAUs
or super-GAUs [2.25], but also towards an intrinsically
safe HTR reactor (China, Japan, South Africa) in terms
of both nuclear reaction and heat removal.

Fuel Cycle. Concerning the fuel cycle (Sect. 2.7.3),
sins have been committed in the past especially in
uranium mines and reprocessing. Radioactive contami-
nation can be avoided through high technical and also
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ethical standards, which respect the imperatives of so-
cial and ecological sustainability, through careful and
responsible protective measures during processing and
transport as well as through international cooperation.
The problem is no more serious than that of other in-
dustries (e.g., chemical), where dangerous substances
are also used.

Waste Disposal. It should be added to the explana-
tions in Sect. 2.7.3 that a distinction must be made
between the disposal of low- and intermediate-level
waste and that of high-level radioactive waste. The first
problem does not only concern nuclear reactors and
must therefore be dealt with regardless of whether or
not electricity is produced by nuclear power. The tech-
nical solutions are in place and the policy is to solve the
implementation issues (see Fig. 2.73b).

Concerning the high-level radioactive waste that is
specific to the nuclear power industry, there are also
technical solutions that need to be tested. The problem
is the subject of technical and political argument and
has not yet been resolved. However, the quantities of
high-level radioactive waste to be disposed of are rel-
atively small (see the examples in [2.9, Sect. 3.4]) and
not comparable with the enormous amount of climate-
damaging CO2 that results from the combustion of
fossil fuels. The latter problem could be much more dif-
ficult to solve (see Chap. 1).

Nuclear Weapons Production. Highly enriched ura-
nium is required for the manufacture of nuclear
weapons. It is feared that the plutonium present in
small quantities in spent fuel rods from nuclear power
plants could be misused for this purpose. This cannot
be completely ruled out, although disposal is subject to
strict controls, and recovery is not a simple technical
problem. On the other hand, the production of nuclear
weapons has been possible in the past independently
of the peaceful use of nuclear energy, and will con-
tinue to be possible in principle for all those who have
gained access to highly enriched uranium or plutonium
from nuclear arsenals (USA, former USSR and other
countries with nuclear weapons) or are able to operate
an enrichment facility. The dangers that this poses are
real and are prevented by political measures and appro-
priate monitoring (non-proliferation agreements). The
risks posed by the peaceful use of nuclear energy plants
with low-enriched uranium are comparatively low (fast
breeders would be somewhat more worrying in this re-
spect).

Effect of Radioactivity
We will limit ourselves here to a few summary state-
ments. For more details, see [2.28, 29]. Radioactivity

is caused by the decay of unstable isotopes [2.9, An-
nex B.3]. These mainly emit ˛-, ˇ- and � -radiation. The
half-life of the isotopes can vary widely. Examples are

131J �! 8 d ;
238Pu �! 88 a ;
226Ra �! 1620 a ;
239Pu �! 24 000 a ;
238U �! 4:5�109 a : (2.100)

The rays have different penetration power.

˛-Radiation. They do not penetrate deeply; a few cm
of air, clothing or a sheet of paper is enough to stop
them. If they encounter unclothed body parts, only the
skin is affected. However, with their relatively high en-
ergy, their biological effectiveness is about 20 times
stronger than that of the ˇ-rays. Their energy is usually
around 5MeV.

ˇ-Radiation. The energy of electrons is most fre-
quently 0:5MeV, but can also reach a maximum of
1:7MeV. To reduce their intensity to 37% (defines the
range or depth of penetration, exponential characteris-
tic), a few cm of water or a few mm of aluminum are
required. In body tissue the radiation penetrates about
2–10mm deep in the energy range mentioned [2.28].

�-Radiation. This high-energy electromagnetic ra-
diation (frequency range 3�1018�6�1021 Hz) has an
energy of 0:01�20MeV. Their range in cm (reduction
to 37%) is described in Table 2.4. It shows the danger
of � -radiation, that cannot be completely shielded even
by layers of lead several cm thick.

Activity. The activity of a radioactive substance is de-
fined as the number of decay processes per second.
Units are the becquerel (Bq) and the curie (Ci) (for-
merly)

1 Bq D 1 decay=s

1 Ci D 37�109 Bq �! 1 nCi D 37Bq (2.101)

1Ci corresponds to the activity of 1 g of radium.
Radioactivity is present everywhere in nature be-

cause of radioactive isotopes in the earth’s crust, but
also as a result of the radioactivity arriving from the

Table 2.4 Penetration of �-radiation (cm)

Water Aluminum Concrete Lead
0:1MeV 6.3 2.3 2.6 0.018
1MeV 14.3 6.2 6.8 1.36
10MeV 45.5 15.5 18.6 1.77

Water Aluminum Concrete Lead
0:1MeV 6.3 2.3 2.6 0.018
1MeV 14.3 6.2 6.8 1.36
10MeV 45.5 15.5 18.6 1.77
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cosmos. This is called natural radioactivity. All living
beings are radioactive; human beings have an average
radioactivity of 130Bq=kg through food intake, drink-
ing water and breathing air [2.28]. Building materials,
such as concrete, bricks and granite can have several
100Bq=kg. Wood, on the other hand, normally has
a very low level. The radioactive noble gas radon es-
caping from the earth’s interior gives air an activity of
approximately 14Bq=m3; in dwellings this value in-
creases on average to 50Bq=m3 because of radioactive
masonry.

Radiation Dose. The energy of terrestrial and cosmic
radiation can be measured. The radiation energy ab-
sorbed per unit of mass is called the absorbed dose D.
The unit is the gray (Gy) or (formerly) the rad (rad)

1Gy D 1
J

kg
.1Gy D 100 rad/ : (2.102)

Equivalent Dose. The biologically effective radiation
dose is called equivalent dose. It is the product of ab-
sorbed dose D and quality factor Q. The quality factor
Q indicates the biological effectiveness of the type of
radiation. It is Q D 1 for ˇ- and � -radiation,Q D 10 for
neutron radiation and Q D 20 for ˛-radiation. Neutron
and ˛-radiation have much more damaging effects on
cell tissue.

The equivalent dose unit is the sievert (Sv) or (for-
merly) röntgen equivalent mean (rem)

D .Gy/ �! DQ .Sv/ .1Sv D 100 rem/ : (2.103)

The biological effect consists of damage to molecules,
the fragments of which react chemically and biochemi-
cally differently and can impair the functionality of the
affected cell. Although living beings possess effective
repair mechanisms (since life originated in a radioac-
tive environment), these are not always sufficient, and
they can lead to genetic or somatic damage, the latter
immediately (early damage) or only after a long time
(long-term damage). Many insights have been gained in
this respect from the experience with the atomic bomb.

With single exposure, the threshold dose above
which immediate damage is to be expected in humans is
indicated as 200�300mSv. Embryonic damage can al-
ready occur after a single irradiation of 100�200mSv.
A dose of 3�5 Sv is lethal, with a 50% probability.

There is no threshold value for long-term damage,
but only the probability of contracting the disease in-
creases with the amount of radiation (e.g., risk of cancer
or genetic damage). It is important to note the cumula-
tive burden in mSv/a, that can be compared with the
natural background radiation. However, as explained

below, there is a large range of fluctuation in back-
ground (or natural) radiation.

Natural Radioactivity. This consists of cosmic radia-
tion and earth radiation. Cosmic radiation is constant
over time (except for large solar flares) and depends
strongly on altitude. The annual burden is

0m a.s.l.W 0:30mSv=a

400ma.s.l.W 0:36mSv=a

800ma.s.l.W 0:45mSv=a

2000m a.s.l.W 0:80mSv=a

4000�5000m a.s.l.W 2mSv=a

.Mont Blanc ! 0:00023mSv=h/ ;

8000�9000m a.s.l.W 15mSv=a

.Mount Everest ! 0:0017mSv=h/ ;

12 000m a.s.l.W 40mSv=a

.Aircraft ! 0:0045mSv=h/ : (2.104)

The Earth’s radiation varies from region to region de-
pending on geology and soil conditions. It is relatively
strong in granite rocks (the Alps of Europe) and weak
in sedimentary rocks (Jura, Swiss central plateau). In
Switzerland, it varies between 0.4 and 1:5mSv=a, on
average about 1:2mSv=a. There are regions in China,
Brazil and the Indian subcontinent where 20mSv=a and
much higher are common, with no significant variations
observed yet in cancer, malformations, fertility, etc.,
indicating the effectiveness of biological repair mech-
anisms. Examples of natural exposure in Switzerland
can be found in Table 2.5.

The exposure from food and housing must be added
to the natural one. In Germany, it is estimated to be about
twice as large as the natural one, that is about 0:8mSv=a,
resulting in a total exposure of 2:4mSv=a. In addition,
there is the radiation exposure due to medical care, that
is given as approximately 1:6mSv=a [2.28, 29]. The ac-
cident at Chernobyl in 1986 led to an additional expo-
sure of 0:04mSv=a in Germany in 1992.

For persons with occupational radiation risk, in
Switzerland an exposure limit of 10�50mSv=a is set,
or an accumulated level of 350mSv over one’s entire
occupational career.

Table 2.5 Examples of natural radioactive exposure in
Switzerland

City Cosmic
(mSv=a)

Terrestrial
(mSv=a)

Total
(mSv=a)

Biel 0.37 0.39 0.76
Zurich 0.36 0.83 1.19
Geneva 0.35 0.89 1.24
St. Moritz 0.74 1.1 1.84

City Cosmic
(mSv=a)

Terrestrial
(mSv=a)

Total
(mSv=a)

Biel 0.37 0.39 0.76
Zurich 0.36 0.83 1.19
Geneva 0.35 0.89 1.24
St. Moritz 0.74 1.1 1.84
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2.8 Wind Power

The potential of wind energy and the prerequisites for
its economic use have already been briefly discussed in
Sect. 1.2.3. This section deals in more detail with the
technical and economic aspects of wind-energy use.

2.8.1 The Kinetic Energy of Wind

An air mass m moving with speed v0 has the kinetic
energy

Ekin D 1

2
mv 2

0

�

kg
�m

s

	2 D J

�

: (2.105)

For a cross-section A through which there is an air mass
flow with density � and speed v0, the air mass m0 per
second is

m0 D A�v0

�

m2 kg

m3

m

s
D kg

s

�

; (2.106)

and the theoretical wind power is

P0 D 1

2
m0v 2

0 D 1

2
A�v 3

0 .W/ : (2.107)

Theoretical Wind Power
The theoretical wind power increases with the third
power of the wind speed and thus has a strong influence
on the economic efficiency.

Another important parameter is the air density. For
dry air at normal pressure (1013mbar) and 0 ıC this is
�D 1:292 kg=m3. Pressure and temperature influence
can be determined from the relationship

P

�
D RT �! �D P

RT
with R D 287:1

J

kgK
:

(2.108)

Table 2.6 Wind force and wind speed [2.30]

Wind force on
Beaufort scale

Wind velocity Effect of the wind
(m=s) (kn)

0 Calm 0:0�0:2 0�1 Smoke rises vertically
1 Light air 0:3�1:5 1�3 Smoke rises obliquely
2 Light breeze 1:6�3:3 4�7 Draught slightly perceptible
3 Gentle breeze 3:4�5:4 8�11 Leaf movement on trees
4 Moderate breeze 5:5�7:9 12�15 Small tree branches move
5 Fresh breeze 8:0�10:7 16�21 Tree branches move
6 Strong breeze 10:8�13:8 22�27 Large tree branches move; telegraph wires whistle
7 Near gale 13:9�17:1 28�33 Tree movement, wind resistance when walking
8 Gale 17:2�20:7 34�40 Tree twigs break; difficulty in walking
9 Strong gale 20:8�24:4 41�47 Roof tiles disturbed
10 Storm 24:5�28:4 48�55 Trees uprooted
11 Violent storm 28:5�32:6 56�63 Severe destructive effect
12 Hurricane 32:7�36:9 64�71 Walls collapse; general severe damage

Wind force on
Beaufort scale

Wind velocity Effect of the wind
(m=s) (kn)

0 Calm 0:0�0:2 0�1 Smoke rises vertically
1 Light air 0:3�1:5 1�3 Smoke rises obliquely
2 Light breeze 1:6�3:3 4�7 Draught slightly perceptible
3 Gentle breeze 3:4�5:4 8�11 Leaf movement on trees
4 Moderate breeze 5:5�7:9 12�15 Small tree branches move
5 Fresh breeze 8:0�10:7 16�21 Tree branches move
6 Strong breeze 10:8�13:8 22�27 Large tree branches move; telegraph wires whistle
7 Near gale 13:9�17:1 28�33 Tree movement, wind resistance when walking
8 Gale 17:2�20:7 34�40 Tree twigs break; difficulty in walking
9 Strong gale 20:8�24:4 41�47 Roof tiles disturbed
10 Storm 24:5�28:4 48�55 Trees uprooted
11 Violent storm 28:5�32:6 56�63 Severe destructive effect
12 Hurricane 32:7�36:9 64�71 Walls collapse; general severe damage

It should also be noted that the pressure changes with al-
titude according to the barometric formula (P0 at 20 ıC)

P D P0e� h�h0
aT with a D 29:27

m

K
: (2.109)

Wind Speed
The relationship between wind force and wind speed is
shown in Table 2.6.

Annual mean wind speeds above 5m=s usually oc-
cur only in coastal regions or on free-standing mountain
peaks. It should be noted, however, that the mean value,
because of v 3

0 (2.107) does not allow a direct statement
about the energy content. The wind speed also changes
with height, due to ground friction according to the for-
mula

v

v0
D
�

h

h0

�˛

;

where

(

˛ D 0:16 .sea/ ;

˛ D 0:17–0:2 .plain without obstacles/ :

(2.110)

With obstacles, ˛ can assume much higher values. An
uneven topography can also cause large local differ-
ences and alter the altitude profile of the wind. The
location of a wind turbine is therefore of great impor-
tance.

Example 2.7
Calculate the theoretical power per m2 of area for
v0 D 4m=s and 7m=s and the corresponding theoreti-
cal power with constant wind conditions:

a) For 0m a.s.l. at standard pressure and 20 ıC
b) At 2000m a.s.l. at the corresponding pressure and

10 ıC (in % of a))
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c) Assuming that the above speed values apply to
a height of 10m above the ground, how does the
power change in % if the wind turbine is installed
20m above the ground (ground without obstacles)?

a) � D 1:292
273

293

D 1:205
kg

m3

(

4 m
s W P0 D 1

2 1:205� 43 D 38:6 W
m2

7 m
s W P0 D 1

2 1:205� 73 D 207 W
m2

b) p D p0e
� 2000

29:27283 D p00:7855

�! �D 1:205
293

283
� 0:7855 D 1:205� 0:8133;

The power is reduced by almost 19%.

c)
�

v

v0

�3

D
�

20

10

�3.0:17:::0:2/

D 1:424 : : : 1:516

The power increases by 42�52%!

Energy Supply
In order to be able to evaluate the potential wind-
energy supply of a site, long-term measurements must
be available or measurements using anemometers must
be carried out over a lengthy period. The measurement
results can be displayed in the form of a duration curve
(Fig. 2.74). The duration curve indicates during how
many hours hi in the period under consideration a cer-
tain wind speed vi is reached or exceeded. From the
duration curve of the wind, the duration curve of the
theoretical power can be calculated with (2.105), and
from this, taking into account the operating limits and
the efficiency of the wind turbine, the effective available
energy can be determined.

Experience shows that working with 10min mean
values is a good basis for the design of the wind turbine.
To learn about the influence of the superimposed wind
turbulence see [2.31].

The Weibull Distribution
Analysis of wind statistics has shown that in very many
cases the wind distribution can be described with ade-

hi

vi

v (m/s)

hmax h (h)

Fig. 2.74 Wind
duration curve
(mean values of
10min)

quate approximation by the Weibull distribution. This
is defined by the following cumulative frequency (dura-
tion curve)

h

hmax
D S.v/D e�. v

c /
k

: (2.111)

The distribution is thus given by the two parameters
c (position parameter, proportional to the mean speed)
and k (scattering parameter).

The wind frequency is obtained by differentiation of
the cumulative frequency

f .v/D �dS.v/

dv
D k

c

�v

c

	k�1
e�. v

c /
k

(2.112)

and is generally represented by Fig. 2.75.
The following quantities can be determined from

position and scattering parameters

mean wind speed vm D c

�

1C 1

k

�

;

and energy factor KE D 
�

1C 3
k

�


�

1C 1
k

� ; (2.113)

where

 .x/D
1
Z

0

e�ttx�1dt (2.114)

represents the gamma function evaluated in [2.1, An-
nex E].

The energy factor KE is the ratio between the supply
of wind energy at variable wind speed and the supply at

0 0.5 1.0 1.5

k = 2.8
k = 2.4
k = 2.0
k = 1.4
k = 1.2

2.0 2.5

f (v)c

v/c

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

Fig. 2.75 Weibull wind frequency
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S(v) (%) ln (ln 1/S(v))
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4.6
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2.3
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ln v

1.0 1.53

0
36.8 0

70.0

Fig. 2.76 Wind measurements and their evaluation

constant mean wind speed. The theoretical wind energy
potential of a site is then

W0 D 8:76
1

2
�v 3

mKE

�

kWh

m2 a

�

: (2.115)

To calculate this potential, the parameters c and k are
first determined from the measured values. For this pur-

uu

v0
v0 v0

u

u ua) b) c)

d) e) f)

g) h) i)

k) l) m)

Fig. 2.77a–m Wind turbine types:
(a) La Cour wind turbine, (b) Ameri-
can wind turbine, (c) 2 � 5-blade rotor,
(d) three-blade rotor, (e) two-blade
rotor, (f) one-blade rotor, (g) three-
blade Darrieus, (h) �-Darrieus,
(i) H-Darrieus, (k) semi-shielded drag
rotor, (l) cup cross, (m) Savonius rotor
(dotted line: divided rotor); (a–f) hor-
izontal axis, using lift; (g–i) vertical
axis, using lift; (k–m) using drag

pose, (2.111) is written with double logarithms as

ln
�

ln
hmax

h

�

D ln
�

ln
1

S.v/

�

D k.ln v � ln c/

(2.116)

and the measured values lnŒln.1=S.v//� are plotted as
a function of ln v (Fig. 2.76). If the measured values in
the range S.v/D 1�70% lie on a straight line, the as-
sumption of aWeibull distribution is justified. The slope
of the straight line is k and c is the intersection with the
abscissa.

From c and k, with the help of the gamma func-
tion with (2.113), the mean wind speed and the energy
factor are obtained. The two values are listed in [2.1,
Annex E] as a function of k. The air density is derived
from pressure and temperature ((2.108) and (2.109))
and the wind-energy potential is finally derived from
(2.115).

2.8.2 Wind-Turbine Types
and Their Performance

Figure 2.77 shows the most important wind turbine
types. A distinction is made between wind turbines that
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Fr

Fw V
A

α

Fa
Fig. 2.78 Drag and
lift force

operate predominantly on the principle of resistance
(drag-type) and those based on the lift principle (lift-
type).

Every surface of area A exposed to the wind, expe-
riences a force Fw in the wind direction (Fig. 2.78) and
a force Fa perpendicular to it.

Fw D cw � 0:5�Av 2 ;

Fa D ca � 0:5�Av 2 : (2.117)

The drag and lift coefficients cw and ca depend on the
shape (profile) and position of the surface (angle ˛)
relative to the wind direction. They can be calculated
numerically or determined by tests, e.g., in a wind tun-
nel [2.31].

The resulting force on the surface is Fr.
If the surface moves with speed v e (Fig. 2.79), the

relative wind speed in (2.117) is w instead of the abso-
lute v

w D v �v e : (2.118)

If the resulting force Fr gives a positive component
Ft (driving force) in the direction of motion, the mo-
tion is increased (Fig. 2.79); in the opposite case it is
retarded.

This most important wind turbine types are dis-
cussed in the following sections. For more details
see [2.31, 32] and for the construction of wind turbines

Fr

Fw Ft

ve

–ve

v
A

w
w

Fa

Fig. 2.79 Forces on moving wind turbine

see [2.33].

Theoretical power of the wind turbineWPth D cpP0 ;

Effective powerWP D �tPth D �tcpP0 D c0
pP0 :

(2.119)

P0 is the theoretical wind power according to (2.107).
Added terms are:

cp ideal power coefficient of the turbine (al-
ways < 1)

�t efficiency of the turbine (relative to loss-free
operation)

cP 0 D �tcp effective coefficient of power.

cp determines the upper power limit, that cannot be
exceeded for physical reasons (even without friction
losses). It can be shown that cp (and therefore also cp0)
are dependent on the tip speed ratio � of the wind tur-
bine (Sect. 2.8.3)

�D u

v0
; (2.120)

where u represents the peripheral speed of the turbine
blade and v0 the absolute wind speed before the turbine.
Figure 2.80 shows the ideal power coefficients of some
wind turbines. For all wind turbines, cp has a maximum
for a certain (optimal) tip speed ratio �opt. For optimal
operation, the speed of the wind turbine would have
to be adapted to the wind speed. For reasons of cost,
this is often dispensed with, but in modern systems it is
increasingly done, thanks to cheaper power electronics
(see Sect. 2.8.3, Airfoil Theory).

Wind turbines are classified as slow-speed or high-
speed turbines according to the optimum tip speed ratio.
The last category includes Darrieus rotors and 1–3-
blade horizontal-axis rotors. In practice, horizontal-axis

0 1 2 3 4 5 6 7 8 9 10

cp

λ

Modern
2- or 3-blade
rotor

Vertical axis
rotor (Darrieus)

Dutch
windmill

Modern
multi blade
rotor

Savonius
rotor

Simple
multi blade
rotor

0.6

0.5

0.4

0.3

0.2

0.1

0

Fig. 2.80 Ideal power coefficient cp of various rotors as
a function of the tip speed ratio �
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rotors have become established and account for by far
the largest share of all wind turbines worldwide.

2.8.3 Horizontal-Axis Wind Turbines

Betz’s Law
With reference to Fig. 2.81, consider the wind mass m
passing through the wind-turbine section A. The wind
speed before the turbine is v0. The wind is slowed down
by the turbine, so that the wind speed after the turbine
is v1 < v0. In the turbine itself, the wind speed is v .

If ideal lossless conditions are assumed, the differ-
ence between the kinetic energies (W0 �W1) is fully
converted into mechanical energy and appears as the
theoretical power Pth on the turbine shaft

W0 �W1 D 1

2
mv 2

0 � 1

2
mv 2

1 D 1

2
m
�

v 2
0 � v 2

1

�

:

The mass flow per time unit through the turbine is m0 D
�Av . The theoretical power is therefore

Pth D 1

2
�Av

�

v 2
0 � v 2

1

�

: (2.121)

On the other hand, using the momentum equation, the
force follows as momentum change per s

F D m0 .v0 � v1/D �Av .v0 � v1/ :

The power from the wind is therefore

Pth D Fv D �Av 2 .v0 � v1/ : (2.122)

Comparison of (2.121) and (2.122) provides

v D v0 C v1
2

: (2.123)

From (2.122), the power is

Pth D 1

4
�A .v0 C v1/

�

v 2
0 � v 2

1

�

; (2.124)

and for the ideal power coefficient

cp D Pth

P0
D

1
4�A .v0 C v1/

�

v 2
0 � v 2

1

�

1
2�Av

3
0

D 1

2

�

1C v1
v0

��

1� v 2
1

v 2
0

�

: (2.125)

W0
W1

v0 v v1

R
u

A = �R2

Fig. 2.81 Horizontal axis wind turbine, Betz’s law

Replacing v1 by v (see (2.123)), then (Fig. 2.82)

cp D 4

�

v

v0

�2 �

1� v

v0

�

: (2.126)

The maximum value is cpmax D 16=27 D 0:593 and
is achieved for v=v0 D 2=3 or v1=v0 D 1=3. There is
a fixed relationship between the speed v and the rota-
tional speed of the turbine or the tip-speed ratio, that
depends on the blade solidity (completeness) and the
profile shape of the blade (see airfoil theory). The com-
pleteness increases with the number and width of the
blades. A distinction is made between two extreme ver-
sions:

1. Low speed rotors
(Example: American wind turbine, Fig. 2.77). Due
to the high blade solidity, the optimum speed v is
reached at low speeds (�opt small).

2. High speed rotors
(Example: two-blade rotor, Fig. 2.77). The blade so-
lidity is small, the optimum speed v requires high
rotational speed and precise design of the blades
(�opt large).

The power supplied by the turbine is calculated ac-
cording to (2.119)

P D �tcpP0 D c0
pP0 : (2.127)

The overall efficiency can reach for �opt a value c0
p D

0:45 (Fig. 2.84), that corresponds to a turbine efficiency
�t D 0:76.

Airfoil Theory
Consider the blade element dr (Fig. 2.83a), that is mov-
ing at the speed ur. With the wind speed v in the axial

0 0.2 0.4 0.6 0.8 1.0 1.2

cp

v/v0

0.6

0.5

0.4

0.3

0.2

0.1

0

Fig. 2.82 Curve of the ideal power coefficient of horizon-
tal-axis wind turbines
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Fig. 2.83a,b Speeds (a) and forces (b)
of a wing element

direction, the relative wind speed isw r (Fig. 2.83b).

w r D v �ur ; with ur D !r ;

wr D
q

v 2 C u2r D v

r

1C
�ur
v

	2
;

cosˇ D v

wr
D 1
q

1C � ur
v

�2
: (2.128)

The blade profile has an adjustable angle � relative to the
normal to the wind direction. This angle is often a func-
tion of r. The angle of attack ˛ is the angle between the
profile and the relative wind speed (Fig. 2.83b). Thus

˛ D 90ı � .� Cˇ/ : (2.129)

The forces acting on the wing element (Fig. 2.83b) are:

Fa Lift, perpendicular to w r

Fw Drag, direction w r

Fr Resultant force Fa CFw

Ft Driving force, direction ur
Fn Normal force, perpendicular to ur

For the area dA D srdr of the blade element, the fol-
lowing apply, according to (2.117)

dFw D cw � 0:5�srdrw
2
r

dFa D ca � 0:5�srdrw
2
r ; (2.130)

where ca and cw are profile-dependent, wind-tunnel
measurable and thus known functions of the angle of
attack ˛.

For tractive force and normal force, Fig. 2.83b
shows

dFt D dFa cosˇ� dFw sinˇ

dFn D dFa sinˇC dFw cosˇ

�! dFt D 1

2
�srdrw

2
r .ca cosˇ� cw sinˇ/ : (2.131)

The torque generated by the blade element dr is thus

dM D dFtr D 1

2
�srrdrw

2
r .ca cosˇ� cw sinˇ/ :

(2.132)

If z is the number of blades, the total torque is then

M D z

R
Z

Rmin

dM

D 1

2
�z

R
Z

Rmin

srrw
2
r .ca cosˇ� cw sinˇ/ dr :

(2.133)

Finally, the theoretical power is Pth D M!, from which
the ideal power coefficient can be calculated as a func-
tion of tip speed ratio and orientation angle. In particu-
lar, the optimum tip speed ratio �opt follows from this.
Figure 2.84 shows the typical curve for a high-speed
machine.

Exercise 2.1
a) A horizontal three-blade rotor (�opt � 8) should de-

liver an effective output of 15 kW at an optimal
wind speed of 6m=s. The efficiency of the turbine
�opt is 0.72. Estimate:� The radius of the blades (assumption �D

1:2 kg=m3)� The optimum rotation speed of the rotor� The specific power in relation to the wind tur-
bine area.

b) Repeat the calculation with v0 opt D 8m=s.
c) Same calculations for an American wind turbine of

the same power, if �opt D 0:5 and �opt � 1.

The solution can be found in [2.9, Annex F].
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Fig. 2.84 Power coefficient cp of
a high-speed turbine as a function of
tip speed ratio � and pitch angle �

2.8.4 Modern Horizontal-Axis
Wind Turbines

The vast majority of modern wind-power plants use
horizontal-axis, high-speed turbines with three rotor
blades. An even number of rotor blades have disadvan-
tages in terms of dynamic stability, and the (cheaper)
solution with a single rotor blade is also mechanically
unfavorable for reasons of dynamic balance.

The investment costs of large plants (output in the
MW class up to 5MW) today are about 860 C=kW. At
an average wind speed of 6m=s and a rated speed of
15m=s (corresponding to Pmax D rated power), the an-
nual usage time is 1767h=a from (2.107) and (2.115)
assuming an energy factor of 0.7 [2.9, Annex E] and
an average power coefficient of 0.45. With an 8% an-
nual return the energy costs are 3:9 ct=kWh. These costs
do not take into account the expenses for operating and
transporting the energy. Wind energy is a base-load en-
ergy like that of hydraulic run-of-river power plants, but
much more irregular; it must therefore be compensated
by other rapidly controllable energy supplied by hydro-
electric or gas turbine-power plants, or used or stored
locally.

A greater tower height allows a better energy yield
thanks to stronger wind, but increases the costs. The op-
timum height is usually about 1–1.5� the diameter of
the rotor.

Large wind farms, consisting of a large number of
wind turbines, are most common near the sea. The dis-
tances between the turbines in the wind direction must
be approximately 5�9 rotor diameters; 3�5 rotor di-
ameters across the wind direction are sufficient. For
details, see Wind Power [2.34] (http://www.windpower.
dk/en).

In the mountains, the requirements for measure-
ments and modeling in the planning phase are partic-
ularly high [2.35].

For the future, large offshore installations (in-
stallations anchored in the sea) are planned. This
avoids the often serious aesthetic problems associ-
ated with coastal locations; in addition, the energy
potential increases considerably. The problems as-
sociated with anchoring (floating systems) are cur-
rently being investigated. A coupling with tidal-power
plants is quite conceivable (https://en.wikipedia.org/
wiki/Marine_current_power; https://en.wikipedia.org/
wiki/Wind_power).

2.8.5 Other Types of Wind Turbines

We shall consider two types of vertical-axis wind tur-
bine. The first type, the Darrieus rotor, belongs to the
high-speed category and works on the lift principle; the
second, the Savonius rotor, is a low-speed rotor and
works on the drag principle (Figs. 2.77 and 2.80).

The Darrieus Rotor
This rotor was invented in the 1920s by the Frenchman
Georges Darrieus, but it was not used in practice un-
til around 1970. Since then, rotors up to approximately
one MW have been built. The rotor usually consists
of two or three blades attached at their ends to a co-
rotating vertical axis (Fig. 2.77g). If we rotate a rope
instead of the wings, it would take the shape of a tro-
poskein (skipping-rope curve). If the blade is given such
a shape, only tensile forces occur, which is mechani-
cally ideal. In practice, the troposkein is approximated
by an arc and a straight line. The airfoil profiles are
generally symmetrical. Compared to the horizontal-axis

http://www.windpower.dk/en
http://www.windpower.dk/en
https://en.wikipedia.org/wiki/Marine_current_power
https://en.wikipedia.org/wiki/Marine_current_power
https://en.wikipedia.org/wiki/Wind_power
https://en.wikipedia.org/wiki/Wind_power
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rotor, the Darrieus rotor has the following advantages
and disadvantages:

� Advantages
– The Darrieus Rotor is independent of wind di-

rection. This means that no mechanism for wind
tracking is necessary, no alignment units, such
as wind vanes, auxiliary rotors or servomotors,
are required.

– The power plant with gearbox, generator and
control unit is located on the ground. Therefore,
no complex tower constructions are necessary,
and maintenance is easier.� Disadvantages

– The torque pulsates because of the variable an-
gle of attack (resulting in mechanical problems).

– The lower height above the ground leads to
weaker wind in the lower parts of the rotor
blades, that has a negative effect on the power
coefficient.

– A starting aid is necessary (motor, Savonius) as
the angle of attack is not adjustable.

Rotor Geometry. The troposkein is approximated by
circle and straight line, with the data values R, R0 and
H (Fig. 2.85). From this the auxiliary variables are as
follows

x0 D R�R0 ;

�0 D  � �1 � �2 ;
r0 D x0 CR0 cos �0 ;

z0 D R0 sin �0 ; (2.134)

where

�1 D arctan

�

H

2 .R�R0/

�

;

�2 D arctan

s

�

H

2

�2

CR2 � 2RR0 :

If .r; z; #/ denote the general coordinates of a blade el-
ement; this results in the following equations for the
circle and the straight line (with z as a parameter):

Circle equations for �z0 < z < z0

� D arctan

 

z
q

R2
0 � z2

!

;

r D x0 CR0 cos � ;

sin ı D r� x0
R0

D cos � : (2.135)

H

δ �

δ

z

r

(r0, z0)

R

Y0

X0

R0

Y1

Y2

Y

(r, z,  )

Fig. 2.85 Geome-
try of the Darrieus
rotor

Straight line equations for z> z0 and z< �z0

m D H=2�R0 sin �0
x0 CR0 cos �0

;

r D H=2� jzj
m

;

sin ı D mp
1Cm2

(2.136)

(m being the slope).

Forces on the Wing Elements. For the elementary
wind tube (Fig. 2.86), the following applies

dA D rd# sin#dz : (2.137)

The wind meets the blade profiles at 1 and 2. The
mean the force at 1 results from the momentum equa-
tion (analogous to Sect. 2.8.3)

d2F1m D dm0 .v0 � v1/ (2.138)

Set according to (2.123), v1 D 2ve1 � v0, gives

d2F1m D dm02 .v0 � ve1/ ;

with dm0 D 2�rd# sin#dzve1 : (2.139)

This force acts on the rotating blade element only for
a short time (during the angle d#). Using dF1 as the



2.8 Wind Power 101
Section

2.8

�

�

d

r

z

dzz

v0

v2

v1

ve1

ve2

1

2

Fig. 2.86 Forces on
the Darrieus blade

force actually acting on the profile element, the rela-
tionship is

d2F1m D dF1
Nd#

2 
; (2.140)

where N is the number of blades.
From (2.139) and (2.140),

dF1 D 1

N
4 �r sin#dzve1 .v0 � ve1/ : (2.141)

The same consideration for position 2 leads to

dF2 D 1

N
4 �r jsin# j dzve2 .v0 � ve2/ ; (2.142)

where v2 D 2ve2 � v1.

Airfoil Theory. The blade element in position 1
(Fig. 2.86) should be examined more closely with re-
gard to resistance and lift force (Fig. 2.87). The vertical

Fa

Fn
Fw

w1

ve1u

A
z r

z

α

α

s

a) b)

r

Fn sin δ

Fn sin δFt

δδdz

Cut AB

B

�

Fig. 2.87a,b
Depiction of
the airfoil theory
of the Darrieus
rotor. (a) Airfoil of
the Darrieus rotor.
(b) Cut AB

element dz has the inclination ı to the horizontal and
has the surface area

dAp D sdz

sin ı
: (2.143)

The forces acting on the blade element (2.117) are

dFa D 1

2
ca�dApw

2
1 .lift/ ;

dFw D 1

2
cw�dApw

2
1 .drag/ ; (2.144)

where w1 represents the relative wind speed, the com-
ponents of which are against the direction of motion u
and normal to the blade and given by (Fig. 2.87)

w1 cos˛ D uC ve1 cos# ;

w1 sin˛ D ve1 sin# sin ı ; (2.145)

where ˛ is the angle that w1 makes with the direction of
motion.

The Savonius Rotor
The Savonius rotor will be considered more closely as
an example of a low-speed rotor that works predomi-
nantly according to the principle of drag. As Fig. 2.80
shows, power coefficients of 0:2�0:25 are achieved,
i.e., at best 25% of the maximum theoretical wind
power.

Structure. The vertical-axis Savonius rotor originally
consists of two semi-circular cylinders as shown in
Fig. 2.88a and is then a pure drag-type rotor. The split
Savonius rotor (Fig. 2.88b,c) achieves a better power
coefficient due to the contribution of the lift forces, that
are also effective.

Fig. 2.88d shows the airflow in the split rotor. Due
to the different resistance coefficients, F2 < F1 and set-
ting F D F1 �F2, the torque is M D F � a=2. Splitting
the rotor gives a higher value F than in the case of the
undivided rotor.
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r

Fig. 2.88a–d Savonius rotor (a) pure
drag turbine, (b) and (c) improved
variants with drag and lift (split
Savonius), (d) airflow path for rotor (c)

Power Output. The power can be expressed by

P D M! D M
2u

D
D M

2ve
a

D Fve : (2.146)

Using (2.117) and (2.118), the force is

Fth D c
1

2
�A .v0 � ve/

2 ; (2.147)

where A D DH, with H D effective height of the rotor.
In the case of the drag-type rotor (Fig. 2.88a), c D cw,
with cw D 2:3 for the concave and cw D 1:2 for the con-
vex side [2.30, 35], that results in a total of cw D 1:1.

For the theoretical power,

Pth D Fthve D c
1

2
�
1

2
�Ave .v0 � ve/

2 ; (2.148)

and, for the ideal coefficient of power

cp D Pth

P0
D c 1

2�A .v0 � ve/
2

1
2�Av0

D c
ve
v0

�

1� ve
v0

�2

: (2.149)

The speed ratio ve=v0 can be expressed as a function of
the tip speed ratio using the geometry factor ˇ

ˇ D D

a
D u

ve
; �! ve

v0
D u

v0

ve
u

D �

ˇ
: (2.150)

Thus it follows that (Fig. 2.89)

cp
c

D �

ˇ

�

1� �

ˇ

�2

: (2.151)

The optimal value is �D ˇ=3 with cp=c D 4=27 D
0:148. For the rotor in Fig. 2.88a, ˇ D 2 and therefore
�opt D 0:67. In rotors like that in Fig. 2.88c, it is more
likely that ˇ � 2:5 ! �opt � 0:83. The Savonius rotor
clearly belongs to the slow-speed category.

The effective power is

P D cp
c
c�tP0 �! Pmax � 0:15c�tP0 : (2.152)

With good design and build, c�t is approximately 1.5.

0 1.21.00.80.60.40.2

cp/c

λ /β

0.20
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0.10

0.05

0

Fig. 2.89 Ideal power coefficient of the Savonius rotor
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Torque. From the power,

M D P

!
D P

D

2u
D P

D

2�v0
D cp

c
c�t

D

�2v0
P0

�! M D
�

1� �

ˇ

�2

MA ; with MA D c�t
D

ˇ2v0
P0 ;

(2.153)

where MA is the starting torque (�D 0).
An advantage of drag-type rotors is that they have

a high starting torque and are therefore able to start up
and produce electricity even in weak winds.

Exercise 2.2
Configure a Savonius rotor for an output of 300W at the
optimum wind speed of 6m=s. Choose ˇ D 2:5, �D
1:2 kg=m3, c�t D 1:5.

a) Find the following:� The specific power per m2 at 6m=s� The diameter and height of the rotor� The rated rotation speed of the system.
b) From what wind speed v0min is power supplied?

What is the starting torque at v0min? Draw the power
as a function of wind speed v0 at rated rotation
speed.

A solution can be found in [2.9, Annex F].

2.8.6 Operation and Control, Design

Performance and Operating Modes
Fig. 2.90 shows the power actually produced by a given
wind turbine with area A as a function of wind speed:

Curve a: Theoretical wind power

P0 D 1

2
�Av 3

0 : (2.154)

Curve b: Wind-turbine power at maximum effi-
ciency

P D c0
0

pmax : (2.155)

Curve c: Effective wind-turbine power when oper-
ating at optimized rotation speed. At the minimumwind
speed v01, the power plant begins to supply energy.
Between v01 and v02, rotation speed control ensures op-
timum adaptation to the wind speed

!opt D �opt

R
v0 ; (2.156)

v01
v0 min

v02 v0 max λmax λλopt

Pmax

cpmax'

a b

c

d

v0 opt

a) P (kW) b) c'p

v0 (m/s)

Fig. 2.90 (a) Power of the wind power plant: a theoretical
wind power, b wind-turbine power at maximum efficiency,
c effective power at optimized speed, d effective power at
constant speed. (b) Effective power coefficient as a func-
tion of the tip speed ratio

that complies with (2.155). For v > v02 the maximum
allowable power Pmax is reached and power control re-
places the rotation speed control, so that P D Pmax. The
speed v02 is usually approximately 15m=s in modern
plants. If the maximum permissible wind speed v0max

is exceeded, the power plant is switched off (mechani-
cal safety).

Curve d: effective wind turbine power at constant
rotation speed operation. At the freely selected op-
timum wind speed v0 opt, the maximum efficiency is
achieved. The corresponding rotation speed is (R D ra-
dius of the wind turbine)

! D v0 opt�opt
R

�! n D 30
!

 
D 30

v0 opt�opt
 R

: (2.157)

For other wind speeds, the power decreases according
to c0

p.�/. The wind turbine delivers energy from v0min

according to the tip speed ratio �max.
For a given location with a given wind frequency

distribution, the annual energy produced reaches a value

n

v0 opt

Annual energy

Fig. 2.91 Optimum
wind speed or
rotation speed
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that depends on the choice of the optimal wind speed,
as illustrated in Fig. 2.91. For a certain value of v0opt,
this energy becomes maximum.Whether this value also
represents an economic optimum depends on the cost
figure as a function of the selected rotation speed (gear-
box investment and losses, rotor blade strength, etc.).

Power Regulation
A distinction is made between systems with stall con-
trol and systems with pitch control (blade angle con-
trol) [2.35, 36]. In horizontal-axis rotors, the power
factor at a given rotation speed depends not only on the
wind speed but also on the angle of attack of the profile
(blade angle), as illustrated in Fig. 2.84.

In stall-controlled systems, the blade angle is fixed
over the entire speed range up to v0max. The power limit-
ing is effected by the geometry of the rotor blade, that is
aerodynamically designed in such a way that, on reach-
ing the speed v02, turbulences arise, leading to a stall.
Thus a power curve is achieved approximately similar
to curve d in Fig. 2.90. Stall control avoids the relatively
complicated blade-angle control mechanism. Approx-
imately two-thirds of the installed systems have stall
control [2.35] (http://www.windpower.dk/en). The stall
control is called active if the rotor blades have several
fixed positions that are selected according to the wind
speed.

The blade angle control automatically searches for
the optimum angle of attack at a given wind speed, as
shown in Fig. 2.84. This enables the power coefficient
at the given speed to be maximized with the appropri-
ate outlay. When the maximum permissible power Pmax

is reached, the power is kept constant. The maximum
possible power coefficient corresponding to curve c in
Fig. 2.90 can only be obtained with variable rotation
speed.

Grid Operation
The electricity produced is fed into the power grid. The
simplest and cheapest scheme is shown in Fig. 2.92.
The wind turbine drives an asynchronous generator via
a gearbox. The power supplied to the grid is

Pe D �e�mP D �e�mc
0
pP0 : (2.158)
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Fig. 2.92 Simplest wind energy system (Gt: gearbox, G:
generator)
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Fig. 2.93 Wind energy system with optimized speed (Gt:
Gearbox, G: Generator, U: Converter, R: speed governor)

Asynchronous generators are inexpensive and ro-
bust, but they cannot deliver reactive power without the
use of capacitors. For higher powers, therefore, a syn-
chronous generator is preferred. In both cases

Generator speed ni D 60
f

p

.p D number of pole pairs/ ;

Gear ratio ü D n1
n

D 2 fR

pv0 opt�opt
(2.159)

and the delivered power corresponds essentially to
curve d in Fig. 2.90, the rotation speed being constant
(dictated by the grid frequency).

Power according to curve c in Fig. 2.90 is possible,
but requires the use of a frequency converter, e.g., as
shown in Fig. 2.93. By controlling the frequency con-
version, the rotation speed is kept optimal. The higher
energy yield must be earned through higher invest-
ments. It should also be noted that the energy gain
from the higher average efficiency of the wind turbine is
somewhat reduced by the losses in the converter (lower
electrical efficiency).

In addition to the solution shown in Fig. 2.93, solu-
tions with wound-rotor asynchronousmachines are also
available, in which the converter changes the frequency
of the rotor current. The converter power required for
this is considerably smaller [2.35, 37].

Island Operation
Normally, the consumer requires a constant frequency
and a constant voltage (exception: heating resistors).
The most suitable generator is then a synchronous
generator, that allows voltage regulation via the exci-
tation [2.3, Sect. 1.1]. An asynchronous generator with
regulated capacitor battery is also possible.

Since wind energy supply is very variable, stor-
age facilities and/or ballast resistors must be provided
for frequency control (Fig. 2.94). The rotation speed
changes according to

M �Mb D J
d!

dt
: (2.160)

http://www.windpower.dk/en
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Fig. 2.94 Wind energy system in island operation: Gt:
Gearbox, G: Generator, R: Regulator, S: Storage (flywheel,
pump storage, accumulator), B: Ballast resistor (sewage
treatment plant, storage heating)

The graph of the drive torqueM as a function of ro-
tation speed and wind speed is shown in Fig. 2.95 (ns D
synchronous rotation speed).

The load torque Mb must be adjusted accordingly.
Its value depends on the nature of the load and on

Mb

V03V02V01

ns n

M

Fig. 2.95 Torque characteristic of a wind turbine M D
f .n; v0/

the voltage–frequency characteristic. Operation with
optimized rotation speed is also possible with a con-
verter.

2.9 Photovoltaics

In this section, the basics of photovoltaics (photoelec-
tric effect) and solar cells (structure, types, character-
istics, efficiencies) are given. To use them optimally
requires knowledge of the radiation intensity and thus
the calculation of the apparent movement of the Sun
relative to the Earth.

2.9.1 Physical Basics, Photoelectric Effect

The behavior of semiconductors and insulators can be
well explained by the energy-bandmodel [2.38, 39]. For
the photoelectric effects, only the valence band with
upper energy level WV and the conduction band with
lower energy levelWL play a role (Fig. 2.96a). The two
bands are separated by a band gap�W D WL �WV that
is, e.g., 1:12 eV for silicon. The density of states Z.W/
of the electron energy W within the bands is described
by a parabola. According to Pauli’s exclusion princi-
ple, the probability of occurrence of an energy state
results from multiplication with Fermi–Dirac statistics
(Fig. 2.96b)

F.W/D 1

1C exp
�W�WF

kT

� ; (2.161)

where WF is the Fermi energy and k is the Boltzmann
constant

k D 8:62�10�5 eV

K
D 1:30805�10�23 J

K
: (2.162)

Integrating over the conduction band gives the elec-
tron density [2.38, 40]

n D
1
Z

WL

F.W/Z.W/dW � NL exp

�

�WL �WF

kT

�

with NL D 2

�

2 mnkT

h2

� 3
2

(2.163)

and

h D Planck’s constant D 6:6256�10�34 J s

m D electron mass D 0:9109�10�27 g : (2.164)
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Fig. 2.96a,b
Band model of
the semiconductor.
(a) Density of
possible energy
states within
the valence and
conduction band,
�W D band gap
(forbidden zone),
(b) Fermi–Dirac
statistics for the
probability of
occurrence of an
energy state
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Fig. 2.97 Influence of temperature on the Fermi–Dirac
distribution

The effective mass mn of the electron differs somewhat
from the rest mass due to the effect of the potential of
the solid-state lattice m [2.39]. While the band gap�W
is of the order of 1 eV for semiconductors, it is signif-
icantly larger for insulators. The Fermi level is located
in the middle of the forbidden zone.

For T D 0K, n D 0 according to (2.163), that is,
there are no electrons in the conduction band (sharp
Fermi level). The higher the temperature, the more
the Fermi level becomes blurred (Fig. 2.97). At room
temperature, a few electrons get into the conduction
band. At 20 ıC, for example, 4kT � 0:1 eV, and for sil-
icon with �W D 1:12 eV, (2.163) gives n D 5:7�109
electrons=cm3. At first sight this may seem a lot, but sil-
icon has a density of 2:33 g=cm3 and an atomic weight
of 28. Thus, the number of atoms per cm3 is (Avogadro)

6�1023 2:33
28

D 5�1022 atoms

cm3

�

atoms

mol

g=cm3

g=mol

�

:

Thus, only about one electron in 1013 silicon atoms is
in the conduction band. Accordingly, the intrinsic con-
ductivity of silicon at 20 ıC is very low.

Photoconductivity
When light falls on a thin semiconductor wafer of sur-
face area A and thickness d, the energy level of electrons
is raised by the absorption of photons (light quanta)
and, as long as the photons have an energy of hf >�W ,
electrons from the valence band are lifted into the con-
duction band. In direct semiconductors [2.40], such as
GaAs, layers of only a few�m are needed to completely
absorb the radiation. In indirect semiconductors, such
as crystalline silicon, on the other hand, several hundred
�m (200�m for 90% absorption) are required.

The electrons of the conduction band move freely
in the crystal and form the negatively charged electron

λ (μm)

Sλ (W/(m2 μm))

dλ

Sλ

Fig. 2.98 Spectral
intensity S� of solar
radiation

flow. This makes it possible to convert radiant en-
ergy into electrical energy (photoelectric effect). Gaps
(holes) remaining in the valence-band can also move by
the movement of neighboring electrons that forms the
positive current. The recombination of electrons with
holes, counteracts the proliferation of conduction band
electrons, so that an equilibrium state is established.
The number of electrons in the conduction band in-
creases according to the law

dn

dt
D �'q

1

Ad
� n

	
; (2.165)

where:

'q photon flux (photons=s)
� quantum efficiency
	 recombination time of electron–hole pairs.

The stationary solution of this differential equation is

n D �'q
	

Ad

�

electrons

m3

�

: (2.166)

From the spectral intensity S� of the radiation falling
perpendicular to the surface (Fig. 2.98), the photon flux
can be calculated

S�d�

�

W

m2

�

D d'q
A

hf

�

photons

m2 s

W s

photons

�

:

(2.167)

Since f D c=� (c D speed of light),

d'q D A

hc
S��d� : (2.168)

If photons of wavelength � have an efficiency ��, then

�'q D A

hc

1
Z

0

��S��d� : (2.169)

Inserting this into (2.166), leads to the intrinsic conduc-
tivity of the irradiated semiconductor.
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The p-n Junction
By implanting foreign atoms (doping), the conductivity
of the semiconductor can be influenced. This is known
as impurity conduction.

If the valence electron number of the foreign atoms
is greater than that of the semiconductor material (e.g.,
pentavalent P in tetravalent Si), the excess electrons in
the crystal can detach themselves from the impurity
and increase the conductivity of the semiconductor. The
foreign atoms in this case are called donors. The semi-
conductor doped in this way has n-conductivity, i.e., the
electrons are majority carriers, the holes minority carri-
ers.

Conversely, if the foreign atoms have fewer valence
electrons (e.g., trivalent boron), then we speak of accep-
tors and of p-conductivity, the number of holes being
increased. The holes are majority carriers and the elec-
trons minority carriers.

If a p-n junction is formed according to Fig. 2.99a,
then, as consequence of the different concentrations of
the charge carriers, there is a diffusion of the major-
ity carriers, i.e., of the electrons from n to p and of
the holes from p to n. In the boundary layer, the now
ionized donors and acceptors remain behind, forming
a potential barrier that stops the diffusion current. This
produces the diffusion voltageUD (Fig. 2.99c), with the

p n 

U

W

x 

φ

UDa)

b)

c)

Conduction band

Valence band

UD e

UD

δn

δp
WF

∆W

Fig. 2.99 (a) p-n junction, (b) energy-band scheme, (c) po-
tential curve

value (for further details see [2.30, 39, 40])

UD D kT

e
ln

nn
np
; (2.170)

where:

nn density of the n-majority carriers
np density of the p-minority carriers
e electron charge (1:6021�10�19 A s).

In terms of energy, the bands on the n-side are lowered
by eUD, as shown in (Fig. 2.99b), with

eUD D�W � ın � ıp ; (2.171)

where ın and ıp are the distances between the con-
duction and valence bands and the Fermi level. With
increased doping, these distances become smaller and
smaller, and in the case of high doping, we get

UD � �W

e
: (2.172)

The thickness of the space charge zone is [2.40]

x D
s

2"UD .nD C nA/

enDnA
; (2.173)

where nD and nA are the densities of donors and accep-
tors.

2.9.2 Photovoltaic Effect, Photocurrent

When an external voltage U is applied, a p-n junction
acts as a diode (Fig. 2.100a). The result is the charac-
teristic curve in Fig. 2.100b. For U < 0, the potential
barrier is increased and the diffusion is reversed. The
diode blocks the flow of current. The thermally gener-
ated electrons are sucked off and generate the saturation
current Is in the reverse direction [2.38]

Is / T3 exp
�

�UD

UT

�

: (2.174)

ForU > 0, the potential barrier is reduced, diffusion
is favored and the current flows, where

Id D Is

�

exp
�

U

UT

�

� 1
�

UT D kT

e
D thermodynamic voltage

D 25:7mV at 25 ıC : (2.175)
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Fig. 2.100 (a) p-n junction as diode,
(b) characterisic current–voltage curve

If the p-n junction is irradiated with photons with hf >
�W (Fig. 2.101), electrons jump from the valence band
into the conduction band. Since there is a potential gra-
dient in the space charge zone, the electrons migrate via
the external electrical connection to the positive pole
(n-region) and the holes to the negative pole (p-region).
This results in an opposite flow to the diffusion flow, the
photocurrent. However, only the electron–hole pairs di-
rectly formed in the boundary layer contribute to the
photocurrent, since the others recombine before they
can be separated by the potential gradient. The radia-
tionmust therefore be brought as close as possible to the
boundary layer (Fig. 2.101). For details on the structure
of the solar cell, see [2.39, 40].

The resulting photocurrent Iph is proportional to the
irradiance. From (2.175), the total current in the con-
ducting direction of the diode is

I� D Is

�

exp

�

U

UT

�

� 1

�

� Iph :

The diode characteristic decreases by Iph as illustrated
in Fig. 2.102. In the 4th quadrant, the arrangement
works as a generator (solar cell). The current generated
by the solar cell is I D �I�

I D Iph � Is

�

exp

�

U

UT

�

� 1

�

: (2.176)

Short-circuiting the solar cell (U D 0), gives, in the
ideal case

I D Ik D Iph : (2.177)

n
p

+

–

Iph
Fig. 2.101 Irradi-
ated solar cell

U

I

Id

Is

Iph

U0

Ik

Solar cell
characteristic

Diode
characteristic

Fig. 2.102 Formation of the solar-cell characteristic curve
by irradiation of the p-n junction

With no load (I D 0), (2.176) yields

U D U0 D UT ln

�

1C Iph
Is

�

: (2.178)

The short-circuit current is equal to the photocurrent
and thus proportional to the irradiance, while the open-
circuit voltage has a logarithmic curve as a function of
the irradiation (Fig. 2.103). Through UT (2.175) and Is
(2.174) the temperature has a big influence on the open-
circuit voltage in such a way that it decreases with in-
creasing temperature. Rising temperature thus reduces
the performance of the solar cell. The short-circuit cur-
rent, on the other hand, is only slightly influenced by
the temperature (Fig. 2.110).

Irradiation intensity

Ik

U0 Fig. 2.103
Dependence of
short-circuit current
and open-circuit
voltage of the solar
cell on irradiation
intensity
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Calculation of the Photocurrent
For spectral intensity S� as in Fig. 2.98 and according
to (2.168), the photon flux for wavelengths between �
and �C d� is

d'q D A

hc
S��d�

�

photons

s

�

: (2.179)

The number of electrons contributing to the pho-
tocurrent is smaller, because of the losses.

dn D ��d'q D A

hc
n�S��d�

�

electrons

s

�

: (2.180)

The efficiency �� takes into account that:

� Photons are lost through reflection, transmission
and thermalization.� Some of the generated electron–hole pairs recom-
bine before they are separated by the potential
gradient.

The photocurrent is then

dIph D edn D en�d'q D e

hc
A��S��d� .A/ ;

and the photocurrent density

dJph D e

hc
n�S��d�

�

A

m2

�

:

Integrating over the whole spectrum, the photocurrent
density is obtained as

Jph D e

hc

1
Z

0

��S��d�

�

A

m2

�

: (2.181)

The power density of the radiation is, on the other hand,

Ps D
1
Z

0

S�d�
�

W

m2

�

: (2.182)

The spectral response of the solar cell is defined as

"D Jph
Ps

D
R1
0 n�S��d�
R1
0 S�d�

�

A

W

�

: (2.183)

Overcoming the band gap �W is only possible for ra-
diation with

hf D h
c

�
>�W :

The radiation is therefore only effective if

h<
hc

�W
D �max; (2.184)

�max depends on the semiconductor material. For ex-
ample, for silicon, it is, e.g., �W D 1:12 eV, from
which �max D 1:11�m. For � > �max, �� D 0 because
the photons do not provide enough energy to overcome
the band gap. The corresponding energy is thermalized.
Therefore

1
Z

0

��S��d�D
�max
Z

0

��S��d� ;

and the spectral response can also be expressed as fol-
lows

"D e

hc

R �max
0 S�d�
R1
0 S�d�

R �max
0 �S�d�
R �max

0 S�d�

R �max
0 ��S��d�
R �max

0 �S�d�
;

(2.185)

or written in shorter form as

"D e

hc
�1�0�3 : (2.186)

Discussion of the individual factors: The first factor is
a constant

e

hc
D 0:807

A

W�m
: (2.187)

The efficiency parameter �1 takes into account losses
for � > �max (thermalization of the corresponding pho-
ton energy). It is a function of the solar spectrum
and the band gap of the semiconductor material. It in-
creases with decreasing band gap. The guideline value
for silicon is �1 � 0:75, i.e., around 25% of the solar
energy lies in the wavelength range above �max. With
monochromatic light of wavelength �max, it would be
�1 � 1.

The wavelength �0 is proportional to the ratio
between the number of photons in the range 0–
�max and the corresponding radiation energy ((2.181)
and (2.182)). For �D �max, the photon energy is just
enough to overcome the band gap and is fully trans-
ferred to the electrons. For � < �max, it is too large,
and the excess energy is thermalized. The correspond-
ing losses can be represented by the efficiency factor �2

�0 D �2�max ;

�!
�max
Z

0

�S�d�D �2�max

�max
Z

0

S�d� ;

thus; "D e

hc
�max�1�2�3 : (2.188)
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Fig. 2.104 Spectral radiation distri-
bution of sunlight. AM0: Radiation
characteristic outside the Earth’s
atmosphere; AM2: Radiation char-
acteristic with atmosphere (2�
atmosphere thickness at the equator,
with the sun at zenith and 0m alti-
tude); the calculations mostly refer to
AM1.5 (1.5� atmosphere thickness)
(adapted from [2.39])

If the solar cell were irradiated with monochromatic
light of wavelength �max, this would give �2 D 1. With
the solar spectrum AM1.5 (Fig. 2.104), the guide value
for monocrystalline silicon is �2 � 0:66. This means
that for silicon �1�2 � 0:49 so 51% of the solar energy
cannot be used because of the spectral composition of
sunlight. The product �s D �1�2 is therefore also called
the spectral efficiency of the solar cell.

The efficiency �3 is proportional to the ratio be-
tween useful electrons and photons in the range 0–�max

according to (2.179) and (2.180). It therefore takes into
account photon losses and recombination losses. This
efficiency depends on the state of solar cell technology.
For silicon solar cells with an overall efficiency of 15%,
it is likely to be �3 � 0:75. Theoretically, the limit is
one, so that a further increase can be expected if the
technology is improved.

With monochromatic light of wavelength �max and
�3 D 1, the theoretically maximum attainable spectral
response would be

"max D e

hc
�max D e

hfmin
D e

�W
: (2.189)

It is therefore inversely proportional to the band gap en-
ergy �W . For silicon, one obtains "max D 0:89A=W.
The equation can finally be written as

"D "max�1�2�3

�

A

W

�

: (2.190)

With the reference numbers mentioned, e.g., for crys-
talline silicon

"� 0:89� 0:75� 0:66� 0:75 D 0:33
A

W
: (2.191)

From the spectral response, the photocurrent density
and photocurrent of the solar cell are

Jph D "Ps

�

A

m2

�

Iph D "PsA .A/ ; (2.192)

where Ps is the radiation power (W=m2) and A is the
active semiconductor area (m2).

Since �3 can theoretically be increased to one, the
upper limit of the spectral response for silicon when
irradiated with the AM1.5 solar spectrum is "th �
0:44A=W.

Figure 2.105 shows the maximum possible current
density (�3 D 1) with an AM0 and AM1.5 spectrum and
Ps D 1000W=m2 as a function of the band-gap energy
of the semiconductors

Jmax D "thPs D "max�sPs : (2.193)

The spectral efficiency is derived from (2.193) as

�s D Jmax

"maxPs
D Jmax

Ps

�W

e
: (2.194)

It is shown in Fig. 2.106 as a function of band gap en-
ergy for irradiation of semiconductors with AM0 and
AM1.5 and 1000W=m2.

2.9.3 Solar Cell, Overall Efficiency

Characteristic Curve and Equivalent Circuit
The characteristic curve of the solar cell and how it
arises are shown in Fig. 2.102. Figure 2.107 shows
a typical real (measured) characteristic curve for a cer-
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Fig. 2.105 Maximum current density
as a function of the band gap
(�3 D 1) [2.41]
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Fig. 2.106 Spectral efficiency as
a function of band gap (adapted
from [2.41])

tain radiation intensity with the most important char-
acteristic values. The maximum power is reached at
point P. The solar cell should therefore be operated as
close as possible to this point (MPP) by adjusting the
load resistance.

The characteristic curve can be well described qual-
itatively with the equivalent circuit of Fig. 2.108, which
is analyzed in the following. More accurate models are
discussed in [2.9, Sect. 8.5.5].

The photocurrent is proportional to the irradiation
intensity, and is simulated by a current source. Accord-
ing to (2.176), the difference between the photocurrent
and diode current is theoretically the useful current of
the solar cell. The equivalent circuit also takes into ac-
count that leakage currents cannot be avoided (parallel

resistance Rp) and that ohmic losses occur at transition
points and in the contacts (series resistance Rs).

The size and effect of the two resistors on the char-
acteristic curve of the solar cell can be determined by
idealizing the diode characteristic curve with Ud0 and
Rd as in Fig. 2.109. It has proved useful to define the
diode resistance as the differential resistance at half the
photocurrent.

From (2.175), for Id 	 Is and with A D ideality fac-
tor (2.198)

Ud D AUT ln

�

Id
Is

�

Rd
�

Iph
�D

�

dUd

dId

�

Iph
2

D 2AUT

Iph
: (2.195)
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Fig. 2.107 Real characteristic curve of a solar cell (U0:
open-circuit voltage, Ik: short-circuit current, P: point of
maximum power (MPP maximum power point), Rp: paral-
lel resistance, Rs: series resistance, Rd: diode resistance)
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Fig. 2.108 Equivalent circuit diagram of the solar cell
(single-diode model)

The no-load range of the solar cell (diode conduct-
ing) can then be approximated by the straight line

U D U0 �
�

Rs C RpRd

Rp CRd

�

I

with U0 D Rp

Rp CRd

�

Ud0 CRdIph
�

: (2.196)

The corresponding resistance line is shown in
Fig. 2.107.

For the short-circuit range of the solar cell (diode
blocking), the idealized characteristic curve follows,
since Ud 
 Ud0 and Id D 0, giving

U D �

Rp CRs
�

.Ik � I/

with Ik D Rp

Rp CRs
Iph � Iph : (2.197)

The corresponding resistance line is also shown in
Fig. 2.107. The two resistance lines intersect at P0. The
values Rs and Rp can be calculated from the experimen-
tally determined characteristic curve.

Figure 2.110 shows the typical characteristic curves
of a silicon cell as functions of radiation intensity and

UdUd0

Id

Iph

Iph

2

1
Rd

Fig. 2.109 Diode characteristic curve and its idealization

temperature. Noteworthy for the control of the solar cell
is that the optimum voltage (MPP) weakly depends on
the irradiation and the optimal current weakly depends
on the temperature.

From the equivalent circuit in Fig. 2.108 it follows,
by also adding a parallel capacitance, a dynamically
satisfactory simulation circuit for the solar cell, that
is described by (2.198). The values Iph; Is and UT are
temperature-dependent, and also the temperature de-
pendency of Rs and Rp can be taken into account. The
diode characteristic curve is described more accurately
by introducing the ideality factor A (usually A D 1�1:5)

Iph D Id C Ic C Ip C I ;

Id D Is

�

exp
�

Ud

AUT

�

� 1
�

;

Ic D C
dUd

dt
;

Ud D RpIp ;

U D Ud CRsI : (2.198)

Open-Circuit Voltage
From (2.174), (2.116) and (2.122), for Iph 	 Is

U0 D UT ln

�

1C Iph
Is

�

� UT ln

�

Iph
Is

�

Is D Ks.T/ exp

�

�UD

UT

�

with UD D �W

e

�! U0 D
�

1� UTe

�W
ln

�

Ks.T/

Iph

��

�W

e

D �4
�W

e
D �4

"max
: (2.199)

Fig. 2.111 shows the open-circuit voltageU0 and the ef-
ficiency �4 (also called the voltage factor) as a function
of the band gap for 25 ıC and for an ideal solar cell.
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cell as a function of irradiation and
temperature (adapted from [2.36])
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Fig. 2.111 Open-circuit voltage U0

and efficiency �4 (voltage factor)
of an ideal solar cell as a function
of the band gap for 25 ıC (adapted
from [2.41])

The open-circuit voltage U0 can theoretically reach
at most the value of the diffusion voltage, that corre-
sponds to the band gap at a high doping level according
to (2.172). In reality, for a real cell or module, the
open-circuit voltage is slightly lower. The efficiency
�4 is strongly dependent on irradiation intensity and
temperature. With the assumptions (2.174) and (2.178)
for silicon (with "max � 0:89A=W), the dependency is
shown in Fig. 2.112. With an irradiation of 1000W=m2

and a temperature of 25 ıC, an efficiency of �4 D 0:54
was assumed (U0 D 0:6V, according to Fig. 2.110).

Concentrating the radiation by a factor of 100 (con-
centrator cells [2.40]) would increase the efficiency
by about 20% (relative), provided the cell temperature

remains the same. A temperature increase causes, as al-
ready mentioned, the open-circuit voltage to drop and
accordingly reduces the efficiency by approximately
0:3% (relative) per ıC.

Fill Factor
The fill factor F is the ratio between the product of volt-
age and current at the optimum point (MPP) and the
product of open circuit voltage and short-circuit current

F D UoptIopt
U0Ik

: (2.200)

If P is replaced by P0 (Fig. 2.107), from the theoreti-
cal characteristic curve and with the following generally
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various semiconductors (adapted
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good approximation for high irradiation levels,

Rs ;Rd � Rp ; R0 D U0

Ik
; (2.201)

the following can be written

F < Fth � 1� Rs CRd

R0
� R0 � 2 .Rs CRd/

Rp
: (2.202)

Finally, we introduce the partial efficiency

�5 D Rp

Rp CR5
F ; (2.203)

that takes into account leakage currents and ohmic
losses of the diode and contacts. For good silicon mod-
ules, the standard value of �5 D 0:75 can be expected.
It is theoretically possible to approach 1. Figure 2.113
shows the idealized fill factor F (with F < Fi) as a func-
tion of the bandgap of the semiconductor.

Overall Efficiency
The efficiency is defined as the ratio of power at the
optimal point P (MPP) and radiation power

�D UoptIopt
A
R1
0 S�d�

D UoptIopt
APs

: (2.204)
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Fig. 2.114 Theoretical maximum
efficiency of solar cells (adapted
from [2.41])

Introducing the fill factor (2.200) and considering
(2.197), as well as the photocurrent (2.192), gives

�D Rp

Rp CRs
FU0" : (2.205)

According to Sect. 2.9.2 and, in particular, (2.190), the
spectral response is

"D "max�1�2�3 :

If, in addition, the open-circuit voltage according to
(2.199) and the fill factor according to (2.203) are used,
the five-factor formula is obtained

�D �1�2�3�4�5 : (2.206)

With the indicated guide values for silicon modules at
1000W=m2 and 25 ıC, �� 0:75�0:66�0:75�0:55�
0:75 D 0:15, that corresponds approximately to the ef-
ficiency of today’s good commercial solar cells. With
the assumptions �3 D �5 D 1 the theoretical maximum
efficiency is

�th D �1�2�4 : (2.207)

Figure 2.114 shows this efficiency as a function of
the bandgap for different semiconductors for AM0
and AM1.5 solar spectrum. For crystalline silicon, the
theoretical maximum value is �th D 0:28. In the labo-
ratory, efficiencies up to approximately 21% or even
23�24% [2.40] have been achieved.

Possibilities for Improving Efficiency
An increase in efficiency is of great importance from an
economic point of view, as it reduces the required area
and thus considerably lowers the costs of the photo-
voltaic system. It can also be allowed to incur a further
cost (but not too much). The previously defined theoret-
ical maximum efficiency

�th D �1�2�4

cannot be exceeded and is scarcely achievable with af-
fordable costs. For crystalline silicon at 1000W=m2

and 25 ıC, it is approximately 0.28 as mentioned be-
fore. To approach this value, the efficiencies �3 and
�5 whose product today for commercial modules is
approximately 0.56, must be further improved. For
this, primarily the electrical losses from recombina-
tion and ohmic resistance (there is a good analysis
of this in [2.40]) have to be reduced as well as the
leakage losses. The efficiency �3 is also reduced by op-
tical losses (photon losses) in the range �D 0–�max.
Antireflection coatings and texturing of the surface
(pyramidalization of the silicon surface) reduce reflec-
tion and light scattering as much as possible (on the
textured surface), reflection on the rear of the solar cell
also improves absorption [2.40, 41].

There is the further question of the possibility of
increasing the low theoretical efficiency �th D �1�2�4
of approximately 28%.

Radiation Concentration. The efficiency �4 can be
improved by concentration of the radiation (Fig. 2.112).
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Theoretically, this efficiency increases logarithmically
with the radiant power, only to flatten out to one at
a very high concentration. With a hundredfold con-
centration, e.g., at 25 ıC, �4 increases from 0.54 to
approximately 0.65, but only the direct radiation can
be used (Sect. 1.2.3, Solar Radiation); this technology
therefore only makes sense for sites with a low diffuse-
light component. With lens and mirror concentrators,
concentration factors up to over 1000 can be achieved.

However, the improvement in the overall efficiency
of the solar cell is usually less than expected for the
following reason: as can also be seen from Fig. 2.112,
the improvement only occurs if the temperature remains
constant. Since the concentration of the energy causes
more heating, cooling would have to be provided, incur-
ring more costs. In this context, it should be noted that
the temperature increase negatively affects not only the
efficiency �4, but also �5 (the temperature dependency
of Rp).

This difficulty, as well as the additional costs as-
sociated with tracking and concentration, despite the
reduction of the active area, have led to the fact that the
coupling of focusing mirror devices with conventional
silicon cells has not yet been successful. One solu-
tion could be special concentrator cells implemented
as point contact cells [2.39, 42].

Improving the Use of the Solar Spectrum. The
product �1�2 is determined by the spectral distribu-
tion of the effective radiation and the semiconductor
material. With AM1.5 (1.5 atmosphere lengths, see
Fig. 2.104) it is approximately 0:75� 0:66 D 0:49 for
crystalline silicon. Other semiconductors are also no
better (Fig. 2.106). A significant improvement can only
be achieved with tandem or multiple cells. This means
the combination of various semiconductors, whereby
each semiconductor absorbs as far as possible that part
of the spectrum whose wavelengths are directly be-
low its own �max (for �D �max, �1�2 D 1). In practice,
there are difficulties with the choice of the circuit. The
simple series circuit is commonly used, but it has the
disadvantage that the worst solar cell determines the
current. With parallel connection, problems arise with
the contacts and the necessary transparent intermediate
layers. Either way, tandem cells require a more complex
technology, which implies a considerable additional
cost [2.40]. Accordingly, this technology, although
promising, has not yet been commercially successful,
except for aerospace cells, where it has achieved effi-
ciencies over 30% which are quite common. Tandem
cells are also used for thin-film cells (Sect. 2.9.3). More
information about tandem and triple cells can be found
in [2.41].

Solar-Cell Types
The most successful solar cell for power applications
to date is clearly the monocrystalline or polycrystalline
silicon cell. Virtually all photovoltaic systems today
are based on this technology, that is accordingly well-
developed, even if it is too expensive by a factor of
five for grid applications. The efficiencies of the com-
mercially available modules today are in the range of
12�18% (the laboratory record for a single solar cell
is 24:7%). A major handicap of this technology is that
more than 50% of the costs are accounted for by the
solar cell itself, not least because of the large amount
of material required (cell thickness of 200�m for 90%
absorption).

Thin-film Solar Cells. For this reason, on the one
hand, efforts are being made to reduce the cell thick-
ness of silicon cells to approximately 100�m (or less)
to minimize the cost of materials. On the other hand,
attempts are being made to bring actual thin-film solar
cells to commercial maturity. An initial area of research
is:

� Thin-film cells made of crystalline silicon whose
thickness is up to about 5�m (e.g., on glass)
and therefore they have considerable advantages in
terms of material use (and costs). To achieve the
necessary absorption of the radiation, the light is
reflected several times (optical confinement). For
details, see [2.40, 43].
It was mentioned in Sect. 2.9.1 that there are semi-
conductors with much greater absorptive power
than crystalline silicon. Research efforts have led to
the development of various types of solar cells. The
most important are:� Amorphous silicon solar cells With layers of <
1�m, it is possible to build solar cells that have be-
come widely used in the low-power range (pocket
calculators, watches, etc.). For higher powers, the
stabilized efficiency achieved is approximately 6%
for modules and max. 13% in the laboratory. Al-
though the initial efficiencies are higher, they are
reduced to the stated values due to light-induced
degradation.� Gallium arsenide (GaAs) solar cells. This crys-
talline material enables 90% absorption at 2�m.
The band gap of 1:42 eV is also very favorable. With
AM1.5, efficiencies of up to 24:5% are achieved
in the laboratory. The price (at present) and above
all environmental aspects (toxicity of Ga and As)
stand in the way of the spread of these cells. Cells
of GaAs are being developed for space applications
and as concentrator cells. With these cells, higher
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efficiencies can be achieved, particularly in the con-
figuration of tandem and multiple cells (see above).
However, such cells are very expensive.� Solar cells made of cadmium telluride CdTe. These
thin-film cells are very much under discussion today
(the laboratory record is 16:5%, modules probably
at 6% approximately). Problems are that cadmium
is toxic, and tellurium is not sufficiently available.
Minimal production costs.� Solar cells made of copper indium diselenide
CuInSe2. For this arrangement of polycrystalline
material, also known as CIS solar cells, a layer
of approximately 2�m is sufficient to absorb the
radiation. The slightly less favorable band gap of
1 eV can be increased to the optimum of 1:4 eV
by adding Ga to the In. In this way, efficiencies of
18:8% have been achieved in the laboratory. How-
ever, commercial modules have an efficiency of
approximately 9%. The development potential is as-
sessed as good. A disadvantage could be the limited
availability of indium.� Dye-sensitized cells (Grätzel cell). This is a cell that
uses organic dyes to convert light energy into elec-
trical energy. Among the organic cells, it provides
one of the best efficiencies, up to 12%. Significantly
higher efficiencies can be achieved according to
more recent research. Significant progress has also
been made in terms of service life, and mass pro-
duction is now within reach. Its flexibility makes it
particularly suitable for building integration.

Thin-film solar cells are particularly suitable for tan-
dem structures. In particular micromorph solar cells,
that combine microcrystalline and amorphous solar
cells, open up new perspectives here [2.44, 45]. Many
production facilities for micromorph modules are cur-
rently being planned; commercial module efficiencies
are slightly above 8% (with hopes for achieving 10%
soon). The manufacturing costs and the cost of mate-
rials are significantly lower than for classic crystalline
silicon cells.

2.9.4 The Sun as a Source of Energy

About five billion years ago, at a certain point of
the Milky Way, the fusion reactor called the Sun was
formed by local compression of the original gas mass of
the universe (consisting of about 75% H and 25% He),
that led to the critical temperature of about 12�106 K.
Possibly a supernova explosion was the cause of the
compression. Over the past five billion years, radiation
intensity has probably increased by about 25%. The Sun
will continue to burn hydrogen to helium in the same
way for another five billion years, and its radiation in-

tensity will continue to increase slightly. Then it will
enter into a kind of energy crisis and inflate into a red
giant, collapse later and continue to shine as a white
dwarf, finally burning out slowly and ending its star ca-
reer as an invisible sphere.

Today the Sun is a gas ball with the following di-
mensions

RadiusW 696 000 km .109�Earth/

VolumeW 1:412�1027 m3

�! SurfaceW 6:087�1018 m2

DensityW 1:41 t
m3

�

1

4
of Earth

�

MassW 2�1027 t �Earth: 6�1021 t� : (2.208)

The total radiation is 380�1012 TW; referred to the sur-
face, that has a temperature of 5900K; this is about
62TW=m2.

The radiated energy is 12�1033 J=a and the corre-
spondingmass loss according to the relation E D mc2 is
�m D 133�1012 t=a. Approx. 20�1015 t=a of hydrogen
is burned. In five billion years, it will be about 1026 t,
that is about 10�15% of the original amount.

Extraterrestrial Radiation Intensity
The Earth’s orbit around the sun is slightly elliptical.
The distance between the Earth and the Sun is

dmax D 152�106 kmW at the beginning of July ;
dmin D 147�106 kmW at the beginning of January ;
dm D 149:5�106 kmW at the beginning of

April/October : (2.209)

This can be used to calculate the average extraterres-
trial radiation intensity (outside the atmosphere, but
near the Earth)

D0 D 380�1014
4 d2m

D 1353
W

m2
D solar constant I

(2.210)

The minimal value at the beginning of July is
1310W=m2, while the maximal value at the beginning
of January is 1400W=m2.

The total radiant power on Earth can be calculated
from this, taking into account the Earth’s radius of ap-
proximately 6:38�106 m (incl. the atmosphere). The
average radiant power is

1353 .63:8�106/D 173�1015W D 173 000TW :

(2.211)

Between July and January, it changes from 167 000 to
179 000TW.
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Apparent Solar Motion Relative to the Earth
Figure 2.115 shows the Earth’s coordinate system (lon-
gitude and latitude) and the inclination of the Earth’s
axis of rotation at 23.45° from the perpendicular to the
orbital plane. Projection onto the celestial sphere, gives
the so-called celestial-equator system for the location
under consideration (Fig. 2.116). Because of the small
size of the Earth’s radius, location A is practically at
the center of the system. The direction of the celestial
axis is determined by the latitude of the location. At the
equator, the celestial axis is horizontal; at the poles it
corresponds to the nadir–zenith axis.

A

SP

NP

23.45°

Earth's axis

Local meridian

Orbital plane

Equator

Local latitude

Fig. 2.115 Coordinates of location A on the Earth (longi-
tude, latitude)

Zenith

Path of the sun
Declination δ

Hour angle ω

Meridian

N
A

NP

S
φ

SP

Sun

Nadir

Celestial axis

Celestial
equator

Fig. 2.116 Apparent motion of the Sun, for the latitude '
obtained by projecting the coordinates of the location onto
the celestial sphere. Position of the Sun is given by decli-
nation ı and hour angle ! (adapted from [2.46])

The Sun appears to describe a circular orbit around
the celestial axis. This orbit is shifted by the declination
ı (given as an angle) relative to the celestial equator.
The shift depends on the time of year because of the
inclination of the rotation axis of the Earth in the orbital
plane. It varies between �23:45ı and C23:45ı and is
zero at the spring and autumn equinoxes (Fig. 2.117).
The declination can be calculated using the following
formula (nd D daily index, starting on January 1)

ı D arcsin
�

0:398 sin
�

360ı nd � .79–79:75/
365:25

��

C 0:026 sin
�

360ı nd � 173

365:25

�

: (2.212)

The second term is a consequence of the elliptical orbit
of the earth and differs from zero only for 173< nd 

366. In the first term

nd � 79 for leap years,

nd � 79:25

nd � 79:50

nd � 79:75

9

>

=

>

;

for the next three years. (2.213)

The exact position of the Sun during the day is given
by the hour angle, measured from the celestial meridian
(relative to the South Pole). When the Sun is due south,
the true local time (solar time) TS D 12:00 h. The hour
angle (angle deviation from true south) is then

! D .TS� 12/� 15 : (2.214)

ZenithNP

N S

1

2

3

SU

SA

23.45°

23.45°

φ

SP

Sun 21.6.

Sun 21.12.

Nadir Celestial axis

Fig. 2.117 Path of the Sun at: 1 summer solstice, 2 spring
and autumn equinoxes, 3 winter solstice; SA: sunrise, SU:
sunset (adapted from [2.46])
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It should also be kept in mind that the effective local
time (zone time TL) is not the same as TS. The world is
divided into 15 zone times. In the general case

TS D TLC L� L0
15

CET (2.215)

where:

L longitude of the location (L > 0 �! longitude east)
L0 longitude of the normal-time location (where TS D

TL�ET)
ET correction term, (2.217).

For Western European or Greenwich Time (England,
Portugal), L0 D 0ı (Greenwich or zero meridian, Lon-
don).

For central European time (CET, valid for most Eu-
ropean countries) L0 D 15ı; for Eastern European Time
or Moscow Time L0 D 30ı etc. For Switzerland and
most European countries the following therefore ap-
plies

WinterW TS D CETC L� 15

15
CET ;

SummerW TS D SUT� 1C L� 15

15
CET ;

(2.216)

where summer time SUT D CET� 1.
The term ET is a consequence of the elliptical orbit

of the Earth, whose solar orbital velocity is not constant
according to Kepler’s laws. With sufficient accuracy for
solar applications (but not for nautical applications),
one can write

ET .h/D
3
X

kD1

ak cos.kN/C bk sin.kN/ ; (2.217)

with N D 360
365:25nd (nd D current day number),

a1 D 0:072 ; a2 D �0:0528 ; a3 D �0:0012 ;

b1 D �0:1229 ; b2 D �0:1565 ; b3 D �0:0041 :

The behavior of the correction term ET in minutes
over the year is shown in Fig. 2.118.

Calculation of the Position of the Sun
The position of the Sun is defined by the elevation an-
gle h (above the horizon) or the zenith angle z D 90ı �h
and the azimuth a (deviation from south).

With the help of theorems of spherical trigonome-
try (sine and cosine theorem), for the spherical triangle

0 50 100 150 200 250 300 350 400

ET (min)

t (d)

20

10

0

–10

–20

Fig. 2.118 Correction term ET

north-pole–zenith–solar position (' > 0 for the north-
ern hemisphere)

sin h D cos z

D sin' sin ıC cos' cos ı cos! ; (2.218)

sin a D cos ı sin!

cosh
;

cos a D sin' sin h� sin ı

cos h cos'
: (2.219)

Both equations (2.219) must be obeyed because of the
ambiguity. For the theoretical sunrise or sunset (with
a flat horizon)

h D 0 �! sin ' sin ı D � cos' cos ı cos! ;

cos!0 D � tan ' tan ı ;

cos a0 D � sin ı

cos'
: (2.220)

Calculation of Radiation Intensity
The extraterrestrial radiation intensityD0 varies accord-
ing to (2.210) by a good 3% around the mean value and
can be expressed as a function of the declination. If D1

is the effective incoming radiation, the radiation inten-
sity on a horizontal surface is

D D D1 sin h (2.221)

as shown in Fig. 2.119.
For an inclined surface, with inclination relative to

the horizontal given by the angle  and with orienta-
tion given by the azimuth a (Fig. 2.120), the plan view
in Fig. 2.121a is considered with the vertical sections in

D1

h
Fig. 2.119 Radia-
tion on a horizontal
surface
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Horizontal surfaceN

x
x'

ai

Ψ O

S

Fig. 2.120 Inclined surface in any direction

Fig. 2.121b,c. The vertical radiation component D act-
ing on the surface results is then

D D x1 C x2
with y1 D D1 sin h tan ;

y2 D D1 cos h cos .a� a1/� y1 ;

x1 D D1 sin h

cos 
; x2 D y2 sin : (2.222)

From (2.222), with substitutions and rearrangements

D D D1 Œsin h cos C cos h sin cos .a� ai/� :

(2.223)

The special case of (2.221) follows for  D 0. If the
surface is traced around a vertical axis of the Sun, so
that a D ai, this gives D D D1 sin.hC /. Finally, if the
surface is also rotated about a horizontal axis corre-
sponding to the position of the Sun, so that D 90ı�h,
D D D1 results.

Beam direction

a) Plan view

b) Vertical section AA' c) Vertical section BB'

x

x'

A'

A

B

C
D1 cos h cos (a – ai) O

a

h

ai

x1

y1 y2

x2

Ψ

S

S

S'

S

S'
A A' B B'

D1

O C

S'

B'

Fig. 2.121a–c Plan view (a) and
vertical sections (b,c) for Fig. 2.120;
calculation of the vertical component
of D1

Radiant Energy per Day
The radiation density D1 is not constant during the day
because of the effect of the atmosphere and the weather,
and the effective daily radiation energy is therefore not
readily accessible for calculation and can only be ob-
tained empirically and statistically. As the highest guide
value, with D1 D D0, the extraterrestrial daily sum (ir-
radiation without atmosphere) can be given as:

Horizontal Surface.

Wd D
SU
Z

SA

Ddt D D0

SU
Z

SA

sin h dt : (2.224)

If the time is replaced by the hour angle according to
(2.214),

dt D d!
24

2 
; (2.225)

where the integration limits for a flat horizon can be re-
placed by ˙!0 according to (2.220), and using (2.218),

Wd D D0

!0
Z

�!0
.sin' sin ıC cos' cos ı cos!/

24

2 
d! :

For the location and day in question, ' and ı are con-
stant, and finally

Wd D 24

 
D0 .sin' sin ı !0 C cos' cos ı sin!0/

�

kWh

m2 d

�

: (2.226)
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Fig. 2.122 Annual variation of the daily energy on a hori-
zontal surface for different latitudes (extraterrestrial irradi-
ation D0.ı/D 1:353 kW=m2)
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Fig. 2.123 Annual energy on a horizontal surface without
atmosphere as a function of the latitude of the site

Figure 2.122 shows the annual variation of the daily
energy for various latitudes and assuming D0.ı/D
const D 1:353 kW=m2. The integral over the year as
a function of latitude gives Fig. 2.123.

Inclined Surface. If the surface is oriented to the south
(northern hemisphere) with slope  (Fig. 2.120), then
ai D 0, and it is sufficient in (2.226) to replace ' by
.'� /. As a rule, an orientation other than to the south
supplies less daily energy. However, there are also cases
where this does not apply and another orientationmakes
sense: the effect of mountain profiles (!0 then does not
result from (2.218) for h D 0, but from hmin, depending
on the mountain profile), regular morning mist, clouds
in the afternoon, reflection effects (snow, glaciers, wa-
ter), diffuse light, etc.

0 10 20 30 40 50 60 70 80 90

Ψopt

Latitude (°)

100

80
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40

20

0

–20

–40
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Year

Summer

Fig. 2.124 Optimal slope  opt as a function of the latitude
of the location, without atmosphere (during the year, sum-
mer or winter with unchanged slope)

Integration of (2.226) gives the general result

Wd D 24

 
D0 Œ.cos sin ' � sin cos'/ sin ı!0

C .cos cos'C sin sin '/ cos ı sin!0� :

(2.227)

If the slope and orientation of the surface are not
changed over a certain period of time (month, season,
year), the summation

W D
X

nd

Wd .ı .nd// ; (2.228)

gives an expression of the form

W D A cos CB sin ;

with

8

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

A D 24
 
D0

� �sin 'Pnd
sin ı!0 C cos'

P

nd
cos ı sin!0

�

B D 24
 
D0

� �� cos'
P

nd
sin ı!0 C sin'

P

nd
cos ı sin!0

�

� cos ai :

(2.229)

The energy of the period is maximized for dW=d D 0,
from which the optimal inclination is

tan opt D B

A
(2.230)

that is shown in Fig. 2.124 as a function of the latitude
of the location with orientation to the south (north-
ern hemisphere). It increases up to the Arctic Circle,
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Fig. 2.125 Separation of incident solar radiation by reflec-
tion, scattering and absorption, and also heat radiation
(numbers correspond to the world average)

then decreases again. With an atmosphere, the opti-
mum slope is somewhat smaller because the horizontal
position gives the best result for the diffuse-light com-
ponent.
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Fig. 2.126 Daily
and seasonal
distribution of direct
solar radiation on
normal surface
for the Swiss
Midlands at 400m
above sea level,
with a clear sky,
1 kcal=.hm2/D
1:163W=m2

(Meteo Schweiz,
Zurich)

Effect of the Atmosphere
If the previous calculations are applied to geostationary
satellites, they deliver exact results (the elevation angle
at SA and SU is not zero, but slightly negative and de-
pends on the satellite altitude).

For installations on Earth, the effect of the atmo-
sphere must be taken into account, that can only be
determined empirically. The atmosphere causes reflec-
tion, scattering and absorption of solar radiation. Above
all, absorption at 20�30 km altitude by ozone and in
the lower layers by H2O and CO2 causes not only a de-
crease of the radiation intensity, but also a change of the
spectrum (see also Fig. 2.104). The distribution of solar
radiation in the atmosphere can be explained in more
detail using the diagram in Fig. 2.125.

The incoming short-wave radiation S0 is partly ab-
sorbed by the atmosphere and converted into long-wave
heat radiation. A further part is reflected or scattered di-
rectly into space by air and clouds. What remains meets
the earth as direct radiation S. The scattered radiation
also reaches the earth as sky radiation H. The diffuse ra-
diation measured on the ground can also contain some
of the reflective radiation from the environment, in addi-
tion to the sky radiation. The sum of direct radiation and
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Fig. 2.127 Seasonal variation of direct radiation for var-
ious hours of the day at 2000m a.s.l., with clear sky,
1 kcal=.hm2/D 1:163W=m2 (courtesy Battelle Institute)
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Fig. 2.128 Annual
energy yield in
kWh=kWp with
optimum alignment
of the PV system.
(Photovoltaic
geographical
information system
(PVGIS) European
Communities)

sky radiation (or diffuse radiation) is called the global
radiation G.

After subtracting the radiation R reflected from the
Earth, the rest is the radiation absorbed by the Earth,
which is converted into heat. Since the Earth is in ther-
mal equilibrium, this heat must be emitted again, about
2=3 by convection and evaporation and 1=3 by thermal
radiation (E�A) into the atmosphere. The atmosphere
as a whole radiates approximately 71% of the solar ra-
diation as heat into space.

Radiation Intensity with the Atmosphere
The radiation intensity can be measured by measuring
global radiation and direct radiation [2.30]. For Switzer-
land, measurements of direct radiation are available
for a clear sky and different altitudes (Figs. 2.126 and
2.127) and of global radiation for individual stations.

At maximum radiation intensity (TS D 12W00, Sect.
2.9.4), the indicative values in Table 2.7 (on a surface
area normal to the radiation) apply to direct radiation.
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The maximum global radiation in the Swiss Mid-
lands has a typical value of 1000W=m2 under a cloud-
less sky, of which about 10% is diffuse under a clear
blue sky. On a hazy summer afternoon, the diffuse
component is up to 50%. On a cloudy winter day, the
global radiation can only be 50�100W=m2 (100% dif-
fuse).

Figure 2.128 gives an estimate of the possible en-
ergy yield in kWh=kWp in Europe with photovoltaic
(PV) systems, with optimal orientation of the solar gen-
erators.

Table 2.7 Direct radiation in Switzerland (around 12:00
LT, in W=m2) as a function of altitude (in m) for differ-
ent times of year

Altitude End of March/
start of April

June December

Extraterrestrial 1350 1320 1390
4000 1158 1139 1086
3000 1115 1086 1037
2500 1086 1051 1001
2000 1047 1012 954
1500 1000 870 900
400 870 830 770

Altitude End of March/
start of April

June December

Extraterrestrial 1350 1320 1390
4000 1158 1139 1086
3000 1115 1086 1037
2500 1086 1051 1001
2000 1047 1012 954
1500 1000 870 900
400 870 830 770

2.10 Fuel Cells

Fuel cells can be used to directly convert hydrogen as
well as natural gas or biogas, and other hydrocarbons
(e.g., petrol, methanol) electrochemically into electri-
cal energy. Compared to thermal machines, which make
a detour via mechanical energy, this results in higher
efficiencies and this is without rotating parts and the as-
sociated noise emissions. Efficiencies of 50�60% can
be achieved, even for small outputs, that is only possible
with conventional technology with combined systems
in the 10�100MW range. The environmental impact
of using natural gas is lower than with conventional
thermal power plants due to the higher efficiency and
different combustion methods (no soot, no nitrogen ox-
ides, no unburned hydrocarbons). CO2 emissions can be
further reduced by increasing the hydrogen content.

The technology is evolving but it has not yet reached
the economic viability threshold except in special appli-
cations, such as spaceships or submarines. However, it
is predictable that in the course of the next decades it
will open up a wide range of applications for mobile
and stationary applications.

2.10.1 Structure and Fuel Cell Types

Figure 2.129 shows the basic structure of a fuel cell.
It consists of an anode, cathode, and electrolyte, like

ConsumerU

I

Air

Ion Electrolyte

K

A

Exhaust

–

+

Fuel

Fig. 2.129 Structure of a fuel cell

a battery. Fuel gas (H2, CO, CH4) flows through or
around the anode and air through or around the cath-
ode. The electrolyte is gas-tight and therefore does not
allow a direct contact between fuel and oxygen. Ions
transport the electrons from cathode K to anode A,
the type of ion being dependent on the electrolyte
used.

Five fuel cell families are known and under devel-
opment. They differ primarily in the electrolyte used.
Sorted in descending order of cell temperature, these
are the following:

1. SOFC: solid oxide fuel cell, � 800 ıC: A ceramic
layer of zirconium oxide is used as the electrolyte.
The atmospheric oxygen is ionized on the cathode
side to O2� by taking up two electrons. It can thus
penetrate the electrolyte as an ion, is neutralized
again on the anode side by electron release and ini-
tiates the oxidation reaction. The cell can also be
operated directly with natural gas, propane or bio-
gas.

2. MCFC: molten carbonate fuel cell, 650 ıC:
A molten carbonate (mostly lithium and potassium
carbonate) is used as the electrolyte. The carbonate
ion serves as the ion. The air is enriched with CO2

to form new carbonate ions. On the anode side it
dissociates into CO2 and oxygen, that oxidizes the
fuel. Hydrogen and CO can be used as fuels.

3. PAFC: phosphoric acid fuel cell, 200 ıC: Diluted
phosphoric acid is used as the electrolyte. The fuel
is hydrogen, that gives off its electron on the an-
ode side and crosses the electrolyte as an hydrogen
ion HC. It takes up an electron again on the cathode
side and is oxidized by atmospheric oxygen. The air
must contain little or no CO.

4. PEFC: polymer electrolyte fuel cell, 80 ıC: The
electrolyte is a plastic film that behaves like an acid.
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Fig. 2.130 Processing of natural gas for the five fuel cell types (adapted from [2.47])

Also in PEFCs, the hydrogen ion HC (processes as
in PAFC) serves as the ion.

5. AFC: alkaline fuel cell, 70 ıC: Diluted potas-
sium hydroxide solution is used as the electrolyte.
The hydroxyl ions OH� formed from the reaction
H2OCO D 2OH take over the electron transport.
The oxidation reaction takes place on the anode
side with pure hydrogen. The air must not con-
tain CO2.

All five types of fuel cell can operate with natural gas,
and all fuel cell types except SOFC and MCFC must
first convert natural gas into hydrogen or hydrogen C
CO. This conversion is very costly (also in terms of
space requirements, up to 60% of the construction vol-
ume). Figure 2.130 provides an overview.

Today, the AFC families are expected to have only
limited future prospects [2.47]. The PEFC is of interest
for mobile applications and is being further developed
primarily by the automotive industry. In addition to the
five families mentioned, the direct methanol fuel cell
DMFC should also be mentioned. It can be operated
directly (without reformer) with methanol (working
temperature similar to PEFC). Its prospects are still not
clear.

PAFC, MCFC and SOFC are predestined for sta-
tionary energy applications. The phosphoric acid fuel
cell is the most highly developed and already commer-
cially available. It is economically viable for certain
applications. The ceramic fuel cell is still under devel-
opment, but has great potential. Section 2.10.3 shows
these two fuel cells in more detail.

2.10.2 Principles and Modeling

Electrochemical Fundamentals
The most important chemical reactions for energy con-
version are the following

H2 C 0:5O2 $ H2O

COC 0:5O2 $ CO2

CH4 C 2O2 $ CO2 C 2H2O: (2.231)

The associated specific enthalpy change �h is
120MJ=kg at normal pressure for H2, 10MJ=kg
for CO and 50MJ=kg for CH4. The temperature has only
a minor effect on these values (slight increase for H2, for
more details see [2.48]), standard enthalpy change). At
a mass flow ofm (kg=s), the available chemical power is

Pch D m�h

�

kg

s

J

kg
D W

�

: (2.232)

From the enthalpy �h only the free enthalpy �hf
(Gibbs potential) can be converted into electrical en-
ergy [2.49, 50]. This is defined by

�hf D�h�T�s .Ws=kg/ ; (2.233)

where �s denotes the specific entropy change [2.9,
Annex A.1]. The corresponding maximum electrical
energy is we0 D �e�hf, where

we0 D QE D n
F

M
E

�

As

kg
V

�

;

Pe0 D mwe0 D nm
F

M
E D IE .W/ ; (2.234)
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Fig. 2.131 Free enthalpy �hf as a function of temperature

where:

F Faraday’s constant (9:6485�104 A s=mol
M molar mass (kg=kmol)
n number of exchanged electrons (valence)
E EMF (open circuit voltage, V)
m mass flow (kg=s).

The efficiency �e takes into account that, especially at
low temperatures, the reaction induced by the catalytic
converter proceeds through several steps, of which only
the first contributes to voltage formation. The open-
circuit voltage therefore does not correspond to the
Gibbs potential (at low temperatures, e.g., PEFC cell,
�e � 0:8).

Pe0 D EI represents the internal electrical power of
the cell. The free enthalpy for the three most impor-
tant reactions (2.231) is shown in Fig. 2.131 (calculated
from [2.48]). The EMF E can be determined from
(2.234)

E D we0M

n F
(2.235)

with n D 2 for H2 and CO and n D 8 for CH4. Then, for
the methane reaction, for example, at 25 ıC, E D 1:06�e
(V), for the H2 reaction E D 1:23�e (V). By connecting
fuel cells in series to form a fuel cell stack, the open-
circuit voltage required for practical applications can be
achieved.

The voltageU effectively available at the electrodes
is lower than the EMF when the cell is loaded due to
the internal voltage drop. As a result, the effectively ob-
tained electrical power is further reduced

Pe D Pe0
U

E
D Pch ;

�e
�hf
�h

U

E
D Pch�e�0�u ; (2.236)
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Fig. 2.132 Theoretical efficiency �0 as a function of tem-
perature

where �0 denotes the theoretical no-load efficiency, and
�u is the voltage efficiency. Figure 2.132 shows the
theoretical no-load efficiency as a function of the cell
temperature for the three reactions of (2.231) [2.48].
The good efficiency of the methane reaction is strik-
ing. Finally, if we take into account that the fuel is not
used 100%, i.e., that the effectively converted chemical
power Pch D ufPb is smaller than the delivered chemi-
cal gross power Pb, where uf is the fuel utilization factor
< 1, we have

Pe D �e�0�uufPb D �Pb : (2.237)

Linear Model
If we assume as a first approximation that the internal
resistance of the cell is independent of the current, the
following applies

�u D E�RI

E
D 1� RI

E
: (2.238)

If the current is replaced by the power, the voltage effi-
ciency follows from (2.234), (2.235), and (2.236) and,

�u D 1� R�e�0ufPb

E2
D 1� Pe0

Pk
D 1�P0

with Pe0 D �e�0ufPb ; Pk D E2

R
D EIk ; (2.239)

where p0 is the internal electrical power related to the
short-circuit power. The short-circuit power Pk was de-
fined as the product of the short-circuit current and
open-circuit voltage, as is usual in power supply tech-
nology. If all powers are related to the short-circuit
power, the overall efficiency � of the fuel cell stack and
the electrical output power p then

�D �e�0uf .1� p0/ ;

p D Pe

Pk
D P0 .1� p0/ : (2.240)
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Figure 2.133 shows these two quantities as a func-
tion of the internal electrical power p0. The maximum
output power is obtained when Pe0 D 0:5Pk and Pe D
0:5Pe0 D 0:25Pk. At this maximumpower, however, the
efficiency of the fuel cell stack is only �D 0:5�e�0uf.
The economic optimization of the system usually leads
to a design point corresponding to a power Pe0 < 0:5Pk,
and the stack efficiency will be 50% or more.

For smaller loads, the efficiency of the fuel cell
theoretically increases, i.e., the fuel cell has a gener-
ally good part-load behavior. If the load becomes too
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Fig. 2.134 Basic system of a PAFC
plant (adapted from [2.47])

small, however, the energy requirement of the auxiliary
equipment, such as pumps, fans, controls, etc., which
is practically independent of the load, has an unfavor-
able effect, as shown by the expected plant efficiency
�a, indicated in Fig. 2.133.

2.10.3 Fuel Cells for Stationary Applications
(German Original by Prof. Michael
Höckel, see [2.9])

Phosphoric Acid Fuel Cell (PAFC)
Figure 2.134 shows the basic structure of a PAFC plant.
Since this cell requires a gas mixture rich in H2 (with-
out CO), it must be extracted from natural gas in the
reformer using steam. The reform reaction produces H2

and CO. In two subsequent stages, the CO is oxidized to
CO2 and the CO2 is partially rejected. The hydrogen is
ionized at the anode and passes through the electrolyte
as an HC ion before being oxidized to water at the cath-
ode. The exhaust gas is water vapor and CO2.

The cell temperature is 200 ıC. The power density
achievable today is 1:3 kW=m2 and should be able to
be increased to about 2 kW=m2. The PAFC fuel cell
technology is the most advanced and tested. Plants
from 1 kW and greater are commercially available. The
largest plant built to date has an output of 11MW
(Japan). Hydrogen is used as the fuel for small plants,
as the complex conversion of natural gas becomes eco-
nomical only for outputs above 100 kW. The investment
for a 200 kW plant is around 3300 C=kW, but the busi-
ness calculation looks favorable thanks to the long
service life of more than 8000h=a.

Molten Carbonate Fuel Cell (MCFC)
The MCFC uses the alkaline carbonates lithium, potas-
sium and sodium as electrolytes. For sufficient ionic
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conduction, the mixture must be in molten form, that
requires an optimum operating temperature of 600 ıC.
The mixed melt is retained in a matrix. Special catalysts
are not necessary and nickel can be used as electrode
material. The MCFC is therefore relatively inexpen-
sive from the point of view of the materials, but the
achievable power densities are relatively low and for
a long service life it is necessary to operate as con-
sistently as possible and to regenerate the electrolyte.
Consequently, the MCFC is suitable for stationary ap-
plications with waste heat recovery.

MTU Friedrichshafen developed its HotModule
over a longer period of time until it was ready for se-
ries production. The MCFC is operated directly with
natural gas, that is internally reformed using part of the
waste heat and achieves an electrical efficiency of al-
most 50%. The HotModule was offered in plant sizes
of 250 kWel and 345 kWel and a total of 10 plants were
produced. Due to the poor sales forecasts, the planned
series production was not started by the Tognum fuel
cell division, which emerged from the former MTU,
and the activities were discontinued in 2010.

Solid Oxide Fuel Cell (SOFC)
The SOFC is the simplest concept in terms of structure
(Fig. 2.135). Thanks to the high operating tempera-
ture of 800 ıC, the natural gas (or other hydrocarbons)
can be converted directly at the anode into hydrogen
and carbon monoxide. Since carbon precipitation at
the anode leads to problems, the natural gas is par-
tially processed in the pre-reformer after desalinization
in order to accelerate the reactions. The proportion
of carbon in the fuel gas is reduced and a hydrogen-
rich gas is produced. The oxygen O2� ionized on the
cathode side penetrates the electrolyte consisting of
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Fig. 2.135 Basic system of a SOFC plant (adapted
from [2.47])

zirconium oxide and oxidizes the fuels on the anode
side.

The operating temperature of the SOFC can be
easily controlled by the excess air, and the high temper-
ature of the exhaust gases allows heat to be extracted for
a wide variety of applications or for the plant to be oper-
ated as a block-type thermal power station. The SOFC
fuel cell is still under development, and only prototypes
up to 100 kW are currently in operation. Althoughmany
technological problems still have to be solved and the
economic threshold has not yet been reached, it should
have a promising future due to its simplicity and high
power density (today approximately 6 kW=m2, proven
in the laboratory up to 19 kW=m2) as well as its high
efficiency (plant efficiency over 50%).

Sulzer AG started the development of a fuel cell
heater based on SOFC technology under the project
name Hexis in 1991. In 2006 the development team of
the product founded a company of the same name with
the aim of continuing the development. In 2011, the
third generation of the fuel cell heater Galileo 1000N
was presented. The system is designed for an output
of 1 kWel and 1:8 kWth. With additional burners, the
thermal output can be increased up to 20 kW. The de-
vice can be connected directly to the natural gas grid
and can also be operated with biogas. In the meantime,
more than 200 devices have already been manufactured,
that provide practical operating experience within the
framework of funding programs.

System Technology
Fuel cell systems generate a direct current similar to pho-
tovoltaic systems, that is used directly for small appli-
cations and converted into alternating current by means
of inverters for larger applications in stand-alone opera-
tion or grid connection (Fig. 2.136). The inverter, having
problems similar to those of photovoltaics (Sect. 2.8.5),
has the possibility of regulating the reactive power out-
put or consumption within certain limits.

In addition to the application of the SOFC cell as
a block-type thermal power station, as already men-
tioned, which can have fuel efficiency rates of 80%, the
combination with microturbine technology is also of in-
terest. The hot exhaust gases of the fuel cell are used at
pressures of 3�4 bar for the operation of a downstream
gas turbine (Fig. 2.137). Pilot plants up to 1MW are
planned.

Fuel cell
system

GridInverter

=
~

Fig. 2.136 Basic
design of a grid-
connected fuel cell
system
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Section
3.1

3. High Voltage Engineering

Ernst Gockenbach

High-voltage engineering is knowledge about
power transmission at high voltages and about
stress on equipment used in high-voltage trans-
mission systems. The basis for the design of
high-voltage equipment is stress on the insulation
by the electric field, whereby the stress magnitude
depends on the voltage type. The electric field
distribution is given by relative permittivity for
alternating current (AC) and by conductivity for di-
rect current (DC) and homogeneity of the electrode
arrangement. Evaluation of the electric strength
requires statistical and adjusted test methods. Ba-
sic knowledge about the breakdown behavior in
gases is the basis for understanding the break-
down in fluids and solids. The breakdown of fluids
is influenced by moisture, impurities, and stressed
volume. Solids suffer from the same parameters,
but thermal and erosion breakdowns and residual
life time are of interest. Different kinds of in-
sulation gases, fluids and solids, inorganic and
organic, as well as impregnated solids are used
in high-voltage insulation, and each of them has
its own characteristics, which requires a careful
selection depending on the equipment and the
expected electric stress. Generation of test voltages
requires specialized voltage and current generators
for AC, DC, and impulse voltages. The measurement
of different voltage types also requires specialized
measuring circuits, including partial discharge and
dielectric characteristics measurement.

Additional information and supplementary ex-
ercises for this chapter are available online.
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3.1 Why High-Voltage Engineering?

Someone may ask why high voltage and high-voltage
engineering? With the invention of the dynamo-electric
principle by Werner von Siemens in 1866, the use of
electric power started its worldwide triumph due to the
fact that power transmission with electricity was much
easier than mechanical transmission by belts or gears.
The transmission of electric power can be easily car-

ried out with overhead lines, cables, or gas-insulated
lines. The fundamental requirements on the transmis-
sion systems are the cross section of the conductor,
depending on the required current and the material of
the conductor, copper or aluminum, and the strength
of the insulation between the conductor and ground,
because a potential difference between the conductor

© Springer Nature Singapore Pte Ltd. 2021
K.O. Papailiou (Ed.), Springer Handbook of Power Systems, Springer Handbooks, https://doi.org/10.1007/978-981-32-9938-2_3
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and ground, generally expressed as voltage, is neces-
sary to drive a current through the conductor. There are
some further requirements on electric power transmis-
sion, like the thermal behavior of cable insulation or the
allowed sag of an overhead line, but they very often de-
pend on the local situation and, therefore, will not be
described here in detail.

An actual electric system consists of generation sta-
tions with conventional energy sources like coal, gas, or
oil, or with nuclear or regenerative sources like water,
wind, sun, biomass, or geothermal ones. Transmission
systems are necessary to bring electric power to the con-
sumer, and these days these systems are usually divided
into transmission systems for large distances and dis-
tribution systems for local distribution of the electric
power.

Electric power is given by the voltage multiplied
with the current

P D UI : (3.1)

The values for U and I are peak values for DC voltage
of the root mean square (rms) value for AC voltages,
where the phase angle between voltage and current
should also be taken into account. The simple equation
(3.1) will be used to explain the reason why different
voltage levels are used in the entire transmission system
and, therefore, no details concerning active or reac-
tive power are considered. There are two parameters
in (3.1), and for a given power P, the optimum of the
combination of the two parameters is important for an
economic transmission system of electric power. Elec-
tric power transmission will have some losses, and these
losses Plos are mainly given by the resistance of the con-
ductor and the square of the current

Plos D RI2 : (3.2)

This means that the losses increase with the square of
the current, and the reduction of the losses requires
a larger cross section of the conductor. On the other
hand, the increase of the voltage U requires a higher
insulation performance, and this can be reached de-
pending on the insulation material, for example, with
thicker insulation for cables or larger distances for air
insulation of overhead lines. For a given transmission
length and power, the total costs, investment, and losses
have a minimum at a certain voltage level, because the
investment costs increase with the voltage level, and
the losses decrease with the voltage level. Figure 3.1
schematically shows the total costs for an electric power
transmission system.

Following this general rule according to Fig. 3.1
would lead to a large number of voltage levels depend-
ing on the length and power of the transmission system.

Total costs

Uopt System voltage

Total costs
Investment
Losses

Fig. 3.1 Typical total costs for an electric power transmis-
sion system as function of the system voltage

This is economically not reasonable and, therefore,
the International Electrotechnical Commission (IEC)
and its relevant Technical Committees in cooperation
with the scientific organization Conseil International
des Grands Réseaux Électriques (CIGRE) have fixed
a number of voltage levels, as given in [3.1]. The ta-
bles in [3.1] divide the voltage levels into two ranges,
range I from 3.6 kV as the highest voltage for equip-
ment Um up to 245 kV, and range II from 300 kV as the
highest voltage for equipmentUm up to 1200kV. These
voltage ranges for high-voltage equipment are related
to different test procedures, with AC voltage at a power
frequency between 48 and 62Hz and to withstand tests
with switching- and lightning-impulse voltages. The
main reason for the coordination of the kind and value
of the different test voltages is that the selected with-
standing voltages should be associated with the highest
voltage for equipment Um for insulation coordination
purposes only. Further advantages of fixed voltage lev-
els are standardization of the equipment and simplified
requirements for the equipment manufacturer.

The number of voltage levels has led to some ex-
pressions in the high-voltage range that are not fixed
as well-defined voltage levels. Up to 1 kV, the voltage
level is named low voltage, above 1 kV there exist ex-
pressions like medium voltage in the range up to about
60 kV, very often termed the distribution system voltage
level, high voltage up to 400 kV, extra high voltage up
to 800 kV, and ultra-high voltage (UHV) above 800 kV.
These terms are not standardized and may be used dif-
ferently in various countries.

For reliable insulation coordination, standardized
test voltages in frequency, amplitude, and shape are de-
fined by the IEC recommendation IEC 60060-1 [3.2].
An AC test voltage should be in the frequency range
from 48 to 62Hz with a small deviation from the si-
nusoid shape, which is defined as that the ratio of
peak to rms values equals

p
2 within ˙5%. The tests
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Fig. 3.2 Standard lightning-impulse voltage according
IEC 60060-1 (adapted from [3.2])

with impulse voltages should represent the voltage
stress caused by switching operations by a standard-
ized switching-impulse voltage and the stress caused by
atmospheric overvoltage by a standardized lightning-
impulse voltage. Both impulse voltages can generally
be described as a sum of two exponential functions, like

u.t/D KU0Œexp.�t=	1/� exp.�t=	2/� ; (3.3)

where K is a constant depending on the parameters of
the impulse voltage generator, U0 is the DC charging
voltage of the impulse generator, and 	1 and 	2 are time
constants that also depend on the impulse generator.

A standard lightning impulse according IEC [3.2] is
shown in Fig. 3.2.

The time T1 is the front time, defined as 1.67 times
the time TAB, which is the measured time between
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Fig. 3.3a,b Chopped lightning-impulse voltages (a) front-chopped (b) tail-chopped according to IEC 60060-1 (adapted
from [3.2])

points A (30%) and B (90%) of the maximum value
of test voltage Ou. The front time of a standard light-
ning impulse is 1.2�s ˙ 30%. The time T2 is the time
to half value, which means the difference between the
two 50% points of the voltage curve. The time to the
half value of a standard lightning impulse is 50�s ˙
20%. The virtual origin O1 is the intersection with the
time axis of a straight line drawn through the reference
points A and B on the front assuming a linear time scale,
which is usually the case for lightning impulsemeasure-
ments.

There are two other standard impulse voltages
in [3.2], where the impulse is chopped in the front of the
impulse or in the tail of the impulse. Figure 3.3 shows
the two chopped impulses.

Additional parameters like chopping time Tc and the
chopping steepness, based on the time interval between
points C and D in Fig. 3.3 are introduced, whereby the
values are defined by the relevant technical committees
and also depend on the chopping device used.

The stress of the equipment during switching oper-
ations is simulated by the standard switching impulse
shown in Fig. 3.4.

The time TAB is the measured time between point
A (30%) and B (90%) of the maximum value of test
voltage Ou. The time to peak Tp is then calculated ac-
cording to

Tp D KTAB with K D 2:42� 3:08� 10�3 TAB

C 1:51� 10�4 T2 ;

(3.4)

which is valid for the standard switching impulse with
a time to peak of 250�s ˙ 20% and a time to the
half value of 2500�s ˙ 60% and where TAB and T2
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Fig. 3.4 Switching impulse according to IEC 60060-1
(adapted from [3.2])

are given in microseconds. A simpler definition of Tp is
given in IEC 60060-3 for on-site tests with

Tp D 2:4TAB : (3.5)

Some further voltage shapes representing overvolt-
age with different frequencies and voltage amplitudes
are also described in IEC 60071-1 [3.1]. In the low-
frequency range, temporary overvoltage exists within
a frequency range from 10 to 500Hz, which may be
caused by changes in the electric power system. The
duration of the temporary overvoltage ranges between
ms and up to 1 h. The transient overvoltage can be
divided into three parts: slow-front transient overvolt-
age with a time to peak Tp in the range from 20 to
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t
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10

T
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Fig. 3.5 Typical
shape of an impulse
current according to
IEC 62475 (adapted
from [3.3])

5000�s and a duration up to 20ms, fast-front tran-
sient overvoltage with a front time between 0.1 and
20�s with a duration of less than 300�s, and very-
fast-front transient overvoltage with a raise time of
less than 100 ns and superimposed high-frequency os-
cillations in the range of 300 kHz up to 100MHz on
lower frequencies in the range of 30 up to 300 kHz.

Besides the standardized impulse voltages, cur-
rent impulses are also defined and described in IEC
62475 [3.3]. An example of an impulse current is shown
in Fig. 3.5.

The definition of the front time T1 is different to that
of the impulse voltage, and it is 1.25 times the measured
time T between 10 and 90% of the maximum value of
the test current Oi. The time to half value T2 is defined
analogously to the lightning-impulse voltage as the time
difference between the two 50% values. Depending on
the test objects, the front time T1 varies between 1 and
10�s, and the time to half value T2 between 20 and
350�s, whereby the tolerances for the front time are in
the range from 10 to 30% and for the time to half value
20%.

In recent years, the DC voltage for transmission
systems has become increasingly important. The DC
voltage is usually generated by rectification of an AC
voltage, supported by a capacitor, and, therefore, the
amplitude of the DC voltage is not smooth. The de-
viation from the mean value is named ripple, and the
allowed value for a standard DC voltage is ˙ 3% of the
mean value, whereby the ripple is defined as half of the
difference between the maximum and minimum values
of the applied voltage.
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The task of high-voltage engineering is to design
high-voltage equipment that is safe and economical with
respect to operation and insulation systems. Transmis-
sion systems are necessary because generation and con-
sumption of electric power usually do no occur at the
same place, even if recently a decentralization of electric
power generation has been demanded. Due to the losses
of electric power transmission and also to an increase in

insulation costs with increasing voltage level, a compro-
mise is required to obtain the optimum parameters of an
electric power transmission system. As a general rule, it
can be stated that the voltage level in kV should be simi-
lar to the distance in km, whereby also exceptions exist.
Finally, high-voltage applications also exist, e.g., in the
medical sector, electromagnetic interference tests, x-ray
technology, and lightning protection.

3.2 Lightning

Lightning is the effect of thunderstorms. Most light-
ning occurs between clouds, and these are not of interest
for high-voltage engineering, except the possible mag-
netic field that may be caused by lightning discharge.
Some lightning strokes touch the ground or objects
on the ground, and the most favored objects are those
that tower above their surroundings, like high build-
ings, church towers, or overhead line towers. Therefore,
lightning protection is one parameter regarding insu-
lation coordination, and the risk of lightning can be
defined by the frequency of lightning strokes and the
ground flash density, which is given as the average
number of strokes per unit area and per unit time at
a particular location. Another parameter is the keraunic
level, which gives the average number of thunderstorm
days for a given locality. For most regions, maps are
available for ground flash density and keraunic level.
For high-voltage engineering, the possible voltages that
may occur on overhead lines or outdoor substations be-
longs to the group of external overvoltage, and it should
be noted that the voltage level of a lightning stroke in
an electric power system is independent of the system
voltage.

3.2.1 Generation of a Lightning Stroke

The basis for a lightning stroke is a thunderstorm cloud.
This requires strong up winds and wet air. Within the
thunderstorm cloud a separation of positive and nega-
tive charges occurs due to upwards-moving condensed
water droplets and downwards-moving ice crystals, and
freezing rain. The typical distribution of charges within
a thunderstorm cloud is positive ice crystals in a high
area of about 8–10km, a main area below with nega-
tive charges at a level of about 5 km, and, sometimes,
a limited area with positive charge below the main neg-
ative charge area. The discharge then occurs between
the cloud and the ground, and in most cases, a negative
charge will be transferred from the cloud to the ground.
The direction of the discharge is downwards in most

cases, and in a few cases of discharge upwards if tall
structures like a tower exist. Figure 3.6 shows the final
situation with a still image of downwards lightning (left
part) and upwards lightning (right part) starting from
a high tower.

The development of lightning can be divided into
several parts: the leader discharge, starting from the
cloud, the downwards and upwards leader, the main dis-
charge channel, and a number of possible subsequent
strokes. Figure 3.7 shows schematically the develop-
ment of a negative cloud into ground lightning.

A leader starts from the cloud (1 in Fig. 3.7) but due
to missing charges, the leader stops and only continues
if enough charges flow in the channel again. Then, the

Fig. 3.6 Downwards (left) and upwards (right) lightning
(adapted from [3.4])
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Fig. 3.7 Chronological development of a negative lightning stroke (adapted from [3.4])

leader grows further in steps of about 50m (2 and 3 in
Fig. 3.7), but the direction depends on the conditions
in the neighborhood. The leader now jumps in the di-
rection towards the ground (4 and 5 in Fig. 3.7), and
it may happen that a higher building will be bypassed,
because the leader path is not influenced by the struc-
ture on the ground. If the leader approaches the ground,
discharge channels start from the tip of the leader (neg-
ative, downwards leader) and at the same time from
the protection device or air (6 in Fig. 3.7) (positive,
upwards leader) due to the high electric field. Then,
the main discharge occurs (7 in Fig. 3.7) with possi-
ble subsequent so called return strokes (8 in Fig. 3.7).
Limited downwards and upwards leader lengths (6 in
Fig. 3.7) are the cause of lightning strokes being possi-
ble alongside higher structures like buildings or towers.
Therefore, air terminations have a limited protection
area. The individual shapes of lightning strokes may
differ significantly, but a standardized lightning impulse
test voltage is defined with 1.2�s front time and 50�s
time to half value in order to simulate the reproducible
effect of a lightning stroke.

The effect of a lightning stroke can be divided into
direct and indirect effects. Direct effects are overvolt-
age, traveling waves on overhead lines, and mechanical
forces between conductors. Furthermore, heat genera-
tion can damage conductors in the path of the light-
ning current. Indirect effects can cause voltage drops
across impedances with transient potential differences

between grounded parts and can cause so-called back
flashovers from grounded conductors into active lines
of electric systems. The strong and varying magnetic
field of a lightning stroke current may induce high volt-
ages in loops.

Lightning can be characterized by its current pa-
rameter. The peak value is responsible for the voltage
drop over earthing resistances for overvoltage and trav-
eling waves. The rate of current rise di=dt allows the
calculation of voltage drops at inductances and induced
voltages in nearby conductor loops. The charge of the
lightning stroke is the integral of the current over the
time and is responsible for the heat energy, which may
cause fusing of the conductors. The integral of the
squared current over time is related to the ohmic losses
in the conductors and the mechanical impulse.

The range of the current of a lightning stroke is
a few kA up to 200 kA, according to Fig. 3.8.

The dots in Fig. 3.8 are values that are used for the
evaluation of lightning protection level I. Lightning pro-
tection levels are divided into four levels; level I has the
strongest requirements. The maximum value for a pos-
itive lightning is 200 kA at a probability of about 7%.
At a glance this seems to be a relatively high value, but
it should be taken into account that the number of pos-
itive lighting strokes is about 10% of the total number
of lightning strokes, which results in a probability of
0.7% for a positive lightning stroke. The probability of
a first negative lightning with an amplitude of 200 kA
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(adapted from [3.5])

is, according Fig. 3.8, so low that the probability of all
lightning strokes reaching 200 kA is in the range of 1%,
and this was the reason to fix 200 kA as the basis for
lightning protection level I.

3.2.2 Lightning Protection

A general concept of lightning protection is given in
IEC 62305-1:2010 [3.6]. There are several methods to
evaluate the necessary protection devices, and the most
common methods are classical empirical curve design
using a fixed protection angle, electrogeometric model
known as the rolling sphere method and the collection
volume method. The first method is not recommended
for high-voltage substations, particularly for substations
at higher system voltages. The second method con-
tains an imaginary sphere of a fixed radius, representing
the lightning stroke distance and the stroke current;
the sphere is rolled over the structure, and no part of
the equipment intersects with the sphere. However, the

method assumes a fixed striking distance, regardless of
the height of a structure. The third method is based on
Eriksson’s Attractive Radius Model and takes into ac-
count the physical features of the structure. Based on
this and the intensification of the electric field created
by different points of the structure, the method pro-
vides recommendations for the optimum placement of
lightning rods or air terminals. General statements for
high-voltage engineering regarding lightning protection
are the following. Lighting strokes cannot be prevented
because they are natural events. Lightning protection
devices should attract the lightning stroke so that the
discharge takes place at a defined point. The protec-
tion of high-voltage apparatus should then be ensured
by proper insulation coordination with the help of surge
arresters or with a controlled discharge by an adapted
conductive lead between the lightning protection device
and the ground. In most cases, the interception unit is
a metallic rod, which is reasonably higher than the en-
vironment and is well known as the Franklin rod.

3.3 Electric Field

3.3.1 Basics

In most cases, the high-voltage engineer is dealing with
an electric field and mostly with an electrostatic electric
field. Due to the low power frequency of 50 or 60Hz,

the coupling between the electric and magnetic fields is
very small and can be neglected. In consequence, the
Maxwell equations can be simplified, because all the
terms with a time derivative become zero. If the conduc-
tivity � is negligible or theoretically zero, the electric
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and magnetic fields are totally decoupled. The electric
field E can be expressed as

I

s

Eds D 0 ; (3.6)

which means that the integral of the electric field for
a closed loop is zero. Another equation describes the
displacement density D, which is related to the electric
field E and the product of the permittivity of vacuum "0
and relative permittivity of the relevant material "r,

D D "0"rE : (3.7)

With (3.7) the charge Q, which is enclosed by a closed
area A, can be calculated

I

A

DdA D Q : (3.8)

These equations are the result of the simplifiedMaxwell
equations, and (3.8) is often named the basic law of the
electric field.

The electric field can also be described by a scalar
potential, which is sometimes clearer. The electric field
is then given by gradient of the potential

E D �grad ' : (3.9)

The minus sign comes from the definition of the di-
rection of the electric field; the electric field vector is
positively directed in the direction of the decreasing po-
tential, which gives a negative gradient, and with the
minus sign a positive direction of the electric field [3.4,
7].

3.3.2 Homogenous Electric Field

The typical electrode arrangement for a homogenous
electric field is a capacitor under disregard of the edges
of the electrodes, as shown in Fig. 3.9.

The potential of the upper electrode is U, and the
potential of the lower electrode is 0. The equipoten-
tial lines are linearly distributed, and only the lines for
3=4U, 1=2U and 1=4 U are plotted. The electric field
lines are go from potentialU to potential 0, and this also
gives the orientation of the field vector of the electric
field, as well as the vector of the displacement density.
The vectors D and dA are parallel oriented and, there-
fore, the vectors can be replaced by the magnitudes. The
electric field stress can be calculated as

E.x/D Q

"0"rA
D E0 D const. (3.10)

Dielectric

φ = 3U/4

φ = U/4

φ = U/2

φ = U
+

–
φ = 0

x

d

Fig. 3.9 Capacitor with a homogeneous dielectric

The parameter charge Q, permittivity of the vacuum "0,
and relative permittivity of the related material "r (ho-
mogeneousmaterial), and the area A are all independent
of the variable x or on the location within the capacitor
and, therefore, the electric field is constant in the entire
volume of the capacitor. The electric field is the main
parameter of the performance of a dielectric; however,
in high-voltage engineering the main parameter is the
applied voltage during service or during tests. There-
fore, the relation between the electric field stress and
applied voltage is important. From (3.9), the voltage can
be calculated by the following steps

E D �grad ' ) E D �d'

dx

)
d
Z

0

Edx D �
'D0
Z

'DU

d' ) Ed D U : (3.11)

The charge Q and the capacitance of the capacitor can
then be expressed by

Q D "0"rA
U

d
and with C D Q

U
) C D "0"r

A

d
:

(3.12)

3.3.3 Layered Dielectrics

In high-voltage components, layered dielectrics very
often exist, and, therefore, the distribution of the elec-
tric field within the complete insulation system and in
the individual sections is important. This situation can
be described by three simplified models with only two
different materials. The first example is the arrange-
ment where the boundary is transverse to the vector
of the electric field; the second example is the arrange-
ment where the boundary is parallel to the vector of the
electric field, and the third example is the arrangement
where the boundary has a random angle to the vector of
the electric field.
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Fig. 3.10 Electric field with transverse boundary

Arrangement with Transverse Boundary
Figure 3.10 shows a schematic sketch of the first exam-
ple.

The permittivity of materials is given by "1 and "2,
which is the abbreviation for the product of the permit-
tivity of the vacuum "0 and the relative permittivity for
the material "r.

The applied voltage is U and the electric field stress
E1 and E2 should be evaluated. According to (3.7), the
vector of the electric field E has the same direction as
the vector of the displacement density D. These vectors
can generally be separated in a component rectangular
to the boundary, named with index n, and a component
parallel to the boundary, named with index t. For the
displacement density it applies that the normal compo-
nent Dn is equal in both materials, and this leads to

D1n D D2n : (3.13)

This results in the different electric fields in the two ma-
terials according to

"1E1n D "2E2n ) E1n

E2n
D "2

"1
) E1n D E2n

"2

"1
:

(3.14)

The material with the lower relative permittivity will
be more stressed due to the higher electric field, and
the increase is reversed proportional to the relative per-
mittivity; this consequence is very important for the
evaluation of the electric stress in insulation systems
with different materials and different permittivities.

Arrangement with Parallel Boundary
Figure 3.11 shows a schematic sketch of the second ex-
ample with the same nomination as for Fig. 3.10.

In this case, the tangential components of the elec-
tric field vectors are the same in both materials, and no
normal components exist. This can be expressed as

E1t D E2t : (3.15)

E1

ε1

U dE2

ε2

+

–

Fig. 3.11 Electric field with parallel boundary

This results in the displacement density in the two ma-
terials according to

D1t

"1
D D2t

"2
) D1t

D2t
D "1

"2
) D1t D D2t

"1

"2
: (3.16)

The displacement density is proportional to the relative
permittivity.

The equations (3.13)–(3.16) are only valid for AC
and impulse voltage, where the conduction current is
negligible. However, for DC voltage, the same funda-
mental equations can be used if the permittivity " is re-
placed by the related conductivity � under the assump-
tion that the displacement current can be neglected.

Arrangement with Random Boundary
Figure 3.12 shows an example of the situation where
the electric field or the displacement density vector have
a certain angle to the boundary.

For the evaluation of the different displacement den-
sities in the two insulation materials, the following
equations can be used, and then it is clear that only the
two special cases, shown in Figs. 3.10 and 3.11, and
their relevant equations (3.14) and (3.16) are required,

D1t

D2t
D "1

"2
and

E1n

E2n
D "2

"1
"2 > "1 : (3.17)

Due to these conditions, the angle ˛ will be changed
from the insulation material to the other one. The same
applies for the electric field vector.

Dn1

Dn2

Dt1

Dt2

D1

D2

α1

α2

ε1

ε2

Fig. 3.12 Displace-
ment density with
random boundary
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3.3.4 Inhomogeneous Electric Field

The magnitude of the electric field is one of the main
parameters for insulation materials with respect to
its strength and breakdown behavior. A homogeneous
electric field in a plate–plate capacitor can be reached
for material investigations in a laboratory, but in real
electrode arrangements in high-voltage equipment, the
electric field is not completely homogenous. The ar-
rangements with inhomogeneous electric fields can be
divided into weak inhomogeneous or strong inhomo-
geneous fields, but there is no clear definition for the
differentiation. Very often, the maximum value of the
electric field in an insulation system is the source for
the beginning of a breakdown process and, therefore, to
know this value is very important. The degree of inho-
mogeneity was already evaluated a long time ago, and
the calculation of the electric field was very difficult and
time consuming. In [3.8], a method is described that
gives a relation between the actual electric field con-
figuration and the electric field in an arrangement with
the same electrode distance but a homogeneous electric
field, and this relation is named after the inventor the
Schwaiger utilization factor �. Depending on the value
of this factor, also a separation of the inhomogeneous
electric fields can be made. Nowadays, this factor is
still very convenient for estimating the maximum elec-
tric field in an arrangement, even if the field calculation
with the different methods uses the charge simulation
method, the finite differences methods, and the finite
element method, as numerical field calculation methods
deliver more precise values. The factor is defined as

�D E0

Emax
with E0 D U

d
; (3.18)

with the maximum electric field Emax and the average
field E0 given by the applied voltage U divided by the
electrode distance d of the electrode arrangement, sim-
ulating a homogeneous electric field. A further method
for calculation of the electric field is the conformal map
based on the theory of complex variables; however,
nowadays it is only available in textbooks on high-
voltage engineering.

A typical electrode arrangement in high-voltage
equipment is the coaxial electrode arrangement shown
in Fig. 3.13, which can be found in a high-voltage cable,
a high-voltage gas insulated system, or in gas-insulated
switchgears (GIS) or gas-insulated transmission lines
(GIL).

The inner electrode is a cylinder with the radius ri,
and the outer electrode a cylinder with the radius ro.
The electric field vector E, as well as the displacement

ro ri

φ = U

φ = 0

l

r

Fig. 3.13 Coaxial electrode arrangement

density vector D, are perpendicular to the surface of the
inner and outer electrodes. With (3.8), the charge Q can
be applied to calculate the electric field. The area A of
the inner electrode is given by the surface of the inner
electrode (conductor), neglecting the area of the surface
of the two ends of the conductor, because the length l is
much larger than  r2i . The electric field at the position
r is given by (3.19), whereby ri 
 r 
 ro,

I

A

DdA D Q ) Q D DA D "0"rEr2 rl

) Er D Q

"0"r2 rl
: (3.19)

The electric field is only dependent on the radius r, and
with (3.11) the electric field can be expressed as a func-
tion of the derivative of the potential ',

Er D Q

"0"r2 rl
D �d'

dr
: (3.20)

An integration of (3.20) from ri to ro is equivalent to the
integration of the potential ' from U to zero or ground

'DU
Z

'D0

d' D � Q

"0"r2� l

ri
Z

ro

1

r
dr

) U D � Q

"0"r2� l
.ln ri � ln ro/ ; (3.21)

and this leads to the final equation concerning the de-
pendence of the electric field on the radius r

Er D U

r
�

ln ro
ri

	 : (3.22)

The electric field of a simple electrode arrangement can
be manually calculated, and from (3.22) it can be de-
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Fig. 3.14 Schwaiger utilization factor as function of elec-
trode geometry (adapted from [3.4])

picted that the electric field has its maximum at r D ri,
which means on the surface of the inner electrode.

For such an electrode arrangement, but also for
other configurations, the Schwaiger utilization factor
can be found in the literature [3.4] and [3.9]. The coax-
ial cylinder and the coaxial spheres are listed as the
same electrode configuration due to the same cross
section defined with the variable p, depending on the
electrode distance and the radius of the inner electrode

p D ri C .ro � ri/

ri
: (3.23)

For the value of the Schwaiger utilization factor, it
should be differentiated between the plane electric field,
coaxial cylinder, and the rotational symmetry electric
field and coaxial spheres, as shown in Fig. 3.14.

As an example, the electric field in a gas-insulated
line (GIL) should be calculated using (3.22) and the
Schwaiger utilization factor according Fig. 3.14.

The dimensions of the GIL should be ro D 250mm
and ri D 75mm. According to (3.22), the electric field

at the inner electrode is

Er D 318 kV

75mm
�

ln 250mm
75mm

� D 3:52
kV

mm
: (3.24)

With these data, the parameter p is given as

p D ri.ro � ri/

ri

D 75mmC .250mm� 75mm/

75mm
D 3:33 ; (3.25)

and according to Fig. 3.14, � is 0.52 for a coaxial cylin-
der. With (3.18), the maximum electric field can be
calculated or estimated to

Emax D E0

�
D 1:82 kV

mm

0:52
D 3:5

kV

mm

with E0 D U

d
D 318 kV

175mm
D 1:82

kV

mm
: (3.26)

The difference between both values for the maximum
electric field is very small, only about 0.6%, and this
confirms the helpful use of the Schwaiger utilization
factor for the estimation of the maximum electric field
in an inhomogeneous electric field arrangement.

As a general statement concerning electrode ar-
rangements for homogeneous and inhomogeneous elec-
tric field it can be stated that the best configuration
is a plane–plane electrode with a homogeneous elec-
tric field, assuming a perfectly smooth electrode sur-
face. The coaxial cylinder arrangements usually have
a weak inhomogeneous electric field, which is shown in
Fig. 3.14 by the higher values of � at the same value of
p. The stronger inhomogeneous electric field has coax-
ial sphere arrangements, but these usually do not exist
in high-voltage equipment.

High-Voltage Cables as an Example
of the Inhomogeneous Electric Field

Figure 3.13 shows a cross section of a typical coaxial
cylinder. Assume that the insulation is a polymeric ma-
terial, e.g., crosslinked polyethylene (XLPE) with inner
and outer conductive layers as electrodes with a smooth
surface. The task of a high-voltage engineer could be
to optimize the design of the cable, so that the maxi-
mum electric field at the conductor reaches a minimum
at a given radius of the outer electrode. The solution can
be found by the partial derivative of (3.22) with respect
to the radius of the inner electrode ri

@Er

@ri
D U

@

@ ri

1

ri ln
�

ro
ri

	 ) ro
ri

D e ; (3.27)



Section
3.4

142 3 High Voltage Engineering

E (kV/mm)

60

50

40

30

20

10

70

0

ri

ro

∆ϑ(ri – ro) (°C)

∆ϑ

∆ϑ

20

10

30

0

ri ro

Fig. 3.15 Electric field distribution in a DC cable depend-
ing on temperature (E – field strength, �#.ri � ro/ –
temperature difference) (adapted from [3.10])

without a detailed derivation of the mathematical steps.
The interpretation of (3.27) means that ln.ro=ri/ is equal
to 1 to minimize the maximum electric field on the in-
ner electrode. However, for a real high-voltage cable
maybe other parameters, like the manufacturing pro-
cess, limitation of the insulation thickness, etc., will
determine the final cable design, which will then lead to
a slightly inhomogeneous electric field. A special case
are high-voltage DC cables with polymeric insulation,
which are coming increasingly into operation also at
voltage levels above 500 kV. The electric field distri-
bution is related to the conductivity � and not to the
relative permittivity ". Figure 3.15 shows the change
of the electric field with an increasing temperature dif-
ference between the inner conductor (ri) and the outer
conductor (ro).

The reason that the electric field can be higher at the
outer electrode than on the inner electrode is the strong
dependency of the conductivity on the temperature. The
conductivity � changes in the temperature range from
25 to 80 ıC depending on the material, by about two
orders of magnitude. The change of the permittivity "
is, in contrast, in the range of some 10% [3.10].

3.4 Electric Strength

The performance of high-voltage equipment is mainly
based on the performance of the insulation system and
its electric strength, which means the ability to with-
stand an electrical breakdown. The evaluation of the
performance is based on an empirically determined
withstand voltage, where different types of voltages
are applied, such as the system voltage AC with 50 or
60Hz, the system voltage DC, and the relevant impulse
voltages. In [3.1], the amplitudes for the voltages for
withstand tests are listed as depending on the system
voltage and sometimes depending on the local insu-
lation coordination. These test voltages are related to
high-voltage equipment like transformers, switchgears,
insulators, surge arresters, etc. For insulation materials,
the manufacturer usually describes the electric perfor-
mance in addition to some other important parameters,
depending on the type of material – gaseous, fluid, or
solid, with the breakdown voltage. For an insulating
fluid based on mineral oil, the breakdown voltage Vb at
power frequency is given in kV, based on an IEC recom-
mendation IEC 60156 [3.11] in which the determination
of the breakdown voltage is defined with a special

electrode arrangement. The two partially spherical elec-
trodes have a distance of 2.5mm and a radius of 25mm.
The ratio between the average electric field and the
maximum electric field on the surface of the electrodes
is 0.97 [3.7], and this means that the electric field is
nearly homogeneous. The breakdown voltage is given
as a rms value in kV as the average value of six consec-
utive breakdowns. Furthermore, the voltage is increased
continuously with 2 kV=s ˙ 0.2 kV=s, and the temper-
ature is 20 ıC ˙ 5K.

The determination of the electric strength of an in-
sulating material requires breakdown tests and an eval-
uation of the results, because the breakdown voltages
differ. In [3.11], the procedure and test parameters are
described, and in the case of mineral oil, the average
breakdown voltage is the mean value of six breakdown
tests; furthermore, the standard deviation and the coef-
ficient of variation, which is the ratio between the stan-
dard deviation and the mean breakdown voltage, should
be calculated. It is also mentioned that the reproducibil-
ity in measuring individual dielectric breakdowns has
shown a range of ˙30%. Such tests are different from
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the withstand voltage tests for high-voltage equipment,
where the performance should be checked with different
types of voltages, power frequency AC or DC, and im-
pulse voltages, with voltage levels according to the table
of the insulation coordination given in [3.1].

3.4.1 Basics of Statistical Analysis

A fundamental requirement in high-voltage technology
is to ensure that the electric stress is lower than the
electric strength of the insulation under all expected
conditions. This requires knowledge of the electric
stress as well as of the electric strength of the insulation.
The electric strength, however, has a random behav-
ior and, therefore, statistical evaluation procedures are
necessary to determine the electric strength. The fail-
ure of an insulation system is generally a breakdown,
and this can happen due to high electric stress, for ex-
ample at a voltage test. Furthermore, the decrease of
the electric performance may be caused by partial dis-
charges (PD), an electric discharge that only partially
bridges the insulation between conductors, which later
lead to a breakdown of the insulation, or by ageing
of the insulation system caused by several effects like
electrical, mechanical, thermal, or chemical stress. In
conclusion, the electric strength depends on many pa-
rameters, which require a statistical evaluation, because
a breakdown is a random event. Depending on the insu-
lation material, the test procedure can be different, for
example the breakdown voltage of gas insulation can be
determined by several voltage tests with a breakdown,
assuming that the performance of the gas is not be
changed by previous breakdowns. However, the break-
down voltage of solid insulation can be determined
using a new test sample for each breakdown test, and

Probability
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Fig. 3.16 Gaussian or normal probability function (adapted
from [3.12])

besides the normal scattering of the breakdown voltage,
this contributes additionally to the scattering. A very
large number (infinitely large) of tests would allow us
to determine the withstand voltage with a probability
of breakdown of 0%, a probability of breakdown of
50%, and a breakdown probability of 100%, but in re-
ality, the number of tests is limited for several reasons,
like costs, time, the number of test samples, etc. There-
fore, the parameter for the discharge or breakdownmust
be estimated from a limited number of test results, and
the estimation is more precise the more results that are
available. With the same procedure, further parameters,
like time to breakdown or breakdown as a function of
the stress time, can be determined.

3.4.2 Distribution Functions

The breakdown voltage of the sphere gap in air can
be determined by a progressive stress test. The evalua-
tion follows the typical treatment for random variables,
where all independent variables, randomly distributed,
contribute to an insignificant amount to the sum. Fig-
ure 3.16 shows the distribution function, where the
parameter x can be the breakdown voltage of a progres-
sive stress test [3.12].

The type of distribution is very often used to de-
termine the 50% value, because the distribution is
characterized by its 50% value (arithmetic value) and
the standard deviation � estimated by the difference of
the values of x at the probabilities 84 and 50 or 50 and
16%, according to

� D .x84 � x50/D .x50 � x16/ : (3.28)

This Gaussian distribution is useful for random events
and, therefore, also for breakdown tests. In addition to
some other probability functions, the Weibull function
is very often used to describe extreme values, but it
should be used with care due to the possible adaption
of the structure. The definition is given in (3.29) and is
characterized by three parameters: its 63% value (x63),
the Weibull exponent ı as a measure of the dispersion,
and the initial value x0

F.xI �I ıI x0/D 1� exp

"

�
�

x� x0
�

�ı
#

with x> x0 : (3.29)

The value of F is zero for x 
 x0 and ı D 1:2898=
log.x63=x05) [3.12].

For the investigations of time to breakdown, the
Weibull function is ideal, setting x0 = 0. However, for
breakdown voltage investigations, the function should
be handled carefully due to the fact that for x D x0,
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Fig. 3.17 Cumulative breakdown frequency h† function in
a Gaussian distribution scale (adapted from [3.12])

the value of F is 0, and this means a breakdown prob-
ability of p D 0, which represents the ideal withstand
voltage. For the estimation of the withstand voltage,
the proper selection of a theoretical distribution func-
tion is very important, and confidence estimation should
be performed, where different methods for the estima-
tion of the mean value and the standard deviation are
used [3.13].

In high-voltage tests, the empirical distribution
function is usually determined from a limited number
of experimental test results. The results are ordered ac-
cording to an increasing magnitude between the lowest
and highest value and the cumulative breakdown fre-
quency hP, which is equivalent to the probability, as is
shown in Fig. 3.17.

The interpretation of Fig. 3.17 is the following. Im-
pulse voltage tests at a voltage level of 940 kV leads
to breakdown probability of 25%, at a voltage level of
960 kV to breakdown probability of 70%. It is clear the
evaluation of the breakdown percentage is more pre-
cise as more impulses at the same voltage and more
different voltage levels are applied. If the approxima-
tion of the test results gives a straight line the used
distribution function is acceptable and the 50% value
can be determined as 953 kV. With the so called maxi-
mum likelihood method which is an efficient estimation
of parameters including confidence levels the estimated

value can be judged. In Fig. 3.17 the standard deviation
� can also be evaluated according to (3.28) and is 18 kV
which is about 2%.

Test Methods
The simplest method to determine the breakdown volt-
age is the voltage rise test, which can be applied with
self-restoring insulation material. The voltage is in-
creased with a given speed until breakdown happens,
and this value is then recorded. The test is repeated
several times, and then the average value will be the
breakdown voltage. With impulse voltage, two meth-
ods can be used. The first one is the up and down
method. The test starts with a voltage value at which
it is certain that no breakdown occurs. Then the voltage
value is increased by fixed steps until the first break-
down occurs. Then the voltage value is reduced by
the same step until no breakdown occurs. The volt-
age value is again increased by the same step until,
again, a breakdown occurs. Then the reduction of the
voltage value is repeated. After a certain number of im-
pulses, the voltage varies around the 50% value, which
has to be estimated. The second method is the applica-
tion of a given number of impulses at a voltage value
where at least one breakdown is expected. For example,
with ten impulses and one breakdown, the estimation
of the breakdown probability is 10%. If lower values
are required, the number of applied impulses should be
increased, which increases the test time and the costs.
Then the applied voltage value is increased, and the per-
centage of breakdowns is again calculated. The tests are
stopped if a probability of 90% is reached, because no
information is available if all impulse tests at the cho-
sen value lead to a breakdown. At the end, probabilities
between 10 and 90% are available, and if these values
fit in a straight line in a distribution function grid, the
50% value can be estimated. Depending on the kind of
insulation, further test methods for the characterization
of the material performance should be used, but these
methods are described in sections on the breakdown of
insulating materials (Sect. 3.4.4 and 3.4.5).

3.4.3 Breakdown in Gases

Breakdown in gases depends on the electric field stress
and, therefore, the applied voltage, which for a given
distance and the arrangement of the electrodes is re-
sponsible for the electric field, is less meaningful.
A simple example should confirm this. In a homoge-
nous electrode arrangement, with a plate–plate arrange-
ment of 1 cm distance, the breakdown in air under
reference conditions such as air pressure 1013mbar and
temperature 20 ıC, occurs at 30 kV, which is an electric
field of 3 kV=mm. In an integrated circuit, the distance
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Fig. 3.18 Current density J as function of the electric
field E

between conductors is in the range of some nm or some
10 nm, which at a voltage of 3V leads to an electric field
of 3V=10 nm D 300 kV=mm, which is much higher
than the electric field in air.

Air is a fundamental gaseous insulation material
because it is available everywhere but not always un-
der the same conditions, because pressure, temperature,
and humidity can be different, and these parameters
influence the general breakdown behavior. At low elec-
tric fields gases are very good insulation material due
to their low conductivity � and nearly frequency-
independent constant relative permittivity "� 1. The
current trough an air gap is proportional to the ap-
plied voltage at low electric fields, and the free charge
carriers, like electrons and positive or negative ions,
move to the relevant electrodes, the negative charge
carrier to the anode and the positive one to the cath-
ode. This behavior is shown in Fig. 3.18, area I, where
the current density increases and then passes to a sta-
ble value. With increasing electric field, the current
density remains constant, where all free charge carri-
ers, generated by different sources like photo-ionization
or thermal ionization, are adsorbed by the electrodes
before any recombination happens, as is shown in
Fig. 3.18 area II. A further increase of the electric field
leads to possible impact ionization if the free charge
carrier gets enough energy by the acceleration due to
the force of the electric field. At this voltage, free-
charge carriers are generated by the applied voltage
itself, and this process is called the self-sustaining dis-
charge, as is shown in Fig. 3.18, area III. Depending
on the character of the electric field and the impedance
of the test circuit, this voltage is called the break-
down voltage for a homogeneous electric field and
a low impedance test circuit or inception voltage for
partial discharges, or glow or corona discharge for an
inhomogeneous electric field and high impedance test
circuit.

Homogeneous Electric Field
The breakdown behavior of gases in a homogeneous
electric field can be described by the generation of
avalanches, also known as generation or the Townsend
mechanism or the streamer mechanism. The basis for
ionization and generation of an avalanche is the mo-
bility of the free-charge carrier, the electric field, and
the ambient gas condition, like gas pressure and tem-
perature, and less gas humidity. The mobility of the
electrons and ions is very different. The mobility val-
ues b for the different types of free-charge carriers are
given in [3.7] with some simplifications:

� Mobility b for electrons � 500 cm2=.Vs/� Mobility b for ions (positive or negative) � 1–
2 cm2=Vs.

This leads to a drift velocity of electrons of
150mm=�s and for ions of 0.3–0.6mm=�s for an elec-
tric field in air of 30 kV=cm and, therefore, only the
electrons are taken into account for the breakdown de-
velopment in gases. The ionization of neutral molecules
requires certain energy, and this energy should be equal
to or higher than the ionization energy of the used gas,
for example the ionization energy WI for N2 is 15.6 eV
and for O2 12.1 eV [3.7]. Assuming a mean free path �
of an electron in a gas, depending on the gas pressure
and the gas temperature, the energy W is given by the
charge of the electron q and the integral of the electric
field E over the mean free path length

W D q

�
Z

0

E.x/dx : (3.30)

In a homogeneous electric field, the electric field stress
is independent of the position x, and, therefore, (3.30)
can be simplified to become

W D qE� (3.31)

and can be used to calculate the required ionization volt-
age UI D E� or the required electric field E.

In a plate–plate arrangement in air, the breakdown
will occur according the generation or Townsend mech-
anism [3.14]. Figure 3.19 shows the idealized process.

The electric field is homogeneous, and, therefore,
the electrons will get the same energy independently of
their location. The number of electrons at the beginning
of the discharge process is n0, and this already demon-
strates one of the conditions of a breakdown: that at
least one electron should be available. The best con-
dition for a breakdown is the start of the first electron
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Fig. 3.19 Townsend breakdown mechanism

from the cathode. On its way to the anode, the electron
may ionize some neutral molecules, and the number of
ionization processes is given by the so-called Townsend
ionization coefficient ˛. This coefficient is defined as
the number of ionization processes of one electron per
path length, usually in cm, in the direction of the elec-
tric field. The last condition is necessary, because the
path of an electron after a collision is not always par-
allel to the electric field direction. The increase of the
number of electrons on the way from the cathode to the
anode is given by

dn D ˛.x/n.x/dx ; (3.32)

where ˛ is independent of x, and, therefore, the solution
of the differential equation is

n D n0 exp.˛s/ (3.33)

for the distance between the plate s and the number of
electrons n0 in the position x D 0 in air. In some gases,
the atomic structure allows to catch an electron, and this
behavior will be characterized by the attachment coeffi-
cient �. For example, the gas sulfur hexafluoride (SF6),
which is actually often used in high-voltage equipment
but will in future be replaced by more environmentally
friendly alternative gases, has a strong affinity to catch
an electron due to the fact that the six fluor atoms en-
deavor to catch an electron to get the so-called inert gas
configuration. For gases with an electron affinity, the
ionization coefficient ˛ is reduced by the attachment
coefficient �, and this leads to an effective ionization
coefficient of (˛��). The number of electrons reaching
the anode is given by (3.33), and it can be clearly seen
that the increase follows an exponential function with ˛
or (˛� �) in the exponent. The number of positive ions
reaching the cathode is

n D n0fexpŒ.˛� �/ s�� 1g : (3.34)

These positive ions generate electrons at the impact on
the cathode, depending on the cathode material, the gas
and the gas pressure, and the number of electrons is
given by the so-called second Townsend ionization co-
efficient � . These electrons are the starting electrons
for the next generation of ionization processes and are
named in Fig. 3.19, n0s. The electrons again move to
the anode and generate further electrons and positive
ions. Then two conditions exist, first, the number of the
electrons in the second generation is smaller than the
number of the starting electrons, and then the discharge
process stops due to the lack of starting electrons.
Second, the number of the electrons in the second gen-
eration is higher than the number of starting electrons,
and then the total number of electrons increases with
the number of generations, which leads to a breakdown.
The theoretical condition for a breakdown in air (�� 0)
is given if the number of electrons of the second gener-
ation n0s is equal to the number of starting electrons n0,
as is shown in (3.35)

n0s D �n0Œexp.˛s/� 1�D n0
) �Œexp.˛s/� 1�D 1

) exp.˛s/D 1

�
C 1; (3.35)

˛s D ln

�

1

�
C 1

�

D k: (3.36)

In [3.7], a value of � D 10�5 is given that leads to
a value of k D 9:2, but there are also values between
11 and 3 [3.4]. For air, a value of k D ˛s D 20 is also
possible, which leads to a number of electrons in the
range of 108. The validity of the theory of this break-
down mechanism is limited to small gap distances and
low pressure, with a low value of the Townsend ioniza-
tion coefficient ˛.

With an increase in the gap distance, the gas pres-
sure, and the applied voltage, the theory of the gen-
eration mechanism could not explain the experimen-
tal results. An initial electron generates an avalanche,
where the electrons are concentrated at the head of the
avalanche, and the larger and less mobile ions are dis-
tributed within the tail of the avalanche. Figure 3.20
shows schematically the development of such a dis-
charge process, which is named streamer breakdown.

The electric field of the avalanche is superimposed
on the electric field generated by the applied voltage,
and the increase of the electric field at the head and the
tail of the avalanche generates radiation emission and
photons. The photons are responsible for the generation
of further avalanches, and they move with the speed of
light. The numerous avalanches will finally bridge the
whole gap in a time that is much shorter than the time



3.4 Electric Strength 147
Section

3.4

+–

–––––

–

––++
++++

–––––
––++

++++

–––––
––++

++++

AnodeCathode

Fig. 3.20 Streamer breakdown

necessary for a breakdown after the generation mech-
anism. The criterion for a streamer breakdown is that
the electric field around the avalanche be more or less
equal to the electric field generated by the applied volt-
age. Assuming that all charges of the electrons in an
avalanche are concentrated in the center of the head of
the avalanche and with constant electron mobility, the
critical number of electrons in the avalanche head is
about 108. This leads to (3.37), if at least one starting
electron n0 D 1 is available

n D n0 exp.˛� �/s D 108

) .˛� �/s D ln.108/D 20:7 : (3.37)

The criteria of the generation mechanism and the
streamer mechanism are very similar, and, therefore, the
main parameter for the breakdown in gases is the differ-
ence between the ionization and attachment coefficient
called the effective ionization coefficient (˛� �).

Paschen showed with his experiments that the
breakdown voltage in a homogeneous electric field with
a gap distance s and pressure p depends on the product
of ps [3.15]. Figure 3.21 shows the Paschen curves for
air and SF6.

The breakdown criterion according to (3.36) and
(3.37) is reached if the product of the effective ioniza-
tion coefficient (˛� �) and the gap distance s is about
20, which represents 108 electrons generated by either
the generation or the streamer mechanism. The strong
increase of the current density, shown in Fig. 3.18, as
a function of the electric field occurs at different electric
field values depending on the kind of gas. The values
for air and SF6 are 24.4 kV=(cm bar) and 87.7 kV=(cm
bar) [3.7], and are called the limit electric field stress
with respect to the breakdown behavior of the gas. For
the calculation of the effective ionization coefficient,
the following equations can be used

.˛� �/s D k ) .˛� �/
p

D k

ps
D f

�

E

p

�

: (3.38)

The dependence of the effective ionization coefficient
from the electric field can be described with a linear
equation for SF6 or with a quadratic equation for air,

.˛� �/
p

D K

�

E

p
� 87:7

kV

cmbar

�

with K D 28
1

kV
; (3.39)

for the electric field in SF6 between 60 kV=(cm bar) and
120 kV=(cm bar) and

.˛� �/
p

D K

�

E

p
� 24; 4

kV

cmbar

�2

with K D 0:22
cmbar

.kV/2
; (3.40)

for the electric field in air between 24.4 kV=(cm bar)
and 60 kV=(cm bar).

From (3.39), it can be seen that in a homogeneous
electric field, the breakdown of SF6 happens if the ac-
tual electric field at a pressure of 1 bar is slightly above
the limit of the electric field strength of 87.8 kV=(cm
bar). If the applied electric field is 88.4 kV=(cm bar) at
1 bar and a 1 cm gap distance s, the value of (˛� �) is
about 20, which, according to (3.37), is the criterion for
breakdown. The difference between the applied electric
field and the limit electric field is only 0.8%, which is
within the uncertainty of the voltage measurement from
which the electric field is calculated by the applied volt-
age divided by distance of the electrode. Furthermore,
it should be taken into account that the difference in
the electric field becomes much smaller for higher pres-
sure, for example, only 0.24kV=(cm bar) at a pressure
of 5 bar and a 1 cm gap distance.

For air the breakdown criterion of .˛� �/s � 10 is
fulfilled if the applied electric field is in the range of
31 kV=(cm bar), which is about 27% above the limit
electric field. The reason for this behavior is the low
increase of the effective ionization coefficient with in-
creasing electric field, represented by the low value of
factor K compared to SF6.

Inhomogeneous Electric Field
The breakdown criteria for an homogeneous electric
field can also be used for an inhomogeneous electric
field, but then the dependence of the effective ioniza-
tion coefficient on the electric field, and, thereby, on the
location within the gap should be taken into account.
Furthermore, the criteria only describe the start of stable
predischarges, and the following development of a com-
plete breakdown takes place with streamer and leader
discharges. Also space charges influence the breakdown
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behavior, and a typical electrode arrangement is the
rod–plane. Here, the polarity of the rod is important for
the electric field distribution and the breakdown value.
Figure 3.22 shows the space charge distribution of rod–
plane air gaps with different polarity of the rod.

The electric field is high near the rod in both ar-
rangements, and, therefore, discharge processes start
at the rod. In the case of negative polarity of the rod,
the provision of electrons is supported by the electrode
material, whereas with positive polarity of the rod, the
electrons are only provided by the free electrons in the
gas. Therefore, predischarges occur at a lower voltage
if the rod has negative polarity. Further development of
the discharges is shown in Fig. 3.22. For a positive rod,
the ionization takes place in front of the rod, and the
slow ions are placed around the rod and reduce the elec-
tric field there but enhance the electric field in the rest
of the gap. For a negative rod, the slow ions are also
placed around the rod, but there they increase the elec-
tric field and reduce it in the rest of the gap. Therefore,
the breakdown voltage of a positive rod is lower than
that of a negative rod.

For an inhomogeneous electric field in SF6, (3.37)
and (3.39) should be modified, because the effective
ionization coefficient depends on the location, and the
integral over the path from the electrode with the high-
est electric field to the other electrode in the direction
of the electric field should be calculated there,

xcr
Z

0

.˛� �/dx D
xcr
Z

0

p
28

kV

�

E

p
� 87:7

kV

cmbar

�

dx

� 20 :

(3.41)

The interpretation of (3.41) is that from the electrode
with the highest electric field up to the point xcr, the
value of the integral should be around 20, because no
ionization takes place between xcr and the electrode
with a lower electric field due to the fact that the value
of the attachment coefficient � is higher than that of the
ionization coefficient ˛.

Breakdown Parameters
In the previous sections on breakdown in gases, the
conditions were more or less ideal. In reality, the break-
down is influenced by some more parameters. One
influencing factor is the roughness of the electrode sur-
face. As was already mentioned, the pressure is also
important; the breakdown electric field strength, there-
fore, depends on the product of the surface roughness
and the pressure, and this should be taken into account
with increasing pressure.

For impulse voltage, the breakdown depends on the
availability of a starting electron, the time to develop
a first avalanche and the time to the final breakdown.
The surge characteristic of a gas insulation is given by
the so-called voltage–time area, which means that for
higher voltage amplitudes, a shorter time is necessary,
and for lower voltages, a longer time, but the product
voltage times time is always constant [3.16].

As air is the most used insulation gas, the break-
down behavior will be described here in more detail.
The breakdown depends on air pressure, air temper-
ature, and air humidity. In [3.2], the relevant details
concerning the influencing factors are given. The in-
fluence of humidity on the breakdown of air has been
under discussion for a long time, and, actually, a revi-
sion of [3.2] will probably deliver more information.
The influence of air pressure and air temperature is han-
dled in [3.1], where it is called the altitude correction
factor, and in [3.2], where it is called the atmospheric
correction factor. The altitude correction factor is a kind
of average value of the atmospheric correction factor
used for the design of high-voltage equipment and takes
the air density depending on the height above sea level
into account. The atmospheric correction factor is for
the correction of test voltage depending on the actual
situation during the withstand test. In [3.2], the air den-
sity correction factor is

k1 D ım ; (3.42)

where the exponent m depends on the type of predis-
charge, but very often m is 1. Then, the air density
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correction factor k1 can be calculated

ı D p

p0

273C t0
273C t

D k1 ; (3.43)

where the temperatures t and t0 are expressed in ıC,
and the atmospheric pressures p and p0 are expressed in
the same units. Usually, the reference temperature t0 is
20 ıC, and the reference pressure p0 1013mbar. The test
voltage should then be corrected according to (3.43),
and the applied voltage should be increased, if the air
pressure is above the reference value or decreased, if
the temperature is above the reference temperature. An-
other use of (3.43) is the evaluation of the test voltage, if
a withstand voltage test should be done at, for example,
a high-voltage laboratory at sea level, but the equipment
under test should be installed at 2000m above sea level.
Assuming a withstand voltage of 1050 kV, according
to the insulation coordination [3.1] and a place of op-
eration at 2000m above sea level, the test voltage in
a high-voltage laboratory at sea level and an ambient
temperature of 25 ıC should be

Utest D 1050kV

ı
with ı D 794

1013
� 273C 20

273C 25

D 1050kV

0:77
D 1362 kV: (3.44)

3.4.4 Breakdown in Fluids

Discharges in fluid cannot be described by a compre-
hensive theory like it was possible for gases. Fluids
include a number of substances with different phys-
ical and chemical behavior, and these characteristics
may change due to manufacturing conditions, impuri-
ties, or ageing processes, which lead to a large spread
and deviation in the electrical performance. Therefore,
the difference in electric strength under ideal conditions
and service conditions can be within one order of mag-
nitude. Generally the discharge processes in fluids are
hindered by an increased density of the fluids compared
to gases and the shorter free-path length, and, therefore,
ionization processes are rarer, which leads to a higher
electric strength.

The advantages of fluids are the high electric
strength, the high thermal conductivity, and the im-
pregnation properties. Typical application areas of fluid
insulating materials are transformers, capacitors, bush-
ings, and in the past, cables. However, the use of fluids
requires a tight container. Due to the high density of
fluids, the formation of electron avalanches by ioniza-
tion is nearly impossible, and, therefore, a theory was
developed, called masked gas discharge, assuming that
micro bubbles exist in the fluid, and the breakdown hap-
pens in these micro bubbles, similarly to breakdown in

gas. Another theory is that the breakdown is caused by
percolation, whereby the structure of the molecules of
the fluid generates channels with a higher current den-
sity. Local heating produces evaporation of the fluid
and a lower density, which allows the generation of
streamer. The breakdown behavior in an inhomoge-
neous electric field shows a clear polarity effect. In
a rod–plane gap there exists a higher breakdown volt-
age for a rod with positive polarity compared with a rod
with negative polarity. Such breakdown behavior occurs
at short-time voltage stress.

For longer stress times, another theory may ex-
plain the breakdown behavior of fluids. If fluids are
used in combination with paper as an insulating ma-
terial fibrous impurities exist, and they are adjusted
according to the applied electric field due to electro-
static forces. These impurities may contain humidity
due to the largely hygroscopic behavior of paper, and
their conductivity is much higher than the ambient fluid.
Then a conductive path will be created, which becomes
overheated and finally leads to a breakdown. This type
of breakdown is called a fiber bridge breakdown.

The breakdown of fluids depends on humidity,
temperature, volume, and electrode coating. With an
increase of the electrode distance, the probability of
generating a fiber bridge increases, and an empiric func-
tion for the breakdown field strength at AC voltage Ed

for transformer design was developed in [3.17],

Ed D E0

�

d

mm

��a

; (3.45)

where E0 is a reference for different kinds of fluids,
ranging for coated electrodes from 21 kV=mm for dry
and degassed mineral oil up to 17.8 kV=mm for gas
saturated mineral oil, and for blank electrodes from
17.8 kV=mm for dry and degassed mineral oil up to
13.5 kV=mm for gas saturated mineral oil [3.4]; d is the
distance of the electrode in mm, and the parameter a
depends on the type of electrode and the quality of the
fluid and ranges between 0.364 and 0.375.

Besides the ageing of fluids and the generation of
impurities and gases, the humidity has the most influ-
ence on the breakdown of fluids and, particularly, on
mineral oil, which is still the most used fluid in high-
voltage equipment. Figure 3.23 shows the breakdown
behavior of two kinds of fluids, mineral oil and ester, as
a function of the relative water content wrel.

The breakdown voltage was determined with a stan-
dard sphere–sphere electrode arrangement with a cur-
vature radius of 25mm and a gap distance of 2.5mm,
following the procedure given in [3.11]. The depen-
dency of the breakdown voltage on the temperature is
not directly visible in Fig. 3.23, but the relative water
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content is defined as the percentage of the actual water
content wact in relation to the water saturation content
wsol at the relevant temperature,

wrel D wact

wsol.#/
100% : (3.46)

Figure 3.23 also shows that for mineral oil, a defined
function exists between the breakdown voltage and the
relative water content, but for ester only a certain range
exists. The large difference between these two fluids re-
garding the influence of humidity or water content is
the difference in the performance of the water solution.
For an absolute water content of 20 ppm at 20 ıC, the
relative water content is 40% at a water saturation con-
tent of 50 ppm at 20 ıC for mineral oil, but only 1% for
a water saturation content of 2000ppm at 20 ıC for es-
ter fluid.

The stressed fluid volume also has an effect on the
electric strength. Figure 3.24 shows the influence of the
gap distance and stressed volume on the electric break-
down field Ed for two different temperatures [3.7].

It can be seen that the electric field strength de-
creases with increasing stressed volume.

In a real electrode arrangement, the field configura-
tion is not ideally homogeneous but slightly or strongly
inhomogeneous. In this case, the estimation of the
breakdown voltage for a homogeneous electrode ar-
rangement can be used to evaluate the inception voltage
for partial discharges. Partial discharges are discharges
in a limited area and will not lead directly to a com-
plete breakdown of the arrangement. It may happen that

Ed (kV/cm)

s
500

400

300

200

100

0
6543210 7

s (mm)

Fig. 3.24 Breakdown electric field strength Ed for mineral
oil as function of gap distance s for a fluid temperature of
20 ıC (light brown curve), and 100 ıC (dark brown curve)
(adapted from [3.7])

a limited number of partial discharges takes place for
a long time, sometimes longer than the service time
of the equipment. However, partial discharge measure-
ments are a very good tool to detect a weak point within
an insulation system, and, therefore, many recommen-
dations for high-voltage equipment require a limit of
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Fig. 3.25a–c Definition of the loss
factor (also named dissipation factor).
(a) Symbol of a solid test sample,
(b) pointer diagram, (c) equivalent
circuit diagram

partial discharges at a certain voltage. In addition, the
measurement of the partial discharge inception volt-
age at a defined point–plane electrode arrangement with
a fixed radius of the point electrode and a fixed elec-
trode distance can be used to qualify the insulating fluid
under test for use in high-voltage equipment [3.18].
The partial discharge inception voltage (PDIV) is de-
fined as the lowest peak value of the test voltage at
which the charge becomes greater than the specified
discharge magnitude when the test voltage is increased
above a low value for which no discharge occurs [3.19].

3.4.5 Breakdown in Solids

The breakdown mechanisms in solid insulation systems
are, in general, similar to the mechanism in gas and
fluids. A specific feature for solids is the reduced heat
transfer, which may lead to an overheating of the insula-
tion and damage. Therefore, the loss factor of a solid is
important, and this factor usually has three components:
the losses due to conduction processes, polarization,
and ionization.

The conduction processes are temperature and elec-
tric field-dependent, similarly to the processes in gas
shown in Fig. 3.18. This means that the losses are con-
stant up to a critical electric field and then increase
exponentially. The sources for the conduction process
are impurities in the solid insulation or in the solid
insulation itself by dissociation of ions. In principle,
the polarization losses are based on deformation of the
molecule, on orientation of the dipoles in the solid,
and on boundary polarization. For power frequencies
of 50 or 60Hz, only the boundary surface polarization
is important for the loss factor. Boundaries can be grain
boundaries within the solid or boundaries between two
different materials, like in solid–fluid insulation sys-
tems. The ionization losses are partial discharges in
voids in the solid, and they occur if the voltage across
the void is higher than the partial discharge inception
voltage. This means that partial discharges start at a dis-
crete voltage level, but it should be taken into account

that voids in a solid may have different geometric di-
mensions and, therefore, different inception voltages.
The ionization losses are fixed, which means that the
discharges always take place at the same location, and
this may finally lead to a breakdown of the complete
solid insulation system.

A general characterization of a solid is the loss
factor, which is very often denoted as tan ı, which rep-
resents the ratio of the reactive current to the active
current. Figure 3.25 shows a simplified schematic di-
agram of a solid and the related voltage and currents.

Figure 3.25a shows a solid insulation system with
applied voltage U and current I. Voltage and current
are complex variables, and in Fig. 3.25b these vari-
ables are shown as pointers. An ideal solid is an ideal
capacitor without any losses. A real solid can be charac-
terized by a resistor and capacitor in parallel, as shown
in Fig. 3.25c. The electric loss factor of a solid can be
described by the tan of the loss angle ı, which repre-
sents the deviation of the solid from an ideal capacitor.
The complex phasor of the current I can be divided into
a pointer of the active current Ia parallel to the pointer
of the applied voltage U and a pointer of the reactive
current Ir rectangular to the pointer of the applied volt-
age U. Then the following equations can be derived

tan ı D Ia
Ir

D U=R

U!C
D 1

!RC
: (3.47)

Measurements of the loss factor showed that the losses
depend on the temperature and the frequency, but this
means that the equivalent circuit diagram in Fig. 3.25c
cannot describe all effects in a solid. The losses are
represented by the resistor R, which is not frequency
dependent, and the impedance of the capacitive path is
certainly frequency dependent but without losses. The
use of a complex relative permittivity "r can improve
the equivalent circuit diagram in Fig. 3.25c by replac-
ing the capacitor C by a complex capacitor Cc. The
complex capacitor Cc is given by the complex relative
permittivity "r and the related capacitor with vacuum
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C0. For a parallel plate capacitor as reference, the fol-
lowing equations will be used to describe the loss factor
more correctly

C0 D "0
A

d
; (3.48)

where "0 is the permittivity of the vacuum, A the area of
the parallel plate capacitor, and d the distance between
the two plates. Then the complex capacitor Cc is

Cc D "rC0 D ."0
r � j"00

r /C0 : (3.49)

The current I can then be described by

I D U

R
C j!CcU D U

R
C j!."0

r � j"00
r /C0U ; (3.50)

and separated into the active and reactive parts

Ia D U

R
C j!"00

rC0U D
�

1

R
C!"00

rC0

�

U and

Ir D !"0
rC0U :

(3.51)

The dielectric loss factor is then

tan ı D Ia
Ir

D
�

1
R C!"00

rC0
�

!"0
rC0

D 1

R!"0
rC0

C "00
r

"0
r

;

(3.52)

where the first part represents the conduction processes
and the second part the polarization effects.

The breakdown in solids has two further character-
istics: the dependency on the duration of the voltage
stress or relevant electric field stress and on the stressed
volume. Figure 3.26 shows the electric field strength
as a function of the stress duration. The longer the

stress duration, the lower the electric breakdown field
strength. In the range of the impulse voltage stress, the
electric strength of solids is high, but with increasing
stress time, the thermal behavior becomes more im-
portant, and the electric strength decreases, which is
a typical disadvantage of solid insulation systems. For
longer stress times, the effect of the erosion usually
triggered by partial discharge in small voids within the
solid determines the electric strength. The behavior in
this area depends on several factors, like the quality of
the solid, temperature, electric field stress, and the du-
ration of the electric field stress.

The behavior shown in Fig. 3.26 is typical for
a solid with a high loss factor. Two parameters are
of importance here: the duration of the stress and the
thermal conditions. For a plate–plate electrode arrange-
ment with a constant electrode distance and location-
independent temperature, the generated power in the
solid Pgen due to losses depends on the applied volt-
age and the difference of the temperatures between the
electrodes and the inside of the solid,

Pgen � U2 expŒˇ.T � Ta/� ; (3.53)

where ˇ is a parameter depending on the geometry of
the test sample, T the inside temperature, Ta the ambi-
ent temperature, and U the applied voltage. The losses
for DC applications depend on U2=R and for AC appli-
cations on U2!C tan ı, but for both cases, the losses
follow an exponential function as shown in (3.53),
and the generated power Pgen increases exponentially
with the increase of the inside temperature. Figure 3.27
shows the generated and emitted power assuming that
the heat can be emitted only via electrode surfaces. The
emitted power Pemi increases linearly with the tempera-
ture difference T �Ta.
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A safe and reliable service can only be achieved if
the emitted power is equal to the generated power. For
the voltage level, U1 this condition does not exist. For
the lower voltage level U2, the condition is fulfilled, but
the straight line of Pemi is only a tangent on the curve
Pgen for the voltage level U2, and the relevant point is
called an unstable borderline. A simple check shows
that if the temperature T changes, the generated power
is higher than the emitted power. A further reduction of
the voltage level with U3 delivers two points where the
generated power and the emitted power are equal. How-
ever, only one point is called a stable operating point,
because an additional requirement should be fulfilled,

dPgen

dT
<

dPemi

dT
; (3.54)

which is not true for an instable operating point.

With increasing AC-system voltages, the impor-
tance of the loss factor increases due to the fact that
the losses increase with the square of the system volt-
age, frequency is fixed, and capacitance can be only
influenced within narrow limits. Therefore, solids with
low or very low loss factor are preferred for the appli-
cation in high-voltage equipment, because no thermal
breakdown occurs. A typical material is crosslinked
polyethylene (XLPE) for high-voltage cables, because
cables are apparatus where the performance depends
strongly on the thermal behavior. Figure 3.28 shows the
electric field strength of XLPE as a function of the stress
time.

The area of thermal breakdown has disappeared,
and there is a transition from the electric breakdown to
the erosion breakdown. Due to the logarithmic scale of
the y-axis, in contrast to Fig. 3.26, the function is not ex-
ponential but linear. This can be expressed with (3.55)
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and is called the life law,

ENt D const. ) log E D const.�
�

1

N

�

log t ;

(3.55)

where E is the electric field strength and t the expected
life time. The parameter N depends on the material and
represents the gradient of the straight line. For technical
applications with solids, the value of N is between 10
and 15 [3.7].

The performance of solids is usually checked with
small test samples. Therefore, the extrapolation of
larger volumes of solids should be done carefully con-
sidering the so-called volume effect. This effect has two
components: the statistical volume effect and the physi-
cal volume effect. The statistical volume effect is based
on the assumption that with a larger volume also the
number of defects in the solid increases. The theoretical
evaluation of the breakdown probability can originate
from two extreme cases. The first one is that all defects
exist in parallel, which means that the breakdown of one
of the defects leads to the breakdown of the test sample.
The second one is that all defects are connected in se-
ries, and that a breakdown of one defect will increase
the stress of the rest of the defects at the following
stresses, whereby the increase of breakdown probabil-
ity depends on the number of defects in the series, and
the breakdown probability of the test sample should be
calculated step by step. The first case is the most crit-
ical and should, therefore, be handled in more detail.
Assuming similar defects, the breakdown probability
for such a single defect can be determined and denoted
by F as function of the applied voltage. The withstand
probabilityW of one defect can then be expressed as

W.u/D Œ1�F.u/� : (3.56)

If the number of defects in parallel in the test sample is
n, the withstand probability of the complete test sample
Wn can be calculated by the multiplication of the prob-
ability of each of n defects,

Wn D Œ1�F.u/�n : (3.57)

From (3.57), it can be seen that the withstand proba-
bility decreases exponentially with the increase of the
number of defects.

The second volume effect is based on the increase
of the stressed volume. Figure 3.29 shows the electric
field in a solid with space charges. The average elec-
tric field is E0, but due to space charges in the solid,
the maximum electric field at the actual anode (A) can
be 2E0. The reference value should be, for example,
�E D E0=2. In the left part of Fig. 3.29 the applied
voltage should be U and in the right part 2U, doubling
the electrode distance and resulting in the same electric
field.

From Fig. 3.29, it can be seen that the highly
stressed volume (dashed area) in front of the anode with
an electric field of E � E0 C�E has been increased
due to the increase of the electrode’s distance, which
is equivalent to the increase of the volume.

Both volume effects can be taken into account for
the evaluation of the life time of a solid. Figure 3.30
shows the life law for two different volumes V1 and V2

(statistical effect) and also for the consideration of the
physical volume effect.

For a given material with life time exponent N1 and
a volume V1, the life law can be calculated according to
(3.55),

EN1 t D const. ) log E D const.�
�

1

N1

�

log t :

(3.58)
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The influence of the volume can be considered by
a volume factor v , because the statistic volume effect
complies with the statistic behavior. Then (3.55) will be
changed to

vENt D const. ) log E D const�
�

1

N

�

log.v t/ ;

(3.59)

with v D V2=V1 and V2 > V1.
In Fig. 3.30 it can be seen that an increase of the vol-

ume will result in a shift of the life time line to a lower
electric field, but the gradient is unchanged. If the phys-

ical effect is added, the life-time line is again shifted to
a lower electric field, but in this case, with an increase
of the gradient, which means a reduction of the life time
for the required electric field strength.

The determination of the characteristics of solids
is similar to that of gases and fluids, but only the de-
termination of the breakdown of the electric field or
voltage is governed by a larger spread of test results
due to the fact that for each breakdown test, a new sam-
ple is required, and this already contributes to scatter.
Furthermore, the defects within the solid are responsi-
ble for the breakdown, and these defects are randomly
distributed.

3.5 Insulating Materials

Insulating materials have different functions, which de-
termine the choice of the material. The basic purpose
is the separation of elements with different potential.
Air and gas insulation is unlimitedly available and
free of charge, but the electric performance depends
on the ambient conditions, which are uncontrollable.
Other gases, like nitrogen N2, sulfur hexafluoride SF6,
carbon dioxide CO2, or new synthetic gases require
a shell. The electric performance can be controlled by
the gas pressure within a certain limit, and is partly
independent of the ambient conditions. It should be
taken into account that gases may have a dew point
that is above the lowest service temperature, and then
the liquefaction will reduce the remaining partial gas
pressure. In any case, fluids require a shell and, be-
sides the electric performance, fluids can be used for

impregnation, typically in combination with paper or,
more correctly, with cellulose, and for cooling pur-
poses. Furthermore, the choice of a specific fluid may
depend on the fire behavior and environmental compat-
ibility. A typical example is the replacement of a fluid
based on mineral oil by a fluid based on ester, synthetic
or natural. The combination of a fluid with cellulose
has big advantages, because the holes in the cellulose
can be filled with the fluid, preventing partial dis-
charges there, and at the same time, the fluid can carry
the heat generated, which makes this system particu-
larly suitable for the insulation of transformers. Finally,
solids are necessary to take over the mechanical tasks
combined with good electric performance but with lim-
ited thermal performance. The limitation of the power
transmission of a high-voltage cable with solid insula-
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tion, e.g., XLPE, is given by the heat transfer of the
solid.

3.5.1 Gases

Air is an insulation gas that is available anywhere,
free of charge, and for many applications has a suf-
ficient electric performance. The breakdown electric
field strength in a homogeneous electrode arrange-
ment is about 30 kV=cm, which is little bit higher
than the breakdown electric field for nitrogen, due to
the fact that air is a combination of nitrogen (about
80%) and oxygen (about 20%), and oxygen belongs to
gases with electron affinity. These gases have the char-
acteristic that they attract electrons and detract these
from the discharge process. A further gas that has
a stronger electron affinity than oxygen is sulfur hexa-
fluoride (SF6). Due to its molecular structure, the six
fluor atoms are eager to catch an electron to get a so-
called inert gas configuration. Therefore, SF6 is used
in gas-insulated substations, and the size of the sub-
stations may in some cases be reduced up to a factor
of 10. The breakdown electric field strength of SF6 at
a pressure of 1 bar is about 90 kV=cm, which is three
times higher than air. With increasing pressure, the elec-
tric field strength could be enhanced and, therefore,
the dimensions of the SF6-insulated substations could
be limited even for very high system voltages up to
1200kV. Furthermore, SF6 may also be used in cir-
cuit breakers due its good performance as a medium
for arc quenching. However, the disadvantage of SF6
is the high greenhouse effect, which is about 23 000
times higher than the effect of CO2. Therefore, re-
search was conducted to reduce the amount of SF6
while retaining the good electric performance of this
gas. A technical and economical solution was a mix-
ture of 80% N2 and 20% SF6 as the insulation gas for
gas-insulated lines [3.20]. With such a mixture, an elec-
tric strength of about 80% of pure SF6 can be reached.
With the intention to eliminate SF6 as the insulating
gas in high-voltage equipment, further investigations
were carried out and so-called fluoroketones and fluo-
ronitrile with low greenhouse potential were found to
replace SF6 [3.21–23]. However, high boiling points
of the given fluoro-organic gas types require a mix-
ture with other gases, like N2 or CO2, in order to keep
the partial pressure of the fluorinated component under
a certain limit. The chemical formula for the fluoroke-
tone is (CF3)2CFC(O)CF3 or the shorter C5-FK, and for
the fluoronitrile (CF3)2CFCN or the shorter C4-FN. The
electric performance of the two fluoro-organic gas types
is equal or sometimes better than the mixture of 80%N2

and 20% SF6, but the boiling point should be taken into
account.
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3.5.2 Fluids

The fluid most used in high-voltage apparatus is oil
based onmineral oil. The purpose of this fluid is govern-
ing the required insulation, impregnation, and heat trans-
fer from the inner part of the apparatus to the walls or the
cooling system.Mineral oil is a combination of different
kinds of hydrocarbons with different chemical bonds.
Figure 3.31 shows the kinds of hydrocarbons [3.7].

Figure 3.31a shows the molecular structure of paraf-
fin with a linear combination of the molecules CH2.
Figure 3.31b shows the so-called isoparaffin with some
branches in the structure, and Fig. 3.31c shows a naph-
thenic structure sometimes called cycloparaffin. None
of the hydrocarbons have a double bond, which results
in high stability but less potential to react with other
molecules. Figure 3.31d shows the structure of aro-
matics with double bonds in a cyclic arrangement, and
Fig. 3.31e olefin, again with double bonds but in a more
linear structure. These two kinds of hydrocarbon with
double bonds are less stable but have a higher poten-
tial to react with other molecules. In a standard mineral
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oil, the content of all kinds of paraffin is about 80–90%,
the content of aromatics is in the range of a few per-
cent to 20%, and the content of olefin is only in the
range of 1%. The breakdown electric field varies be-
tween 200 and 350 kV=cm, which is about ten times
higher than air and about three times higher than SF6
at 1 bar. One of the disadvantages of mineral oil is age-
ing, supported by oxygen, humidity, high temperature,
and catalysts such as copper or other metals. Also, the
missing environmental compatibility counts as a disad-
vantage of mineral oil, even if in any case a protection
against environmental contamination for high-voltage
apparatus exists. Another disadvantage of mineral oil
is the high flammability and, therefore, another kind of
fluid generated interest in the 1930s for the insulation
of transformers, and this was polychlorinated biphenyl.
The advantages were the flame-resistant behavior and
a similar relative permittivity to paper. However, the
disadvantage of polychlorinated biphenyl is the gen-
eration of high toxic components like dioxins, and,
therefore, production was stopped in the 1980s.

A replacement for mineral oil, as well as for poly-
chlorinated biphenyl, is an ester fluid, which exists in
two types, synthetic ester and natural ester. Besides
the advantages of low flammability and environmen-
tal compatibility, the water solubility of ester is much
higher compared to mineral oil, and, therefore, the
influence of moisture in the fluid on the electric break-
down performance is less important. Much research
was carried out concerning the behavior of new fluids
as a replacement for mineral oil with respect to electric
and ageing characteristics. In some cases, further flu-
ids like silicon oil, castor oil, rape seed oil, coconut oil,
sunflower oil, or palm oil, were included in the investi-
gations [3.23–26]. In recent years, synthetic ester fluids
were used more and more, and also natural esters from
different manufacturers are now in service as insulation
fluids for high-voltage power transformers [3.27]. Ester
fluids are environmentally friendly fluids and belong to
the class of fluids that are slightly hazardous to water.
The increasing use of ester fluids delivers more expe-
rience and also more information concerning diagnosis
methods, which are well developed for mineral oil and
can be probably transferred to ester fluids.

The increase of the requirements on a fluid in
a transformer regarding ageing behavior, higher electric
stress, the influence of sulfur, and higher system volt-
ages (up to 1200 kV AC and 1100kV DC) has resulted
in a synthetic fluid based on gas-to-liquid technology.
The fluid has the structure of an isoparaffin without any
defects compared to a natural isoparaffin, and, there-
fore, the performance is in many characteristics better,
such as the higher flashpoint, the low loss factor, and
a very low sulfur content [3.28].

3.5.3 Solids

Similarly to fluids, solids have several tasks in high-
voltage apparatus. The main part is the use as a de-
sign element with strong mechanical characteristics.
Other tasks are the separation of different fluids or
gases and use as dielectric medium with a high rel-
ative permittivity. There are various types of solids,
and it is not possible to cover them all in this chap-
ter. Therefore, a selection of solids will be handled with
particular importance for high-voltage engineering and
further information concerning chemical, thermal, and
mechanical characteristics is available in the relevant
literature, which covers about 100 years of research on
solids [3.29, 30].

Inorganic Solids
The group of inorganic solids includes porcelain, glass,
and mica. All these are characterized by a high tempera-
ture resistance and insensitivity to chemical influences,
climatic influences, irradiation, and partial discharges.
Furthermore, some of these solids have a very high
mechanical strength. Porcelain is the main solid for air-
insulated systems like overhead lines, substations, surge
arrestors, or post insulators. However, in future porce-
lain will become increasingly replaced by so-called
composite insulators. The characteristic of porcelain
with respect to thermal strength, electrical strength,
or mechanical strength can be modified to a certain
limit by a mixture of the three components feldspar,
responsible for electrical strength, quartz, responsi-
ble for mechanical strength, and kaolin, responsible
for thermal strength. Regarding mechanical strength,
porcelain has a strong mechanical strength for pressure
but a much lower one for bending, and the ratio is about
1=7. For some specific applications, it should be noted
that porcelain is sensitive to fast temperature changes.
Glass, where the main component is quartz (SiO2), can
replace porcelain in some applications, for example, as
overhead insulators, but for high-voltage applications,
glass should have a very low content of alkali, and it
should contain boron oxide to reduce the melting point
of the mixture. Glass can also be used in the form of
fibers to enhance the mechanical strength of polymers.
Mica is a natural mineral and is used as mica lamina-
tion on tapes or in polymers for the insulation of the
windings of rotating machines due to its high resistance
to partial discharges, and high mechanical and thermal
strength.

Polymers
Polymers for high-voltage applications contain a large
number of molecules, where the connections of the
molecules can be in a line like a thread, in two dimen-
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Fig. 3.33 Electric breakdown field strength Eb as function
of thickness d of polyethylene (adapted from [3.7])

sions like an area, or in three dimensions like a cube.
The characteristics are different, and the materials can
be grouped into thermoplastics, elastomers, and duro-
plastics. The preparation of polymers is a poly reaction,
where polymerization, polycondensation, and polyad-
dition are possible. Thermoplastics can be melted and
formed again, while duroplastics cannot be melted, and
above the glass transition temperature the material re-
mains elastic, and a further increase in temperature
leads to thermal destruction. Polyethylene was used at
the beginning of the replacement of fluid-impregnated
paper insulation for high-voltage cables. Figure 3.32
shows the molecule structure of ethylene and polyethy-
lene.

The connection between the chains of polyethy-
lene leads to so-called cross-linked polyethylene, which
has a better thermal performance than polyethylene and
is nowadays the standard polymer insulation material
for high-voltage cables. Belonging to the same family
of polymers, polypropylene in combination with pa-
per and fluid was developed for high-voltage cables for
DC transmission in the voltage range up to 700 kV. The
electric breakdown field of polymers depends strongly
on the thickness of the test sample. As an example
Fig. 3.33 shows the electric breakdown field Eb as func-
tion of the thickness of polyethylene.

The manufacturing procedure of polyethylene dif-
fers with respect to the low-pressure procedure, which
results in a high-density polyethylene (HDPE), and the
high-pressure procedure, which results in a low-density
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Fig. 3.34 Structure of tetrafluoroethylene (left) and poly-
tetrafluoroethylene (right)

polyethylene. The very high electric performance of
polyethylene can be seen in Fig. 3.33, where the electric
field strength for 2mm thickness is about 100 kV=mm
or 1000 kV=cm, which is about three to four times
higher than mineral oil and about ten times higher
than SF6 at 1 bar. At the beginnings of the appli-
cation of polyethylene a problem arose, which was
called water treeing. Conductive structures were built
under the influence of the electric field and in com-
bination with diffused humidity, and they looked like
a tree. These water trees resulted in so-called electrical
trees, and finally in a breakdown of polymer insula-
tion. This problem is now solved by a watertight design
of high-voltage cables, through the use of very clean
polyethylenematerial and a manufacturing process with
threefold extrusion of the inner and outer conductive
layers and insulation material.

Polyvinyl chloride (PVC) is another polymer that
has been for high-voltage cables up to 30 kV, but it is
nowadays mainly used for low voltage cables. PVC re-
quires some addition of a plasticizer to be flexible and
tensile, but in combination with Cl molecules the loss
factor increases and excludes PVC as an insulating ma-
terial for high-voltage cables above 30 kV. PVC is still
used for cable sheaths. One critical characteristic of
PVC is the diffusion of the plasticizer with time.

Polymers with fluorine molecules form another
group of polymers. Figure 3.34 shows the polymer
polytetrafluoroethylene (PTFE) as an example.

This polymer has a good thermal performance and
a very low loss factor, but it is very sensitive to partial
discharge, which is of consequence in the low elec-
tric field strength for stress endurance. A combination
of fluorine containing polymer forms two further so-
called copolymers. The copolymer tetrafluoroethylene-
hexafluoropropylene (FEP) is a mixture of tetrafluoro-
ethylene (10–50%) and hexafluoropropylene (90–10%)
where the characteristics can be modified by the mix-
ture ratio. The copolymer perfluoroalkoxy (PFA) is
a combination of tetrafluoroethylene and perfluoro-
propylvinylether and has the same characteristics as
PTFE.

Polymers with only C–H as chemical bonds are
limited in their thermal performance, because the con-
tinuous service temperature should not be significantly
higher than 100 ıC. Polymers with benzene rings, oxy-
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gen, nitrogen, and sulfur allow much higher continuous
service temperatures. Polyimides (PI) belong to this
group of polymers, with a continuous service tem-
perature of 250 ıC; polyamides (PA) show a strong
mechanical performance with respect to the tensile
strength and toughness and abrasion resistance, and
their applications are electrical and mechanical stress
components in high-voltage apparatus. The different
kinds of polyamides are characterized by the length of
the carbon strings, for example PA 6 or PA 12.

Polymer compounds of silicone are exceptional
elastic, flexible, and nondeformable. Depending on the
temperature at the crosslink, two types of silicone ex-
ist: RTV silicone with crosslinking at room temperature
and HTV with crosslinking at higher temperatures. Sil-
icones are inflammable and resistant again chemicals,
climatic influences, and ageing, but swell up and lose
their mechanical strength in combination with some
kinds of mineral oils. With fillers like titanium oxide
or with soot, the characteristics of silicone can be mod-
ified, and typical applications are prefabricated cable
joints of silicone with an in-built electric field grading
by conductive silicone cones. An outstanding charac-
teristic of silicone is its hydrophobicity, which qualifies
silicone as insulation material for outside insulators, of-
ten in combination with reinforced glass fiber epoxy
resin rods to cover both the mechanical and the elec-
tric strength. The hydrophobicity characteristic keeps
for a long time, and even pollution will not influence
this performance.

A polymer with similar characteristics to silicone is
the copolymer ethylene propylene (EPR), often modi-
fied with diene and known as EPDM. The advantage
of this polymer is the resistance to water and electrical
treeing [3.31].

In the group of polymer resins, epoxy resin is
the dominant material. In general, epoxy resins con-
tain resin and hardener as the main components, but
also catalysts, fillers, pigments, and flexibilizers. There-
fore, a large number of epoxy resins exist with tailored
characteristics for the relevant applications. The com-
bination of bisphenol A and epichlorohydrin is the
most-used epoxy resin in high-voltage applications.
The chemical structure is shown in Fig. 3.35.

Dicarboxylic anhydrides are often used as hardener
in combination with flexibilizers in order to compensate

or at least reduce the mechanical tension for a ma-
terial combination metal epoxy resin with different
expansion coefficients. Examples of dicarboxylic anhy-
drides are phthalic anhydride (PSA), hexahydrophthalic
anhydride (HHPSA), and methylhexahydrophthalic an-
hydride (MHHPSA), and for flexibilizers, polyols and
glycidyl ester. For all combinations it should be taken
into account that flexibilizers compromise electric per-
formance and heat distortion. Fillers have the task to
improve the mechanical characteristics, to reduce the
exothermic processes during the manufacture of epoxy
resin insulators with a large volume, and to reduce the
price. Quartz powder (SiO2) is a common filler, but
in SF6-insulated apparatus aluminum oxide (Al2O3) or
dolomite are used, because in the case of discharges in
the gas-insulated system, partial discharges, or arcs, the
filler will not be attacked by a decomposition product
of SF6.

The manufacture of epoxy resin entails a chemical
reaction between resin and hardener, and later a pro-
cessing of the mixed material. Due to the sensitivity
of voids within a polymer, the preparation of the ma-
terial and manufacturing procedure should be done
under vacuum. Different technologies exist, like cast-
ing, pressure gelation or an injection molding process,
or impregnation, whereby the choice of the technology
depends on the manufacturing time, the type of object,
and the requirements.

The characteristics of epoxy resin concerning the
mechanical, thermal, and electrical performance de-
pend on the kind of epoxy resin and the manufacturing
processes, for example weathering and UV (ultravi-
olet) radiation lead to a reduction of the mechanical
performance and tracking resistance for bisphenol A-
based epoxy resin. Furthermore, the loss factor and
the relative permittivity of epoxy resin depend on the
glass transformation temperature, and as well as on the
service temperature. Figure 3.36 shows the relative per-
mittivity and the loss factor of two types of epoxy resin
as a function of the temperature.

It can be seen that a maximum of the polarization
mechanism leads to an increase of the relative permit-
tivity, and that with addition of a filler, here quartz
powder, a further maximum, area II, appears. The mea-
surement of the loss factor over the temperature allows
the determination of polarization mechanism; however,
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the maxima are not always detectable. Therefore, the
measurement of the relative permittivity gives a clearer
picture of the polarization effects. The electric field
strength also influences the loss factor and the relative
permittivity. With an increase of the electric field, the
loss factor and the relative permittivity also increase,
and the increase is stronger the higher the temperature.

The conductivity of epoxy resin under DC stress is
constant up to a certain electric field strength and in-
creases with temperature and the addition of filler. With
increasing electric field strength the conductivity in-
creases exponentially, and this effect starts at a lower
electric field strength with increasing temperature.

Similarly to the breakdown behavior of fluids, the
volume of the tested samples influences the breakdown
voltage. Figure 3.37 shows the short time breakdown
electric field of a sphere–sphere electrode arrangement
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Fig. 3.37a,b Breakdown electric field strength s at 50 Hz
AC for a sphere–sphere gap with unfilled epoxy resin as
a function of the gap distance s and gap volume: (a) elec-
trode arrangement, (b) breakdown electric field strength
(adapted from [3.7])

as a function of the gap distance and volume under
stress, with a pure unfilled epoxy resin. This arrange-
ment represents a more or less uniform electric field
distribution. The voltage rise was 3 kV=s to prevent
a thermal breakdown.

Unlike a void in a fluid, where the void can pos-
sibly move by fluid flow, a void in a solid is locally
fixed, and if partial discharges occur in the void, the
possible deterioration is always at the same place. The
deterioration may erode the solid and finally lead to
a total breakdown of the solid. The time for this pro-
cess may vary from several minutes up to several years,
and this effect is called erosion breakdown, as shown in



Section
3.5

162 3 High Voltage Engineering

HC OH

C

H

C

H

CH2OH

CHH

O

C

OH

O

HC H

C

OH

C

CH2OH

H

CHH

C

O

OH

Fig. 3.38 Structure of cellulose

Fig. 3.26. Another effect that may influence the inter-
pretation of partial discharge measurements is the fact
that in a closed void in solids, partial discharges in-
crease the gas pressure. Then, according to Paschen’s
law, see Fig. 3.21, the inception voltage for partial dis-
charges increases. As a consequence, partial discharges
disappear, assuming that the applied voltage is constant,
until the gas pressure in the void is reduced by diffusion,
and then partial discharges appear again.

Another group of solids are polyurethanes (PU),
which are mainly used in low or medium-voltage ap-
plications. The electric performance is lower compared
to epoxy resin, but leakage current resistance is high,
and viscosity and elasticity are very good. The rheolog-
ical behavior is also good, and, therefore, polyurethanes
are often used for void-free impregnation.

3.5.4 Impregnated Solids

Polymers exhibit a high electric performance, and this
characteristic can be used if the polymers are thin foils
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Fig. 3.39 Water concentration in
paper as a function of the water
concentration in mineral oil [3.32]

and impregnated with a gas or fluid. The most-used im-
pregnated solid is paper in combination with a fluid,
mineral oil, or ester fluid. Paper is based on cellu-
lose, which is a molecule with a number of elements
connected as a string. Figure 3.38 shows the chemical
structure of a cellulose molecule.

Cellulose molecules are connected via an oxy-
gen atom. If paper strings are cut, the free oxygen
atoms build up together with two hydrogen atoms water
molecules H2O, and according Fig. 3.23, this may influ-
ence the breakdown voltage of the impregnation fluid.
The length of the paper string is also a measure of the
mechanical strength. New paper for the insulation of
power transformers has a string length of about 1200
molecules. The end-of-life for such paper is reached at
a string length of about 200. The relative permittivity of
cellulose is 6.1, and, therefore, it should be taken into
account that the electric field distribution in a paper–
fluid combination is given by the relative permittivity
of the different materials, and the electric field stress is
higher for the fluid than for the paper. As an example,
in a cellulose–mineral oil combination, the electric field
stress in oil is higher than in paper ("r;oil D 2:2, "r;cell D
6:1). Humidity is a main factor affecting the electrical
and mechanical performance of fluid and paper, and,
therefore, both paper and fluid should be dry. After gen-
eration of cellulose from the raw material wood, for
example spruce or pine, the cellulose is cut and mac-
erated. Undesired constituents are removed by washing
with water. Afterwards, a careful drying of the cellulose
and very often a compression are performed to manu-
facture paper foils and pressboard elements. The drying
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process, as well as the impregnation process, should be
done under vacuum in order to remove as much as pos-
sible of the remaining humidity and to fill up all voids
with impregnation fluid. It is recommended to use more
than a layer of paper as an insulation system, because
imperfections are unavoidable in paper foils, and these
represent weak points in the insulation.

The combination of mineral oil and paper is the
dominant insulation system for power transformers, and
with respect to the humidity, it is very important to
know the humidity concentration in the two compo-
nents. Figure 3.39 shows the water concentration in
the paper as function of the water concentration in the
mineral oil with the equilibrium temperature as a para-
meter.

The water content in paper is in the range of %, but
the water in mineral oil is in the range of ppm. Further-
more, it can be seen that water moves from paper to
mineral oil if the temperature increases, and vice versa
if the temperature decreases. The curves in Fig. 3.39
are only valid for an equilibrium of the temperature,
and depending on the size of the transformer, this re-
quires a long time at a constant temperature. However,
it is important to realize that in a transformer at 100 ıC,
water moves from the paper to the mineral oil. If the

transformer is switched off and cools down, the water
will move to the paper, but this requires time, and in the
meantime the relative water content in the mineral oil is
high, and a breakdown may occur if the transformer is
switched on again.

Another impregnated solid, mainly used for trans-
formers but also for indoor substations, is resin-bonded
paper (RBP). Several layers of paper are bonded with
resin, typically phenol or cresol, nowadays also epoxy
resin (void-free resin-impregnated paper (RIP)), and
manufactured as a preproduct for plates, tubes, and dif-
ferently shaped pieces. A similar material combination
is known as a transformer board. A large number of pa-
per layers are bonded in a hot-pressing procedure. The
product is pure cellulose, which can be used and im-
pregnated with fluids. The shaped piece combines the
high electrical performance of soft paper with the high
mechanical performance of RBP. A further advantage
of transformer boards is that also complex elements like
angular rings and pipe elbows can be directly manufac-
tured.

A new group of impregnated solids is the combi-
nation of aramid fiber with a fluid. Aramid fibers are
synthetic and have a lower mechanical performance
than paper but can be used at higher temperatures.

3.6 Test Techniques

High-voltage equipment is tested at different stages of
development and manufacturing. The first step is the
test at the design stage, usually on a prototype. Then
follows a so-called design test on regularly manufac-
tured equipment in order to check all design criteria and
compliance with the relevant standards, national or in-
ternational. Furthermore, the test result are used to have
a record of performance for the relevant equipment.
There are many tests for nonelectrical parameters, but
only electrical tests will be described in the following
chapters. Routine tests are carried out on every piece
or, depending on the evaluated quality of manufactur-
ing, on a random or fixed selection of the manufactured
pieces. Finally, after transportation and assembly, an
on-site test is done in order to detect damage during
transportation or failure during assembly. This test is
usually called the acceptance test, but the routine test
can also be a kind of acceptance test. The test voltages
are AC, DC, or impulse voltage, and are in some cases
combined with measurements of some parameters that
may contain some information about the status of the
insulation. The performance of the test voltage sources
can be different for factory or on-site tests, depending
on the requirement and availability [3.33].

The IEC standard [3.2] defines a test voltage by its
amplitude, frequency, and/or shape within specified tol-
erances. It also describes preferred test voltages, but it
may sometimes be necessary to modify the frequency
or shape of the test voltage in order to enable testing of
the test object.

3.6.1 AC Voltage

Alternating voltage is defined by its rms value and/or by
its peak value, depending on the purpose. For a pure si-
nusoidal wave form, the relation between the peak value
OU and the rms value U is given by the square root of 2.
This relation is also used in the recommendations [3.2]
to define the tolerance of the sinusoidal wave shape by
the following equation

OU
U

D p
2˙ 5% : (3.60)

For short time stress, the flashover or breakdown behav-
ior of insulating material depends on the peak value of
the voltage supplied. At a longer stress time or under
service stress, the rms value is very often the most im-
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Fig. 3.41 Equivalent diagram of a three-stage transformer
cascade (1 – primary winding, 2 – secondary winding, 3 –
tertiary winding)

portant parameter for the breakdown. This depends on
the thermal behavior of the insulating material and the
loss characteristics.

The ratio of the basic frequency and the harmonics
of different order define the wave form of AC voltage.
For the measurement, the harmonics should be taken
into account, particularly because some measurement
systems use the peak value in order to evaluate the
rms value. This is becoming increasingly important due
to the increase of power electronics, which generates
a higher harmonic content. AC voltage can be generated
by a very simple circuit. Figure 3.40 shows a simplified
equivalent diagram of a voltage transformer.

The ratio of the number of windings defines the ratio
of the two voltages U1 and U2, and, therefore, theoreti-
cally every voltage ratio can be reached by a single-stage
transformer. The nonlinear behavior of the insulation
performance leads to the generation of high AC voltage
by means of a transformer cascade, reducing the cost of
the insulatingmaterial, and for using a flexible combina-
tion of a number of single transformer units. Figure 3.41
shows a typical three-stage cascade arrangement with
identical units. Each unit needs only the insulation for
a single-stage transformer.

The short-circuit impedance and the harmonic con-
tent as functions of the load are the important param-

Fig. 3.42 AC transformer cascade for 1000 kV with a volt-
age divider (courtesy of BTU Cottbus-Senftenberg)

eters for an AC voltage generator. The short-circuit
impedance, given in percent, represents the voltage
drop under full load conditions. It is assumed that the
resistive part is negligible in comparison to the induc-
tive part. For a cascade, the short-circuit impedance is
higher than the sum of the short-circuit impedances and
increases more than linearly with the number of stages.

The combination shown in Fig. 3.41 can also be
used with two transformers at the bottom stage and one
transformer at the second stage. Thus, giving a higher
output current, but at a lower output voltage. The use of
each unit as a single transformer or the combination of
the units offers a number of possibilities. Concerning
the power distribution within a cascade, it is impor-
tant that the primary winding of the first stage should
be designed to carry the full output power of the cas-
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Fig. 3.44 Vector diagram of a trans-
former with capacitive load

cade. In all stages, the secondary windings are loaded
with the same power. They are calculated by the out-
put power divided by the number of stages, assuming
that all transformers are identical. The tertiary winding
of the first stage is loaded with two-thirds of the output
power. In all other stages, the windings are loaded with
the relevant load distribution within the transformer.
Figure 3.42 shows an AC transformer cascade with
a voltage divider for 1000 kV.

For AC voltage generation by a transformer, another
factor is the voltage increase due to the capacitive load.
This is usually the case for AC test objects. The vector
diagram for a simplified transformer circuit is shown in
Fig. 3.43, where all elements are referred to the high-
voltage side.

The output voltage U2 can normally be calculated
using the ratio of the windings, but the voltage U2 is
higher than calculated. This is demonstrated by the vec-
tor diagram shown in Fig. 3.44.

An increase of the output voltage due to the capaci-
tive load is normally undesirable. Nevertheless, for AC
tests, the increasing voltage can be used to reduce the
input voltage or the size of the test equipment. If the
capacitance of the load including the transformer capac-
itance and the inductance of the transformer including
the circuit inductance are equal, the circuit is in reso-
nance, and the output could theoretically increase up to
infinity. Because of the resistance in the circuit, the volt-
age will be limited. The ratio between the input voltage

U

t

u(t)

Û

∆U

UDC

δU

Fig. 3.45 Parameters of DC voltage

and the output voltage can be very high, up to 100, and
the necessary active power is very low.

The resonance conditions can be used for voltage
tests by changing the inductance of the circuit, which
results in resonance conditions at constant frequency.
Alternatively, changing the frequency results in reso-
nance conditions at different frequencies. With this type
of test equipment, test objects with very high capaci-
tance can be tested with a reasonable size and power
of the test equipment. In all cases, the regulation of the
test system should be adapted very carefully to the re-
quired voltage level to avoid overshooting of the test
voltage.

3.6.2 DC Voltage

A direct voltage is defined as the mean value between
the highest and lowest levels within a time period. The
duration of the period depends on the generating sys-
tem. Figure 3.45 shows a typical example of DC voltage
generated by rectification of AC voltage.

The DC voltageUDC is the arithmetic mean value of
the voltage u.t/. The voltage drop �U is the difference
between the peak voltage of the AC power supply and
the DC voltage. This is given by the so-called internal
impedance of a multiple stage rectifier. The ripple ıU is
the difference between the highest and lowest values of
u.t/. It represents the charging of the capacitors by an
AC source during the conductive period of the diodes
and the discharging of the capacitors by the load dur-
ing the nonconductive period of the diodes. It should
be taken into account for the design of the diodes that
the charging time is much shorter than the discharging
time, and the charging current is much higher than the
discharge current. According to [3.2], the value of the
ripple ıU should be less than 3% of UDC. The main pa-
rameters influencing the ripple are the frequency of the
AC supply voltage, the value of the smoothing capaci-
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Fig. 3.46 Equivalent diagram of a multiple-stage rectifier
(1 – thyristor controlled voltage regulation, 2 – high-
voltage transformer, 3 – rectifier with diodes, charging and
smoothing capacitors, 4 – resistive voltage divider with
grading capacitors, 5 – discharging and grounding device,
6 – test object, C – charging or smoothing capacitor, CM –
grading capacitor of the measuring resistor, RM – measur-
ing resistor, RD – damping resistor, RE – earthing resistor,
RG – grading resistor of the earthing switch)

tance, and the load current. For small load currents, the
ripple can be estimated by

ıU � I

fC

N

4
.N C 1/ ; (3.61)

where I is the load current, f the frequency of the
AC power supply, C the smoothing capacitance, and
N the number of stages of a multiple-stage rectifier.
Equation (3.61) depicts that the ripple increases linearly
with the load current and quadratically with the num-
ber of stages. It decreases with increasing frequency
and smoothing capacitance. The voltage drop�U influ-
ences only the mean value UDC of a DC generator and
also depends on the design of the generator. For a mul-
tiple stage generator, the voltage drop can be estimated
according to

�U � I

fC

N

3
.2N2 C 1/ ; (3.62)

with the same parameters as in (3.61).

Fig. 3.47 DC generator for 1200 kV and 2A (courtesy of
Haefely Test AG)

Equation (3.62) shows that the increase of the volt-
age drop �U is by the cube power of the number of
stages N. This can be accounted for by choosing the
adequate no-load voltage of the generator and a fast
voltage-regulating system. Therefore, the highest re-
quirements are made in DC pollution tests, where the
load current can change very rapidly from some mA
up to some A. Thus, the voltage should be kept sta-
ble within given limits requiring a strong AC power
source, a large smoothing capacitance, and a fast reg-
ulation system. A multiple-stage rectifier and its main
components are shown in Fig. 3.46. Some measures to
reduce the ripple ıU can be gained from (3.61). Nor-
mally, the voltage drop �U is no problem for the test
generator, because it can be adjusted by proper design
and the no-load output voltage. Figure 3.47 shows a DC
generator with a three-phase AC supply for 1200 kV
DC and a current of 2A for pollution tests with DC.

During DC voltage tests, the voltage drop on pol-
luted insulators may influence the test results due to the
fast change of load. Therefore, the transient behavior
of the voltage regulator should be controlled in case of
high load current. The energy supply has to be regulated
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Fig. 3.48 Output current I as a function of the output volt-
age U at 3% ripple; N D number of stages (400 kV rated
voltage)

very fast by feeding the current from the smoothing ca-
pacitor, from the main power supply, or from both. The
dependence of the number of stages, the maximum load
current, and the output voltage for a standard multiple-
stage rectifier is shown in Fig. 3.48. It has a no-load
voltage of 400 kV per stage.

3.6.3 Impulse Voltage and Current

The peak value and its time parameter define an impulse
voltage or current. For reproducible results in impulse
voltage tests, the wave shapes are defined in general
recommendations [3.2] or device-related descriptions
are given in [3.34, 35]. The generation of an impulse
voltage or current as in Fig. 3.2 or Fig. 3.5 is gen-
erally accomplished by the charging and discharging
of capacitors through resistors. This gives an impulse,
which can be described by two exponential functions.

U0

Rd

Cl u(t)ReCs

S

U0

Rd

Cl u(t)ReCs

S b)a)

Fig. 3.49a,b Simplified equivalent circuit of an impulse-generating circuit type A (a) and B (b). (Cs – charging or
impulse capacitor (Cs 	 Cl), Rd – damping resistor, Re – earthing resistor (Re 	 Rd), Cl – load capacitor (test object,
divider, etc.), S – spark gap)

Figure 3.49a shows a simplified equivalent circuit for
impulse voltage generation without any inductance.

Figure 3.49b shows a similar circuit but with a dif-
ferent arrangement of the resistors, which is commonly
used.

In both circuits, a wave shape that represents the
sum of two exponential functions is generated. The ratio
of the output voltage or the voltage across the load ca-
pacitorCl and the input charging voltageU0 is different.
In a circuit of type A, Fig. 3.49a), the voltage across the
load capacitor can be calculated with (3.63), neglecting
the influence of the inductance of the circuit and the dis-
charge through the resistor Re during the charging time
of Cl

u.t/D U0
Cs

Cs CCl

Re

Rd CRe
: (3.63)

The output voltage is not only given by the ratio of the
capacitor but also by the ratio of the resistors. In circuit
type B Fig. 3.49b, the output voltage is only determined
by the capacitors and is, therefore, higher than in circuit
A according to

u.t/D U0
Cs

Cs CCl
: (3.64)

An empirically-based estimation of the real output volt-
age u.t/ of the circuit type B) is given by

u.t/D U0
Cs

Cs CCl
0:95 ; (3.65)

which also uses the damping effect of the resistors.
For a given capacitance of Cl, the front time is

determined by the load capacitance and the damping
resistance. The front time can be adjusted by varia-
tion of the damping resistance, assuming that the load
cannot be changed. The time to half-value is mainly
determined by the earthing resistance and the impulse
capacitance, assuming that the impulse capacitance is
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much higher than the load capacitance. Then, a rea-
sonably high output voltage is reached. For tests with
a standard lightning impulse, the value of the resistance
should be calculated depending on the test object and
the generator to be used. The mathematical description
of the circuit leads to a differential equation whereby
the solution of the differential equation is not consis-
tent, and, therefore, assumptions for the time constant
Tf (front time) and the time constant for the tail Tt (time
to half value) are given in the following equations

Tf � Rd
CsCl

Cs CCl
; (3.66)

Tt � Re.Cs CCl/: (3.67)

The relations of the time constants Tf and Tt to the
relevant time parameter for the front time T1 and the
time to half-value T2 (Fig. 3.2) for a standard lightning
impulse 1:2=50�s are

T1 D 2:96 Tf; (3.68)

T2 D 0:73 Tt: (3.69)

For a standard switching-impulse voltage 250=
2500�s (Fig. 3.4), the relations to the time to peak Tp
and the time to half value T2 are

T1 � 2:41 Tf; (3.70)

T2 D 0:87 Tt: (3.71)

Impulse voltages with high amplitude are normally
generated with a multistage impulse generator, called
the Marx generator after the inventor. The generator’s
principle is the parallel charging of a number of impulse
capacitors followed by discharging of these capacitors
in series. The equivalent simplified circuit, again for the
type B circuit, is shown in Fig. 3.50.

The most important part for high reproducibility
of the impulse shape and amplitude is the behavior of
the spark gap S. The breakdown process and time of
a spark gap depend on the uniformity of the electrical
field. Therefore, sphere gaps are generally used. With
an electrode material of tungsten for reduction of sur-
face damage by the arc, it is also necessary that the
breakdown of the spark occurs at the same charging
voltage to generate impulses with identical amplitude
and time parameters. Triggering the spark gap is the
method of choice.

Two methods may be used: triggering at a constant
distance of the spark gap or triggering at a constant
voltage. For the first method, the spark gap should
have a distance that is larger than the breakdown dis-
tance at the desired voltage. The impulse capacitors are

U0

Rd

Re

Cs

SRc

Rp

Cl u(t)

Fig. 3.50 Simplified equivalent circuit of a multistage im-
pulse generator (Cs – charging or impulse capacitor per
stage (Cs 	 Cl), Rd – damping resistor per stage, Re –
earthing resistor per stage (Re 	 Rd), S – spark gap per
stage, Cl – load capacitor (test object, divider, etc.), Rp –
protection resistor)

charged in parallel up to the required charging voltage
and reach the full charging voltage at different times,
which should be taken into account. When all capac-
itors are fully charged, the gap is reduced, and the
breakdown takes place at the flashover distance, which
is constant for a given charging voltage. Then all capac-
itors are connected in series through the spark gaps and
the damping resistors Rd, and they charge the load ca-
pacitor Cl and generate the impulse by discharging later
on through the earthing resistors Re.

The second method is more frequently used and is
based on a triggering device within the bottom spark
gap. The spark gap distance is slightly longer than the
required breakdown distance. Then the impulse capaci-
tors are charged up to the preselected voltage and kept
constant. A trigger impulse at the bottom spark gap
generates a breakdown of the bottom spark gap, and
due to natural overvoltage in the other stages, all spark
gaps flash over. This method has a high reproducibil-
ity and reliability, in particular for transformer impulse
tests, where a comparison between impulses at different
charging voltages is required.

For the evaluation of the required charging voltage
of an impulse generator, the so-called efficiency factor
is helpful, which is defined as the ratio of the output
voltage to the total charging voltage of the generator.
In (3.65), the common efficiency factor for lightning
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Fig. 3.51 6MV impulse generator (courtesy of Mitsubishi
Electric Corporation)

impulses is about 0.95, whereas this factor can go
down up to 0.5 for switching impulses. Figure 3.51
shows an impulse generator with 6MV charging volt-
age together with an impulse divider and a chopping
device.

Furthermore, the total inductance of the test circuit
is also important for lightning impulses. For an aperi-
odically damped impulse consisting of two exponential
functions for the front and the tail, a minimum value of
the resistance can be calculated according to

Rd D 2

v

u

u

tL
Cs
n CCl

Cs
n Cl

; (3.72)

with L as the inductance of the complete circuit, Cs

the charging capacitance per stage, n number of stages,
and Cl the total load capacitance. With the given im-
pulse and the load capacitor, the damping resistor for
an aperiodically damped impulse is determined by the
inductance. At a given front time, the required damping
resistor may be lower than for an aperiodically damped
shape. Then the impulse may show some oscillations if
the inductance cannot be reduced due to the size of the
test circuit and the inner inductance of the capacitors.

t

U
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Base curve

Residual curve

Ub
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0

Fig. 3.52 Example of a lightning impulse with overshoot
(adapted from [3.2])

In [3.2], the time parameters and the allowed oscilla-
tions or overshoot for lightning-impulse voltages are
defined, and an evaluation procedure is also described.
As an example, Fig. 3.52 shows a lightning-impulse
voltage, where the resistance is lower than for the ape-
riodically damped case, and an overshoot occurs in the
peak area. In order to increase the reproducibility of the
evaluation of the test voltage, a so-called test voltage
factor k was introduced to prevent the discontinuity in
a former version of [3.2].

The recorded curve has an extreme value Ue and
an overshoot ˇ above the base curve, calculated as
the difference between Ue and Ub. The allowed rela-
tive overshoot magnitude is 10% of the extreme value
Ue. The evaluation of the base curve is given in [3.2]
based on the assumption that the impulse voltage is
composed of two exponential functions, and that the
recorded curve is available in digital form. The differ-
ence between the recorded curve and the base curve is
shown as a residual curve. Investigations on the break-
down behavior of materials have demonstrated that the
frequency content of the oscillation should be taken into
account, and from these investigations, the k factor was
developed [3.36, 37]. Figure 3.53 shows the k factor as
a function of the frequency of the overshoot or oscilla-
tion and the approximate function.

The k factor represents a mean value of the influence
of overshoot on the breakdown behavior of air, SF6,
mineral oil, and polyethylene. The filtering of the resid-
ual curve with the k factor function is shown in Fig. 3.54
together with the ascertained test voltage curve, which
is the sum of the base curve and the filtered residual
curve. The test voltage Ut is, then, the highest magni-
tude of the test voltage curve.

The limits for a standard lightning impulse with the
tolerances given in [3.2] are physically given by the in-
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Fig. 3.53 The k factor as a function
of the frequency f of overshoot or
oscillation (adapted from [3.2])
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Fig. 3.54 Determination of the test voltage curve (adapted
from [3.2])

ductance and the capacitance of the test object and can
be approximated as

Rd D 2

v

u

u

tL
Cs
n CCl

Cs
n Cl

� 2

s

L

Cl
for

Cs

n
	 Cl : (3.73)

Usually, the capacitance of the loadCl varies, and, there-
fore, the resistance Rd should be adapted. Large impulse
generators may have 20–30 stages, and this also requires
20–30 resistor elements. Therefore, a customized selec-
tion of resistors and a clever design of the interconnec-

tion of the resistors within one stage can optimize the
impulse generator. For example, with two resistor ele-
ments and the possibility of parallel and serial connec-
tions, four magnitudes of resistances are possible.

Impulse currents are generated similarly to an im-
pulse voltage [3.38], the main difference being that the
capacitors are all connected in parallel, thus increasing
the capacitance and reducing the inductance of the cir-
cuit. Since the steepness of the current impulse depends
on the derivative of the current as shown in (3.74),

di

dt
D U

L
; (3.74)

current impulses with short front times need special
arrangements of the capacitors. Here, U is the charg-
ing voltage and L the inductance of the complete test
circuit. Although a lower inductance leads to a higher
steepness of the current, in many cases, the induc-
tance is fixed, and the steepness can only be adapted
by increasing the charging voltage, which should be
realized by a sophisticated design of the current gen-
erator [3.39].

From the many activities within CIGRE and IEC,
the most important ones from the point of view of test
techniques for ultra-high-voltage (UHV) equipment are
the requirements on the overshoot and front time due
to large test circuits, wet tests, the time-to-peak of the
switching-impulse voltage due to the breakdown volt-
age minimum as a function of the time-to-peak for large
air–gap distances and the atmospheric and altitude cor-
rection factors.
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3.7 Measuring Techniques

Because the amplitudes are high, and they cannot be
measured directly with conventional measuring and
recording systems, the measurements of voltage and
current in high-voltage tests are difficult to obtain.
Furthermore, not only the peak value but also the
shape of the signal should be measured and evaluated.
This requires an adequate recording system. Generally,
a high-voltage or high-current measuring system con-
sists of converting, transmission, and recording devices.
A measuring system is as good as the weakest part of
the system, and, therefore, it is not necessary to ask for
exceptional performance of one of the components. The
amplitude of the signal to be measured should be re-
duced by the converting device to a value suitable for
transmission and recording. The output signal of the
converting device must be an exact replica of the input
signal with respect to the wave shape and time param-
eters. This requirement is very strong in many cases,
and, in addition, measurement uncertainty should be es-
timated and evaluated carefully.

The converting device is usually the critical com-
ponent due to its transfer behavior and physical size.
The preferred calibration method is by comparison with
an approved measuring system under normal operating
conditions shown in Fig. 3.55.

The comparison with an approved measuring sys-
tem results in an uncertainty with respect to the eval-
uation and output of the system to be calibrated. The
calibration should reach at least at 20% of the rated
operating voltage of the converting device. For exam-
ple, a reference measuring divider for impulse voltage
with a rated voltage of 500 kV can be used to calibrate
a converting device up to 2500kV. However, the lin-
earity of the converting device between the calibration

V

VX
VN

X N

Fig. 3.55 Arrangement for comparison measurements
(V D applied voltage; system N D reference system; sys-
tem X D system to be calibrated) (adapted from [3.40])

voltage level and the rated voltage of the converting de-
vice must be checked. This is even more important for
the testing of UHV equipment, where lightning-impulse
voltages up to 2700kV and switching-impulse voltages
up to 1950 kV are used [3.1].

Stability within the specified range of operating
conditions, keeping the scale factor of the measuring
system constant over long periods, is a further important
requirement for converting, transmission, and record-
ing devices. The dynamic behavior of a converting
device should preferably be evaluated by an ampli-
tude/frequency response measurement or by a unit step
response measurement.

The performance of an approved measuring system
is given by its uncertainty budget [3.40]. The individual
uncertainty of the scale factor measurement, the linear-
ity check, the dynamic check, the short and long-time
behavior, the ambient temperature effect, and the prox-
imity effect compose the uncertainty budget. If software
is used for the evaluation of the parameters, then also
the uncertainty of the software should be taken into
account. Depending on the voltage shape, the uncertain-
ties may contribute differently to the total uncertainty
budget. Therefore, in [3.40], the evaluation procedure
for the uncertainty budget of the different types of volt-
ages like DC, AC, and impulse voltage is described.

The transmission device is generally a coaxial ca-
ble, which should not influence the amplitude. In spe-
cial cases, it does influence the transfer behavior of the
complete measuring system. The recording device is
very often equipped with an additional converting de-
vice on its input. Again, this is to reduce the amplitude,
but this converting device is small and normally has
sufficiently good transfer behavior. The transformation
characteristics are normally not critical, but they should
be checked and included in the evaluation of the entire
system.

Particularly at high voltage or high current, an
important problem for all measuring systems, is the
sensitivity to electromagnetic interferences. The most
critical tests are impulse tests, where the impulse gen-
eration is at the same time a radiation source of an
electromagnetic wave. This wave penetrates the whole
system – the converter, the transmission, and the record-
ing device – and not all components can be properly
shielded. Thus, reducing the amplitude of the radia-
tion and increasing the signal level in order to get
a very high signal-to-noise ratio is mandatory. Nowa-
days, recording devices are analog–digital converters
instead of analog devices. A careful selection should be
made for moving coil instruments (mean average value)
or moving iron instruments (RMS value).



Section
3.7

172 3 High Voltage Engineering

Ur

Us

UC

I

S

C

R

H

MO

Fig. 3.56 Metal oxide residual voltage measuring circuit
(UC – charging voltage of capacitor C, C – charging ca-
pacitor, R – damping resistor, S – spark gap, MO – metal
oxide surge arrester, Ur – representing the residual volt-
age across the surge arrester, Us – voltage across the shunt,
representing the current I, I – current through the surge ar-
rester, H – magnetic field in the residual voltage measuring
loop)

Another source of electromagnetic interference are
voltages and currents floating within the test object and
measuring cables, because they can induce voltages
by capacitive or inductive coupling or by loops of the
measuring cable. Proper shielding, or in special cases,
double shielding of the measuring and control cables,
prevention of loops by a star connection of all measur-
ing and control cables and compensation of unwanted
effects like magnetic fields can reduce the electromag-
netic interference. The residual voltage measurement
of a metal oxide arrester is a typical example. In this
case, the high magnetic field induces a voltage in the
loop, which is superimposed on the residual voltage.
Figure 3.56 shows the schematic diagram.

If the earth connection of the divider cannot be
changed for some reason, a suitable connection of the
voltage divider is necessary, because the magnetic field
H induces a reasonable voltage in the residual voltage
measuring loop. A simple check is the replacement of
the surge arrester by a metallic tube with the same ge-
ometry and the application of a current impulse. In this
case, the measured residual voltage across the metallic
tube should be close to zero.

Variations of the scale factor or of a parameter of
a measuring device, due to proximity effects, should
be considered and can be determined by measurements
performed for different distances of the device from
earthed walls or energized structures.

The simplest device for voltage measurement are
standard air gaps [3.3], but they have some disadvan-
tages. First of all, the information about the magnitude
of the voltage can only be reached if a breakdown of the
air gap occurs. Furthermore, at impulse voltages only
the peak value can be evaluated but not the time param-
eter. In [3.3], tables showing the breakdown voltage as
a function of the gap distance and in the case of spheres

as electrodes of the sphere radius. For DC, a rod–rod
electrode arrangement is a requirement, for all other
voltage forms a sphere–sphere arrangement. With the
tables and a tape measure, the applied voltage can be
evaluated and with certain care, an uncertainty of 3%
can be reached, if the atmospheric correction factors are
carefully used.

3.7.1 Voltage Measurement

DC Voltage
The main parameter of a DC voltage is the amplitude,
but often the deviation from the ideal DC voltage, de-
fined as ripple, is important (Fig. 3.45). The uncertainty
for the amplitude measurement is 3%, for the ripple
less than 10% of the ripple amplitude or 1% of the
arithmetic mean value of the DC voltage, whichever is
larger.

A simple measuring device is a high ohmic resistor
and a current measuring device in series. The current
through the resistor is proportional to the applied volt-
age, and it is recommended that the current be as high as
0.5mA at the rated voltage to ensure that the influence
of leakage current is negligible. For safety reasons, it is
necessary to have a surge protective device in parallel
to the measuring device, because in the case of dis-
connection of the measuring cable or flashover of the
high-voltage resistor, the full voltage will be applied
to the measuring device. A high-voltage resistor nor-
mally consists of many elements that are connected in
series. The resistance of each element has a voltage and
temperature coefficient, and both influence the magni-
tude of the resistance and, therefore, the uncertainty of
the measurement. Under normal conditions, the voltage
and temperature coefficients do not play an important
role. However, for very small measuring uncertainties,
the temperature coefficient must be taken into account,
because it has a greater influence than the voltage co-
efficient. Figure 3.57 shows the relative change of the
resistance as function of the temperature for a care-
fully selected number of resistor elements. The relative
change of the total resistance is less than 0.05% in the
temperature range between �20 ıC and C50 ıC, but
each resistor element may have a larger coefficient than
that allowed for the complete chain.

Another way for compensation of the effect of the
voltage and temperature is by the use of voltage dividers.
Since the elements in the high-voltage and low-voltage
part are subject to the same voltage and temperature
stress, this type of measuring device is commonly used
as a high-voltage DC measuring technique. Figure 3.58
shows the simplified equivalent circuit diagram.

In the case of fast transient voltages, the distri-
bution is important because even in DC test systems
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Fig. 3.57 Relative resistance change as a function of tem-
perature
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Fig. 3.58 DC voltage divider (U – DC voltage, I – DC
current, R1 – high-voltage arm resistor, R2 – low voltage
arm resistor, SPD – surge protective device, V – voltage
measuring device with very high resistance)

a breakdown with a very fast voltage change may oc-
cur. A resistive divider as shown in Fig. 3.59 has a linear
voltage distribution as long as the frequency is near zero
for DC or AC at very low frequency. When the stray ca-
pacitances Ce start influencing the voltage distribution,
e.g., in the case of higher frequency content in the volt-
age, the voltage distribution is no longer linear.

The voltage distribution is strongly influenced by
the ratio of the stray capacitances. The voltage distribu-
tion becomes more and more nonlinear, if the parallel
stray capacitance decreases, or the earth stray capaci-
tance increases. When designing a pure resistive voltage
divider, this phenomenon should be taken into account.
Adding capacitors in parallel to the resistors can keep
the ratio Cp=Ce high is one of the measures.

AC Voltage
The main parameter of AC voltage is amplitude, but
here also the rms value is often used, particularly for
the evaluation of energy and thermal aspects. In some

U Ua) b)

I x

xV

R1

Ce

Ce/Cp→ 0

Cp

R2

Fig. 3.59a,b Resistive divider with stray capacitances (a)
and shape of voltage distribution (b) (U – DC voltage, R1 –
high-voltage resistor, R2 – low voltage arm resistor, Cp –
parallel stray capacitance, Ce – earth stray capacitance, V –
voltage measuring device with very high resistance, x –
distance from ground potential)
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Fig. 3.60 AC voltage divider (U – AC voltage, I – AC
current, C1 – high-voltage arm capacitor, C2 – low volt-
age arm capacitor, V – voltage measuring device with very
high impedance, SPD – surge protective device)

cases, the frequency should be taken into account, but
for electric energy systems, 50 or 60Hz are the common
frequencies. If the voltage shape is purely sinusoidal,
the relation between the peak value and the rms value is
given by

OU
U

D p
2 : (3.75)

This ratio can be changed if the AC voltage contains
higher frequencies than the operating frequency, and the
allowed deviation is 5%. The uncertainty for AC volt-
age measurement is 3%.

A capacitive voltage divider, which is not influenced
by the temperature and voltage coefficient of the ca-
pacitors, will normally be used for AC measurements.
Figure 3.60 shows the simplified equivalent circuit dia-
gram.
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Fig. 3.61 AC peak value measuring circuit with a capacitive divider (u.t/ – AC voltage, i.t/ – AC current, C1 – high-
voltage arm capacitor, C2 – low-voltage arm capacitor, Re – earthing resistor, Rm – measuring resistor, Cm – measuring
capacitor, u2.t/ – measured voltage, V – voltage measuring device with very high impedance, SPD – surge protective
device)

The divider output voltage is given by the ratio of
the capacitors according to

V D U2 D U
C1

C1 CC2 CCi
; (3.76)

with Ci the capacitance of the measuring instrument.
The measured voltage is the rms value. In some

cases, the peak value is of interest, or the rms value is
evaluated from the peak value measurement according
to (3.75), which is only correct if the applied voltage is
sinusoidal. In any case, an additional uncertainty should
then be accepted. The peak value of a voltage can also
be measured with a capacitive voltage divider similar
to what is depicted in Fig. 3.60 and with a supplement
shown in Fig. 3.61.

The measuring instrument shows the peak value of
the voltage when the measuring capacitor Cm is charged
up to the peak value of u2.t/. This is only a part of the
high voltage u.t/ given by the divider ratio. It is de-
sirable that the series resistance of the diode is small
and, thus, gives a negligible voltage drop across the
diode. Mainly three parameters influence the uncer-
tainty of measuring the peak voltage measuring circuit.
The transformation ratio is influenced by resistor Re,
the resistor Rm discharges the measuring capacitance
Cm, and during the charging time, the capacitor Cm is
in parallel with the capacitor C2 and changes the ca-
pacitive transformation ratio. The latter two factors are,
additionally, frequency dependent. Fortunately, for all
these influences, compensation measures exist.

Nowadays, the measurement of the peak value is
only carried out by an analog digital converter as the
recording device. The integrated computer can make
more calculations, e.g., fast Fourier transformation
(FFT) and can evaluate the amplitudes of the relevant
harmonics. With the 12-bit resolution of a commer-
cially available digital recorder, the measurement un-
certainty of the recording device is negligible compared

with the other components of the measuring system.
IEC recommendations for DC and AC measurements
with digital recorders are under preparation [3.3].

Impulse Voltage
Impulse voltages require a measurement system having
a known scale factor and an adequate dynamic behav-
ior. This is because not only the peak value but also the
wave shape should be recorded and evaluated. Under
certain conditions for impulse measurements, resistive
dividers can be used. If the resistance is low enough, the
transfer behavior is not influenced by the stray capaci-
tance. A good estimation of the time constant T of the
unit step response characterizing the transfer behavior
is given by T D .RCe/=6, where Ce is the stray capac-
itance and R the resistance of the divider. The stray
capacitance and the resistance should be as small as
possible. Because of the low resistance of the measur-
ing system with resistive dividers, the wave shape of
the impulse may be changed so that no switching im-
pulses can be measured. Therefore, resistive–capacitive
dividers are the common divider type for the mea-
surement of impulse voltages. Figure 3.62 shows the
schematic, which is the same as for DC measurements
(Fig. 3.59) regarding fast voltage changes.

If the time constants in the high-voltage R1Cp and
the low-voltage arm R2Cp are identical, the divider
is frequency independent. Nevertheless, the inductance
caused by the high-voltage lead, and the capacitance of
the divider built up of a series resonance circuit may
cause oscillations. A combination of resistors and ca-
pacitors in series, in particular for high-voltage dividers
with large dimensions, is a solution that is used very of-
ten. Figure 3.63 shows a so-called damped capacitive
divider.

It is obvious that the divider is frequency indepen-
dent if the time constants R1C1 and R2C2 are equal. Two
types of damped capacitive dividers exist, the optimum
damped divider and the slightly damped divider. For an
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Fig. 3.62a,b Resistive–capacitive voltage divider (a) and
voltage distribution (b) (U – impulse voltage, R1 – high-
voltage resistor, R2 – low-voltage arm resistor, Cp – parallel
stray capacitance; Ce – earth stray capacitance, V – voltage
measuring device with very high impedance, x – distance
from earthed floor)
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Fig. 3.63 Damped
capacitive voltage
divider (U –
impulse voltage,
R1 – high-voltage
resistor of the
n-element, R2 –
low-voltage arm
resistor, C1 – high-
voltage capacitor
of the n-element,
C2 – low-voltage
arm capacitor,
Ce – earth stray
capacitance, V –
voltage measuring
device with very
high impedance)

optimum damped divider, the total resistance R can be
estimated by

R � 0:2

s

L
C1
n

(3.77)

and leads to a resistance of 60–100� for a divider in
the MV range.

If the damped capacitive voltage divider is com-
pleted by a parallel column of resistors with the same

voltage distribution as the capacitive–resistive column,
then this divider will be called a universal voltage di-
vider because it can DC, AC, and impulse voltage
measure.

For impulse voltage measurements, the measuring
cable must match with its characteristic impedance.
Recording devices such as oscilloscopes or analog dig-
ital converters show very high input impedance if the
cable is directly connected to the deflecting system or
the input divider. Then the characteristic impedance
of the standard transmission system is at the begin-
ning of the measuring cable. The equivalent circuit
diagram for the low-voltage side of a capacitive divider
is shown in Fig. 3.64, together with a compensated
measuring circuit for a constant ratio at high and low
frequencies [3.41, 42]. For a correct measurement, the
requirement is given by

C1 CC2 D Ck CC3 : (3.78)

An oscilloscope, a peak voltmeter, or a digital
recorder can be used for the evaluation or measurement
of the peak value. The determination of the mean curve
through oscillations according to the relevant recom-
mendations is best accomplished by an oscillogram or
digital record evaluation. In many cases, the highest am-
plitude recorded by a peak voltmeter is not sufficient,
and the wave shape must be checked by an oscilloscope
or a digital recorder. With an analog digital converter as
the recording device, the full data set, amplitude, front
time, and time to half-value can be evaluated, stored,
and treated, depending on the need of the test.

An indirect voltage measurement is the use of sen-
sors like electro-optical sensors based on the so-called
Pockels or Kerr effect. The sensitivity of these sensors
is based on the polarization effect on light by the ap-
plied electric field. A further sensor is the capacitive
electric field sensor, which can be three-dimensional
in order to measure the electric field in space. If such
a sensor is connected via fiber optics with the recording
device, it can be placed anywhere in the high-voltage
laboratory. The disadvantage of this sensor is the re-
quirement to calibrate the sensor with another voltage
measuring device at the precise and fixed position of
the sensor, because any position change will change the
relation between the measured electric field and the ap-
plied voltage.

3.7.2 Current Measurement

When the influence of the high magnetic field is con-
sidered, the measurement of an impulse current can be
accomplished by measuring the voltage across a de-
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Fig. 3.64 Equivalent circuit of a capacitive divider with compensation of a long measuring cable (u.t/ – impulse voltage,
i.t/ – impulse current, u2.t/ – impulse voltage across the low voltage capacitor, C1 – high-voltage arm capacitor, C2 –
low-voltage arm capacitor, C3 – compensation capacitor, Ck – measuring cable capacitance, Z – characteristic impedance,
SPD – surge protective device)
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Fig. 3.65 Impulse current measurement with a shunt
(u.t/ – impulse voltage; i.t/ – impulse current; R – shunt
resistor; L – shunt inductor; um.t/ – measured impulse volt-
age representing the impulse current; uR.t/ – resistive part
of the measured impulse voltage; uL.t/ – inductive part of
the measured impulse voltage)

fined resistor. Current testing and measurements are
described in [3.3]. Figure 3.65 shows a simplified mea-
suring arrangement of the voltage drop across a resistor
or shunt and considering the voltage induced by the
magnetic field of the current flowing through the shunt.

The measured voltage um.t/ consists of uR.t/ and
uL.t/. The part uR.t/ is proportional to the current i.t/
but the part uL.t/ is proportional to the derivative of the
current i.t/ over time t. This should be compensated by
the design of the shunt or by other means. The loss
power and the mechanical forces, on the other hand,
must be coped with by the proper design of a high im-
pulse current shunt.

The so-called Rogowski coil is another tech-
nique for impulse current measurement. The measuring
method is rather simple and is based on the induction
of a voltage in a winding through changing magnetic
field. The voltage is proportional to the change of the
current. This needs integration, and it is necessary to
obtain the current that can be gained by an RC circuit.

The advantage of the Rogowski coil is the potential-free
measurement of the current [3.43].

An indirect current measurement is the use of sen-
sors like Hall-probe or magneto-optical devices. The
measurand is the magnetic field generated by a current
and with calibration, these devices can be also used for
current measurement.

3.7.3 Partial Discharge Measurement

A localized electrical discharge is called a partial dis-
charge (PD). It bridges the insulation between con-
ductors, which may or may not occur adjacent to
a conductor [3.44]. Partial discharges are, in general,
a consequence of local electric stress in the insulation
or on the surface of the insulation. Usually, the dis-
charges appear as pulses with durations of less than
1�s. Partial discharges are a sensitive measure of lo-
cal electric stress, and, therefore, the measurement is
very often used as quality check of the insulation. Be-
fore a complete discharge between conductors occurs,
the inception of partial discharges gives information
about the limit of the electric strength of the insulat-
ing material. Therefore, the insulating material can be
tested without damaging or reducing its performance.
Partial discharge measurements also imply that every
stress of the insulation will influence the life expectancy
of the material. A reasonable compromise between
stress during measurement and the influence on life-
time should be found and fixed in the relevant standards
for particular equipment, such as transformers, cables,
switchgears, etc. As a typical nondestructive test, the
partial discharge measurement can be used to exam-
ine the insulation’s performance at the beginning of its
service time. This includes the reduction of the perfor-
mance during the service time by ageing, depending on
numerous parameters such as electrical, thermal, and
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Fig. 3.66 Equivalent circuit for partial discharges (U = ap-
plied voltage at power frequency, C1 = capacitor represent-
ing the cavity, C2 = capacitor representing the insulating
material around the cavity, C3 = capacitor representing the
remaining insulating material, S = spark gap representing
the discharge of the capacitor C1)

mechanical stress. Different kinds of insulatingmaterial
have different limits for the allowed partial discharge
value at a given stress level. They are defined in the
relevant recommendations. Particularly for solid insu-
lators, where a complete breakdown damages the test
object seriously, PD measurement is a tool for quality
assessment.
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Fig. 3.67a,b Basic partial discharge
measurement circuits: (a) measuring
impedance Zm in series with coupling
capacitor Ck, common circuit;
(b) measuring impedance Zm in series
with test object, not always possible
(adapted from [3.45])

It is assumed that small cavities exist in the insu-
lating material where discharges take place, which are
the basis for the detection and measurement of PDs.
This discharge causes a charge transfer in the whole
circuit by an impulse-shaped current, which can be
detected and measured. The relation of the discharge
event and the phase angle of the applied voltage at
power frequency are also important for the measure-
ment. A simplified equivalent circuit for the PD is
shown in Fig. 3.66.

The voltage across the capacitor C1 is given by

u1 D U
C2

C1 CC2
: (3.79)

The capacitor C3 represents the part of the test object
where no partial discharge occurs. In a real test setup,
the capacitances of C1 up to C3 are within the test ob-
ject, and a coupling capacitor Ck is added, as shown in
Fig. 3.67.

The discharge of the spark gap S in Fig. 3.66 repre-
sents partial discharge, and this takes place when the
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Fig. 3.68 Voltage behavior of a void
in a solid insulation system (ui –
inception voltage, ue – extinction
voltage)

voltage u1 has reached the so-called inception volt-
age. Under ideal conditions, the discharge process of
the spark gap S needs no time, but for real arrange-
ments, the discharge process is still very fast but can
be neglected with regard to the timescale of the applied
voltage. Due to the discharge of the capacitor C1, the
capacitor C2 is now stressed with the applied voltage
U, and this causes a change of the charges. Accord-
ing to Figs. 3.66 and 3.67 there are three sources for
the allocation of charges. The first source is the high-
voltage test supply, but the inductance prevents the fast
delivery of charges. The second source is the capaci-
tor C3 in Fig. 3.66, but the capacitance and, therefore,
the amount of charges which can be delivered is un-
known. The third source is the coupling capacitor Ck,
which is well known, and the delivered charges can be
measured via the measuring impedance Zm. It should be
mentioned that the applied AC test voltage also charges
the coupling capacitor Ck, but this happens with power
frequency. The partial discharge effects are, however, in
the range of ns or �s, and the separation from the power
frequency occurs in the measuring impedance Zm. In
order to measure the charge of the partial discharge
correctly, as much as possible, the charges delivered
from the coupling capacitor should be much larger than
the charges delivered from the voltage supply and the
internal capacitor C3, the capacitance of the coupling
capacitor should in this respect be as high as possible.
However, on the other hand, the coupling capacitor is
a capacitive load of the high-voltage test supply, and
this limits the magnitude of the capacitance.

Figure 3.68 shows the voltage behavior for the sim-
plified capacitive equivalent circuit and a void in a solid
insulation system.

Assuming that the applied voltage u is sinusoidal,
the inception voltage for partial discharges ui and the
extinction voltage ue are the same for positive polarity
and negative polarity. According to (3.79), the voltage

u1 across the capacitor C1 depends on the capacitance
of C1 and C2, which are both unknown. If there is no
void, the voltage u1 follows the voltage u, but with
a lower amplitude. If there is a void, and the voltage u1
is above the inception voltage ui, then a discharge oc-
curs, and the voltage drops to the extinction voltage ue.
After that, the voltage u1 increases again with the shape
of the applied voltage u, until the inception voltage u1
is reached again. Finally, it can be seen in Fig. 3.67
that the discharges occur around the zero crossing of
the applied voltage u, and this is a typical behavior of
partial discharges in a void of solids. The simple ca-
pacitive model of a void in a solid is replaced by the
so-called dipole model, which is described in detail
in [3.45], with a view to explaining, for example, par-
tial discharges in crosslinked polyethylene cables more
precisely.

The electrical partial discharge measurement de-
scribed is based on the assumption that the frequency
content of partial discharges is high at much higher
frequencies compared to the power frequency of 50
or 60Hz. The PD measuring instrument in Fig. 3.67
should be able to record the high frequencies, and there
is a differentiation between so-called narrow-band and
wide-band partial discharge measuring systems. For
a narrow-band system, the recommended middle fre-
quency is between 50 kHz and 1MHz, depending on
the noise frequencies. The bandwidth is in the range
of 9–30kHz. For wide-band recording devices, the
lower frequency limit is between 30 and 100 kHz, the
upper limit between 130 kHz and 1MHz, and the band-
width in the range from 100 to 970 kHz [3.45]. These
frequency ranges should be taken into account if a cali-
bration of the test circuit is to be done. An impulse with
a known charge is injected at the point where the par-
tial discharge measuring circuit is connected with the
test object. The frequency content of such an impulse
should cover the frequency range of the recording de-
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vice. The readout of the measuring instrument is then
equivalent to the injected charge, and this has a rela-
tion to the signal that appears on the same accessible
place of the test object and is called the apparent charge.
The apparent charge is a charge generated by partial
discharge within the test object and appears on the ac-
cessible points for measurement but may be influenced
in amplitude and shape by traveling from the point of
generation to the point of measurement.

The analog measuring devices for partial discharge
usually delivers a mean value of the periodically ap-
pearing signals; and all the requirements in the actual
recommendations are based on this performance and
also on the experience. For example, an apparent charge
of 10 pC for crosslinked cables at a voltage of 1:5U0,
whereby U0 is the voltage between conductor and
ground, is a convention based on scientific researches
and on practical experience of the operators of ca-
ble systems [3.46]. With an analog digital recorder for
partial discharge measurements, modifications of the
existing recommendations are necessary due to the fact
that now every partial discharge signal is recorded, and
the question is how to handle this information. Par-
tial discharge measurements generally suffer from noise
and random noise signals, but their influence on the in-
dication disappears when only the average is shown,
which is reasonable from the test point of view. Fur-
thermore, a digital record of partial discharges allows
many more evaluations, which supply additional infor-
mation [3.44].

Besides the detection of partial discharges, very of-
ten the location of the partial discharge source is also im-
portant. With acoustic or ultra-high-frequency sensors,
the location of a partial discharge source, for example
in a transformer, is possible by triangulation [3.47]. An-
other method is the calculation of the partial discharge
signal behavior on the way from the source to the mea-
suring point via a transfer function. With the measure-
ment of the same partial discharge signal on bushing and
the neutral point of a transformer, locating of the par-
tial discharge source is possible [3.48]. For extensive
equipment like cables, the partial discharge location can
be found by evaluation of the traveling time, because
a partial discharge signal travels from the source to the
measuring point and to the end of the cable. Then the
reflected signal also travels to the measuring point but
with a delay depending on the length of the cable and the
traveling speed within the cable. The partial discharge
location can be calculated from the time difference.

There are also other technologies for partial dis-
charge measurement or detection, like acoustic meth-
ods, ultra-high-frequency (UHF) measurements, opti-
cal measurements, and chemical analysis, for example
dissolved gas analysis (DGA) measurements whose ap-

C0R0

R2 R3

C2 C3C1

R1

Cn

Rn

Fig. 3.69 Equivalent circuit for a solid

plications depend on the test object and the design.
General information about acoustic and UHF meth-
ods for partial discharge measurements are available
in [3.49].

3.7.4 Measurement of Dielectric
Characteristics

In contrast to partial discharge measurement and de-
tection, which reveal local defects, the measurement of
dielectric characteristics gives information about the in-
tegral characteristic of the insulation. This is, in general,
less important for gas insulation but more important for
fluids and solids, and the expectation from these mea-
surements is the evaluation of ageing and rest-of-life
time, whereby the test voltage and frequency can dif-
fer from the service conditions.

Response Measurements
A solid insulation can be described by a number of R–C
combinations, representing the different kinds of po-
larization effects. If such a solid is stressed by a DC
voltage, dipoles are oriented, and the resulting current
is now caused by the conductivity of the material and
the polarization effects. Figure 3.69 shows the equiva-
lent circuit of a solid.

The procedure for the response measurement is to
charge the test sample with DC for a certain time, then
the DC source is disconnected, and the test sample
short-circuited to discharge the main capacitor C0. Af-
terwards, the voltage, called return or recovery voltage,
can be measured as a consequence of the relaxation of
the dipoles, oriented by the former DC voltage. The
shape, the peak value, and the peak time can be used
to evaluate the condition of the solid, for example the
moisture of oil-impregnated paper insulation, by com-
parison with former measurements, but it is not possible
to determine the absolute moisture content from only
one measurement. Figure 3.70 shows the procedure and
the relevant parameters.
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Fig. 3.70 General procedure for recovery voltage mea-
surements

Instead of the recovery voltage, the so-called relax-
ation current can be measured, which also delivers some
information about the condition of the solid, but also
here a comparison with former measurements is neces-
sary, and the temperature should be taken into account
for both procedures.

Loss Factor and Capacitance
The loss factor has already been described in
Sect. 3.4.5, and, therefore, only the measurement of the
loss factor and the capacitance of a solid will be listed
here. Figure 3.71 shows the classic Schering bridge,
which is commonly applied for such measurements.

The equivalent circuit for the solid is the series con-
nection of capacitorCx and resistorRx. The capacitorCN

is a reference capacitor that is very often called a stan-
dard capacitor, which should have a very low/negligible
loss factor, usually a gas-filled capacitor. The elements
in the dotted area are at high potential, whereas the oth-
ers are at low potential, and this allows an operator to
adjust the resistor R3 and the capacitor C4. Protection
devices against high voltage in the case of a breakdown
of the test sample are not shown in Fig. 3.71.

If the zero indicators shows zero, then the left and
right branches are in balance, and this can be expressed
by the ratio of the impedances

Zx
Z3

D ZN
Z4

with Zx D Rx C 1

j!Cx

ZN D 1

j!CN
;Z3 D R3 ;

Z4 D
R4 C 1

j!C4

R4
j!C4

:

(3.80)

CN

Zi

Cx

Rx

R3 R4 C4

Fig. 3.71 Schering bridge (Rx – unknown resistor of solid;
Cx – unknown capacitor of solid, CN – reference capaci-
tor, R3 – variable resistor, R4 – fixed resistor, C4 – variable
capacitor, Zi – zero indicator) (adapted from [3.50])

After some calculations and a comparison of real
and imaginary parts, the loss factor can be expressed as

tan ı D !C4R4 : (3.81)

With a fixed resistance of 318.3� for the resistor R4,
the loss factor tan ı can be expressed at an applied test
frequency of 50Hz as

tan ı D C4

10�F
: (3.82)

Some precautions are necessary if the current through
the test object is high and may damage the resistor R3.
A defined resistor parallel to R3 may solve this problem.

For test objects with a very low loss factor, for
example crosslinked polyethylene cables, further mea-
sures like an auxiliary branch are required. Nowadays,
automatic Schering bridges are available, which adjust
the bridge without the help of an operator, and digital
signal processing allows the use a Schering bridge with-
out an exact balance.

Additional Information and Exercises
Additional information and supplementary exercises
relating to this chapter can be found at
https://go.sn.pub/SHb_PowerSystems_Gockenbach_
HighVoltageEngineering.

https://go.sn.pub/SHb_PowerSystems_Gockenbach_HighVoltageEngineering
https://go.sn.pub/SHb_PowerSystems_Gockenbach_HighVoltageEngineering
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4. High Currents and Contact Technology

Steffen Großmann

Electrical power systems and transport systems are
subject to profound changes all around the world.
This is accompanied by higher requirements for the
components of stationary or mobile equipment of
electrical power engineering. Especially a com-
pact design, a higher current load under normal
operating conditions, and in the case of a fault,
disparate environmental conditions and the de-
mand for higher availability, reliability, and safety
are great challenges for designers, manufacturers,
constructors, and operators.

This chapter gives an overview of current-
conducting arrangements (conducting systems)
whose load is cause by electric current and
ambient conditions, the resulting thermal and
mechanical stress, and the long-term and reliably
necessary strength of the conducting components.

Fundamentals on the thermal behavior of
equipment and analytical approaches to the cal-
culation of temperatures at relevant spots are
presented that have proven themselves over
decades in practice. If necessary, they can be
supplemented by numerical methods, which
will not be explicitly discussed here. Regarding
the mechanical-dynamical behavior of current-
conducting arrangements exposed to short-circuit
currents or thermal elongation due to current load,
methods for determining the strain and the nec-
essary strength are presented with regard to the
material properties in the elastic range and the

plastic range. Stationary electrical contacts and
connections have been the subject of scientific
research at TU Dresden for more than four decades
and will be discussed here in an overview in terms
of design, operating, and long-term behavior.

All results presented in this chapter are, to
a great extent, results of scientific research at TU
Dresden and have been taken from the course
material presented to the students.
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4.1 Current-Conducting Arrangements (Conducting Systems)

During the conversion, transport, and distribution of
electrical energy, –current-carrying configurations con-
sisting of the electrical conductor, its contacts, its elec-
trical insulation, and its external mounting in a wide
variety of designs form the core of the electrical power
system [4.1–3]. Driven by a voltage U, carriers Q move
in a conductor with a resistance R and, thus, form
a current I. This current leads, depending on the con-
ductor cross section A, to a current density J, which

causes thermal losses Pvth in the conductor and, thus,
will increase the conductor temperature by �# . In ad-
dition, each current-carrying conductor is subjected to
a magnetic field H that is responsible for eddy-current
and hysteresis losses, PvW, PvH (Sect. 4.2) and also
has a mechanical-force effect F (Sect. 4.3.2). Partic-
ularly at very high voltages, dielectric losses PD can
lead to heating of the current-conduction arrangement.
However, the mechanical and electrical properties of

© Springer Nature Singapore Pte Ltd. 2021
K.O. Papailiou (Ed.), Springer Handbook of Power Systems, Springer Handbooks, https://doi.org/10.1007/978-981-32-9938-2_4
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a current-conducting device are largely determined
by its temperature. Temperatures must be maintained
within a limited range to ensure long-term reliable and
economical operation of electrical power systems.

Conductor arrangements must be designed so that
the requirements for reliability and availability, as well
as plant and personal safety, are guaranteed for all loads
possible in the respective case.

Depending on the technical requirements and the
operating conditions, conductor arrangements can be
divided into the following:

4.1.1 Concerning Conductor Material

In electrical power engineering, copper and aluminum
are the preferred conductor materials due to their good
electrical conductivity, adequate mechanical properties,
machinability, availability, and acceptable price. An im-
provement in mechanical properties can be achieved by
copper or aluminum alloys, but this always leads to a re-
duction in conductivity (Table 4.1).

Due to its low price and low specific weight, and
despite its lower electrical conductivity, aluminum is
becoming increasingly important for selected applica-
tions (Fig. 4.1). In addition to traditional power cables
and overhead-line and switchgear construction, alu-
minum is now also used successfully as a conductor
material in the automotive and aviation industries, in
transformer construction and in the equipment indus-
try. However, the different electrical and mechanical
properties, as well as the different technologies for in-
stalling and connecting aluminum conductors, must be
taken into account when designing and dimensioning
(Sect. 4.3.3) equipment or systems.

Composite materials or material systems are
used, e.g., copper-coated aluminum conductors, Al-
Cu sheets, aluminum-steel cables, or high-temperature
overhead-line conductors made of aluminum alloys
with a mechanically supporting carbon-fiber core.
Moveable conductor arrangements, e.g., in rotating
electrical machines (collectors, slip rings) or in the
overhead contact lines of electrical railways and cranes,
are usually implemented with carbon-copper (alloy)
systems.

4.1.2 Concerning the Structure
of the Conductor

The level of the operating and short-circuit current to
be conducted, the required mechanical strength and the
necessary flexibility and mobility, fastening and support
conditions, as well as application-related requirements,
determine the appropriate design of the electrical con-
ductors (Table 4.2).
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Table 4.2 Structure of electric conductors

Rigid Moveable Flexible
Solid, massive Tubular Stranded, laminated Thin-wire
Characteristics:
Low volume

High flexural rigidity and
high short circuit currents
Low skin effect
Large heat-emitting surface

Bendable
Compensation of thermal expan-
sion

High flexibility
Compensation of mechani-
cal vibration

Examples:
Bus bars

Bus bars Overhead line conductors
Power cable
Expansion clamps

Flexible line

Rigid Moveable Flexible
Solid, massive Tubular Stranded, laminated Thin-wire
Characteristics:
Low volume

High flexural rigidity and
high short circuit currents
Low skin effect
Large heat-emitting surface

Bendable
Compensation of thermal expan-
sion

High flexibility
Compensation of mechani-
cal vibration

Examples:
Bus bars

Bus bars Overhead line conductors
Power cable
Expansion clamps

Flexible line
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0.6

0.8
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Cu Al99.5 AlMgSi
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Cu Al99.5 AlMgSi

Related specific
electric resistivity

κ =
58 MS/m

Related weight

Related heat capacityRelated thermal expansion

35 31

a) b)

c) d)

Fig. 4.1a–d Relations between
conductors from aluminum and
copper for equal electric resistance.
(a) Cross section of aluminum
related to copper for equal resistance,
(b) aluminum has half weight of
copper for equal resistance, (c) larger
thermal extension of aluminum has
to be taken in account for bus bar
length and for sag of overhead lines,
(d) larger heat capacity of aluminum is
an advantage in case of short circuits

4.1.3 Concerning Conductor Connections

In an electrical system, conductors made of different
conductor materials and with different conductor struc-
tures must be joined together for the purpose of:

� Conductor connections� Equipment connections� Branching points or tap-offs.

Depending on the function of the connection, they can
be designed as permanent, nondetachable closed, de-
tachable, or as movable or pluggable connections.

Electrical connections are exposed to a multitude of
loads (Table 4.3) that stress the connection and, thus,
lead to aging of the connection over time (Sect. 4.3.3).
The load-dependent aging of the connection must,
therefore, already be known during installation in or-
der to ensure a reliable connection over the projected
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Table 4.3 Criteria for connections in conductor systems

Connecting current paths
Load caused by load Loading with stresses Strength attainable by strengths
Electrical load
Operating current, causes long-term
heating of the current path
Short-time current, causes
short-term heating
Short-circuit current, causes
electrodynamic forces
Operating voltage, may cause
partial discharges
Ambient conditions
Temperature
Humidity
Chemical agents in the environment
Service conditions
External mechanical loads
Vibrations
Plug-in operations, plug-in forces
Thermomechanical forces due to
elongation
Operational requirements
Service and maintenance
Flexibility
Modularity
Safety of personnel and plant

) Temperature rise
Limit temperatures must not be exceeded
Operating temperature of the connection
significantly determines its aging
Mechanical stresses
Tensile
Bending
Torsional
Mechanical vibrations
Twice power frequency (2� 50Hz)
Wind-induced
Swing/galloping
Natural mechanical frequency is system
specific
Chemical reaction with the environment
(pollution layers)
Electrochemical corrosion
Oxidation of the contact surfaces
Reaction of the contact surfaces with
admixtures, e.g., salt, sulfur, etc.
Intermetallic diffusion
Fretting
Plug-in connectors
Moving connections
Electric field strength
Partial discharge initiation

) Ampacity
Conductor material
Dimensioning
Shape
Joining methods
Aging resistance
Conductor material
Surface treatment
(Limit) temperature
Shape
Mechanical strength
Conductor material
Shape
Dimensioning
Energy accumulators, springs,
connecting elements
Abrasion resistance
Contact materials
Lubricants
Dielectric strength
Electrode geometry

Connecting current paths
Load caused by load Loading with stresses Strength attainable by strengths
Electrical load
Operating current, causes long-term
heating of the current path
Short-time current, causes
short-term heating
Short-circuit current, causes
electrodynamic forces
Operating voltage, may cause
partial discharges
Ambient conditions
Temperature
Humidity
Chemical agents in the environment
Service conditions
External mechanical loads
Vibrations
Plug-in operations, plug-in forces
Thermomechanical forces due to
elongation
Operational requirements
Service and maintenance
Flexibility
Modularity
Safety of personnel and plant

) Temperature rise
Limit temperatures must not be exceeded
Operating temperature of the connection
significantly determines its aging
Mechanical stresses
Tensile
Bending
Torsional
Mechanical vibrations
Twice power frequency (2� 50Hz)
Wind-induced
Swing/galloping
Natural mechanical frequency is system
specific
Chemical reaction with the environment
(pollution layers)
Electrochemical corrosion
Oxidation of the contact surfaces
Reaction of the contact surfaces with
admixtures, e.g., salt, sulfur, etc.
Intermetallic diffusion
Fretting
Plug-in connectors
Moving connections
Electric field strength
Partial discharge initiation

) Ampacity
Conductor material
Dimensioning
Shape
Joining methods
Aging resistance
Conductor material
Surface treatment
(Limit) temperature
Shape
Mechanical strength
Conductor material
Shape
Dimensioning
Energy accumulators, springs,
connecting elements
Abrasion resistance
Contact materials
Lubricants
Dielectric strength
Electrode geometry

Table 4.4 Criteria for insulation conductor systems

Insulation of current paths
External loads Stresses Strengths
Electrical load
Operating voltage, power fre-
quency, continuous or intermittent
Transient switching or lightning
overvoltages (Fig. 4.2)
Ambient conditions
Temperature
Humidity
Air pressure

) Electric field strength
Partial discharges
Puncture through an insulating
material
Flashover on the insulation surface

) Dielectric strength
Shape of the electrode geometry
of the insulation system
Insulating materials

Insulation of current paths
External loads Stresses Strengths
Electrical load
Operating voltage, power fre-
quency, continuous or intermittent
Transient switching or lightning
overvoltages (Fig. 4.2)
Ambient conditions
Temperature
Humidity
Air pressure

) Electric field strength
Partial discharges
Puncture through an insulating
material
Flashover on the insulation surface

) Dielectric strength
Shape of the electrode geometry
of the insulation system
Insulating materials

Voltage and overvoltage – loads and shapes

Category

Range of
parameters

Low-frequency or direct

Continuous Temporary

Operating
voltage

Short-duration
overvoltage

Short-duration
power

frequency test

Frequency f

0 Hz ≤ f ≤ 60 Hz

DC or AC

10 Hz < f < 500 Hz

Transient

Slow front Fast front Very fast front

Switching
impulse

Lightning
impulse

Impulse front rise time T

20 μs < T ≤ 5 ms 0.1μs < T ≤ 20 ms 3 ns < T ≤ 100 ns

Fig. 4.2 Categories and types of voltage and overvoltage loads
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L1 L2 L3

L1 L2 L3

L1 L2 L3

L1 L2 L3

L1 L2 L3

L1

L2 L3

Not encapsulated
air insulation

Encapsulated

L1 L2 L3
L1

L2 L3

Bus bar
with
insulators
multiple-
insulation
system

Bus bar 
single-
insulation
material

Single-phaseThree-phase Three-phase

Gas pressure

Phase to phase voltage stressed distance                 Phase to earth  voltage stressed distance

Gas pressure or solid insulation Air insulation

Fig. 4.3 Dielectric insulation arrangements for conductors

Gaseous  insulation Liquid insulation Solid insulation

Air insulation Gas pressure insulation

Air is available anywhere
Restrengthable after breakdown

Very high dielectric 
strength
SF6 or alternative gases
Restrengthable after  
breakdown

Very high dielectric 
strength 
Mineral or silicon oil
Semi-restrengthable after  
breakdown

Very high dielectric strength
Anorganic, organic or 
elastomeric materials
Irreparable after failure 

High-voltage overhead trans-
mission lines and substations
Rail contact lines
Air-insulated switchgears 
(AIS for low and medium voltage)

Gas-insulated 
switchgears (GIS) 
and lines (GIL)

Electrodes of tap changer 
in power transformers

Cables
Solid insulated bus bars

Combined dielectric insulation systems

Air/solid Pressured gas/solid Solid/liquid

Typical for mechanical fastening the bus bar conductor 
Along, transverse or a slant interface course change of dielectric strength field 
or displacement electric flow
Effects of sedimentation, pollution and space-charge on insulators surfaces

Very high dielectric strength
Semi-restrengthable after breakdown

Insulators in high-voltage overhead 
transmission lines and substations
Insulators and bushings in 
air-insulated switchgears 

Insulators in gas-insulated switchgears 
(GIS) and lines (GIL)

Oil-paper insulation of windings 
in power transformers

Characteristics:

Characteristics:

Examples:

Examples:

Fig. 4.4 Dielectric insulation material for conductor
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Table 4.5 Criteria for fastening of current-carrying systems

Fastenings for power tracks
External loads Stresses Strengths
Dead weight of the current path
Conductors
Insulation
Fittings (clamps, spacers)
Accessories (joints, terminations)
Ambient conditions
Temperature
Wind
Ice load
Tremor
Topographical location in the terrain
Geological conditions
Service conditions
Tensile forces
Bending forces
Torsion forces
Compressive forces
Vibrations
Operational needs
Servicing and maintenance
Versatility
Modularity
Personnel and plant safety
Visual quality
Electrical load
Operating voltage, determined design
of the mounting with regard to partial
discharge resistance
Operating current, causes heating and
linear expansion or sag
Short-time current, causes heating and
linear expansion
Shock short-circuit current, causes
electrodynamic forces

) Mechanical stress
Tensile
Bending
Torsional
Buckling
Mechanical oscillations
Twice power frequency (2 � 50Hz)
Wind induced
Swing galloping
Mechanical natural frequency is sys-
tem specific
Electric-field strength
Partial discharge initiation
Temperature rise
Heat in the conductor
Additional losses in enclosure and
fittings

) Internal mechanical strength of the
current path (stiffness) against
Tension
Bending
Torsion
Buckling
Vibration
Supporting under tensile stress
(Fig. 4.4)
Anchoring points
Supporting points
e.g., bare and insulated overhead
lines, traction lines, overvoltages in
substations
Erection
Underground (earth, concrete, etc.)
On the ground with or without de-
fined fixing points (cable trays, cable
racks etc.)
In pipes or cable blocks
e.g., cables and wires
Storing on bases
Stiff conductors (insulated or bare)
on moving and fixed supports, e.g.,
substations (Fig. 4.4)
Flexible conductors on cable con-
soles, clamps, e.g., cables and wires

Fastenings for power tracks
External loads Stresses Strengths
Dead weight of the current path
Conductors
Insulation
Fittings (clamps, spacers)
Accessories (joints, terminations)
Ambient conditions
Temperature
Wind
Ice load
Tremor
Topographical location in the terrain
Geological conditions
Service conditions
Tensile forces
Bending forces
Torsion forces
Compressive forces
Vibrations
Operational needs
Servicing and maintenance
Versatility
Modularity
Personnel and plant safety
Visual quality
Electrical load
Operating voltage, determined design
of the mounting with regard to partial
discharge resistance
Operating current, causes heating and
linear expansion or sag
Short-time current, causes heating and
linear expansion
Shock short-circuit current, causes
electrodynamic forces

) Mechanical stress
Tensile
Bending
Torsional
Buckling
Mechanical oscillations
Twice power frequency (2 � 50Hz)
Wind induced
Swing galloping
Mechanical natural frequency is sys-
tem specific
Electric-field strength
Partial discharge initiation
Temperature rise
Heat in the conductor
Additional losses in enclosure and
fittings

) Internal mechanical strength of the
current path (stiffness) against
Tension
Bending
Torsion
Buckling
Vibration
Supporting under tensile stress
(Fig. 4.4)
Anchoring points
Supporting points
e.g., bare and insulated overhead
lines, traction lines, overvoltages in
substations
Erection
Underground (earth, concrete, etc.)
On the ground with or without de-
fined fixing points (cable trays, cable
racks etc.)
In pipes or cable blocks
e.g., cables and wires
Storing on bases
Stiff conductors (insulated or bare)
on moving and fixed supports, e.g.,
substations (Fig. 4.4)
Flexible conductors on cable con-
soles, clamps, e.g., cables and wires

service life of the system through suitable joining of
the conductors. Occasionally, little attention is paid to
electrical connections in the planning, design, and in-
stallation of systems, which can lead to considerable
long-term problems with reliability and related very
high costs.

4.1.4 Concerning Insulation Arrangement
and Insulation Material

The conductor arrangement must reliably separate the
electrical potentials between the conductors and be-
tween the conductor and earth. The insulation is ex-
posed to various loads, which lead to permanent and

transient stresses on the insulation arrangement (Ta-
ble 4.4, Fig. 4.2 [4.4]).

Whether electrical conductors are used bare (i.e., in-
sulated with air) or insulated with a suitable solid or
liquid insulating material to each other, to ground and
against touch contact depends on the specific applica-
tion, the operating voltage, the space requirements, the
ambient conditions, the costs, etc. A distinction is made
between the type of insulation arrangement and the in-
sulation material (Figs. 4.2 and 4.3).

The type of insulation closely interacts with the
current-carrying capacity, design, installation, and flex-
ibility of the system during operation, maintenance, and
system losses.



4.1 Current-Conducting Arrangements (Conducting Systems) 189
Section

4.1

Tension insulator string

Pole

Insulator
Tension clamp

Conductor
Connector

Suspension insulator string Pole cross arm
Insulator

Suspension clamp
Conductor

Bus bar in field division, 
connection with flexible 
connectors with siding and 
flexible mounting

Bus bars covering two fields 
each, equal field division, 
connecting with flexible 
connectors with two sliding 
support points

Bus bar covering several 
fields, equal field division
with flexible connectors 
with two sliding supporting 
points 

Flexible connector, 
extension clamp

Bus bar

Insulator

Foundation

F – fixed supporting point

S – sliding supporting point

M – bending moment
f – deflection
L – suspension length

S S S

SS S S

SS S

SF F

F F F

F F F F

F

S S S S S

Ft Ft

Ft Ft

Ft ≈ 0

a)

b)

B B' C'C D'D E'E F' GA

F

FF

B C D'D E GA

FB C'C D E'E GA

L L

L L L L L L

L L L L L L

f

L L L

MF

MDE MEF

MEF

L

f

f

x1

x1 x2

Deflection Curve of bending moments

Deflection Curve of bending moments

Deflection Curve of bending moments

Fig. 4.5a,b Fastening of electric conducting systems. (a) Conductor with mechanical tensile stress, (b) conductor with-
out mechanical tensile stress

4.1.5 Concerning Mechanical Properties

Conductor arrangements must be designed in such
a way that the requirements for reliability and availabil-
ity, as well as plant and personal safety, are guaranteed
for all possible loads. This includes the fittings, the in-
sulators, and the supports.

The type of mechanical fastening to be selected
depends on the operating current and the resulting lon-

gitudinal expansion of the conductor arrangement, as
well as the short-circuit forces acting on the conductor,
the insulators, and the support. The criterion here is that
neither conductors, insulation, nor fastening may be
permanently distorted and that the striking distance of
insulation sections must not fall below the values speci-
fied to avoid puncture or flash-over (Table 4.5, Figs. 4.4
and 4.5).



Section
4.2

190 4 High Currents and Contact Technology

4.2 Current-Carrying Capacity

Conductor arrangements must be able to reliably
and safely carry operating and fault currents over
the entire projected service life, usually several
decades [4.1, 2, 5]. This means that the functions of
conducting current, insulating electrical potentials, con-
necting, branching, and fixing conductors must be guar-
anteed for a long time under all operating conditions.
The temperature of the current path plays a central role.
In the event of a fault, electrodynamic forces and power
arcs must also be withstood. With the associated physi-
cal processes, the operating states, namely:

� Normal operation: continuous and alternating load
(Table 4.6a)� Short circuit: outside (Table 4.6b) and inside (Ta-
ble 4.6c) of the network considered

pose different challenges and technical objectives (Ta-
ble 4.6), which must be equally taken into account in
the design of power-distribution systems.

4.2.1 Load

Conductor arrangements with their components (con-
ductors, insulations, connections, fasteners) are loaded
by external effects, the current flow, and the ambient
conditions:

Thermal loads caused by power-heat losses are:

� Continuous current load� Intermittent current load� Short-circuit current load.

Mechanical loads are caused by:

� Bending moments and line loads on conductors and
forces on support and fastening points in the event
of a short circuit.
Examples: bus bars, conductors, insulators, fittings,
parallel single-core cables.� Deflection of nonrigid conductors due to the effect
of the wind. Examples: overhead lines with single
or bundled conductors, field spacers, separators.

Loads due to ambient conditions are caused by:

� Ambient temperature� Heat generation through solar and sky radiation� Humidity and air pollutants� Snow and ice loads as additional weight loads� Wind inducing conductor vibrations and constitut-
ing an additional mechanical load.

The relevant standards contain the design-relevant
ambient conditions. On the other hand, it is not feasible
to incorporate in the standards all climatic conditions
for all regions of the globe, which might differ substan-
tially. Thus, for extreme ambient conditions, specific
long-time tests, e.g., for connections and contacts, are
required [4.6].

4.2.2 Stresses

The external loads of a conductor arrangement lead to
internal stresses of the same arrangement. The interac-
tion of different, mostly temperature-dependent loads
leads to the aging of the components of a conductor
arrangement, which, depending on the strength of the
construction, may lead to partial or complete failure af-
ter a period.

Examples (Table 4.6):

1. The dielectric strength of various insulations de-
creases over time. Higher temperatures can acceler-
ate this process. In particular, transient overvoltages
can become critical.

2. The long-term behavior of electrical contacts and
connections reacts very sensitively to elevated tem-
peratures, since most aging mechanisms follow Ar-
rhenius’ law (4.1),

k D ae� E
RT ; (4.1)

where k D aging rate, a D factor of proportionality,
E D activation energy, R D universal gas constant,
and T D absolute temperature.
The higher the initial resistance of a connection RJ0,
the faster it ages at higher temperatures, and thus the
sooner it will fail. Higher current loads and higher
ambient temperatures, therefore, have an acceler-
ating effect on the aging of electrical connections
(Sect. 4.3.3).

3. The mechanical strength of many materials de-
creases over time, which is accelerated by increased
temperatures (Arrhenius’ law). Especially under
short-circuit currents, high electromagnetic forces
occur, which will cause higher permanent plastic
deformations, which accumulate with each short-
circuit event (Sect. 4.3.2).

The permissible thermal stress of the conductor arrange-
ments is, therefore, limited and is specified in standards
as the limit temperatures for various materials and ap-
plications. A distinction is made between normal opera-
tion (continuous or alternating current) and short-circuit
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Table 4.6 Current-carrying capacity
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Fig. 4.6 Electrical load, stress, and strength of conducting
systems

operation (Sect. 4.3.1). Electrical power equipment con-
stitutes capital goods that are designed for a service life
of several decades and must, therefore, be dimensioned
not only for new conditions but also taking aging into
account. This is often difficult in practice, because the
loads can change during operation, and their patterns are
not always known. There is still a need for research in
this area, since suitable diagnosticmethods are not avail-
able for all stresses and are also not always practical and
economical. Rather, comparatively simple technical sys-
tems, such as power conductor arrangements, should be
so robustly dimensioned and designed that a diagnosis is
only necessary in special cases.

For mechanical stress (Sect. 4.3.2), the permissible
limits are not to be defined trivially with general limit
values. Rather, suitable calculations based on models or
corresponding experiments are required. The technical
criterion is the permanent deformation, which should
not exceed values that have been agreed upon and are
based on design and material properties. This affects
bending, tensile, compressive, and torsional stresses in
the electrical conductor, in connections and fasteners,
as well as in technical insulations that are in the glass
state (e.g., porcelain, insulating resins) or in the elastic
state (e.g., silicone rubber, PVC, PE, VPE).

IL Power loss
(static load)

Temperature
rise

Temperature
rise

Temperature
rise

PV = I2
L R(ϑ)

IK Energy loss
(transient load)

Q = I2
th 1s tK R(ϑ)

Uniformly
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Deformation
break

Heating

Joule/ohmic power,
transient energy < Limiting temperature rise

Remarks
• Determines the profitability of power
 transmission
• Determines the thermal limiting power

• Determines the short-circuit current-
 carrying capacity
• With high short-circuit currents,
 short turn-off times are necessary
 (Ip-limiter, very fast circuit beakers)
• In the case of high short-circuit 
 power disconnect networks or use 
 short-circuit reactors Fig. 4.7 Influence of power loss,

energy loss, and mechanical load on
current-carrying capacity and heating

4.2.3 Strength

The strength of a current-conducting device is the
ability to withstand the electrical, mechanical and en-
vironmental stresses to such an extent that its function
is ensured under all possible external and internal loads
(Figs. 4.6 and 4.7). Aspects of technical requirements,
reliability, personnel and plant safety, economic effi-
ciency, and occasionally also the quality of appearance
must be taken into account.

In order to guarantee the required thermal strength,
the limit temperatures specified in standards must be
observed. This makes sense from a technical point of
view, as they ideally take into account the new condition
of the equipment, its aging, its normal and extraordinary
(e.g., under fault) operation, as well as the expected
environmental loads. Compliance with the limit tem-
peratures is provided by tests or analytical calculations,
insofar as this is accepted by the user. For practi-
cal application, it is essential to question whether the
boundary conditions specified in the standards for the
verification of the limit temperatures also correspond to
those to be expected in the respective application.

Example: low-voltage switchgear is tested accord-
ing to uniform, easily comparable criteria. However,
this test arrangement does not roughly correspond to the
many installation cases of low-voltage switchgear and
control-gear assemblies [4.7], which can be found in
practice. Due to the much shorter connecting cables and
the significantly worse conditions for heat dissipation,
significantly higher temperatures occur in practice than
in the standard test, or the current-carrying capacity
in the actual application will generally be significantly
lower than indicated on the nameplate of the switching
device. In this case, it is the responsibility of the system
manufacturer to prove compliance with the limit tem-
peratures.

The temperature of the current path is the essential
criterion for the current-carrying capacity. Compliance
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Table 4.7 Temperature-rise limit (at ambient temperature 
 40 ıC) for low and for high-voltage switchgears and control
gears, a selection (adapted from [4.7–12])

Nature of the part Stock Temperature-
rise limit (K)

Ambient temperature

Low-voltage switchgear and control gear: IEC 60947-1 [4.8], DIN EN 60947-1 [4.9]
Terminals Bare copper

Bare brass
Tin-plated copper
Silver or nickel-plated copper

60
65
65
70

Limit under normal service conditions:
35 ıC (24 h), 40 ıC max.,
During test: 10–40 ıC,
Shall not vary more than 10K

Accessible parts, manual operating
means

Metallic
Nonmetallic

15
25

Accessible parts, intended to be
touched but not hand-held

Metallic
Nonmetallic

30
40

Low-voltage switchgear and control-gear assemblies: IEC 61439-1 [4.7], DIN EN 61439-1 [4.10]
Bus bar Copper 105 35 ıC
High-voltage switchgear and control gear: IEC 62271-1 [4.11], DIN EN 62271-1 [4.12]
Contacts (Plug-in connectors) Bare copper or copper alloy

� in air
� in SF6
� in oil

35
65
40

Limit under normal service conditions:
35 ıC (24 h), 40 ıC max.
During test: 10–40 ıC,

Tin or nickel-coated
� in air
� in SF6
� in oil

50
50
50

Silver or nickel-coated
� in air
� in SF6
� in oil

65
65
50

Connections, bolted, or the
equivalent

Bare copper or copper alloy
� in air
� in SF6
� in oil

50
75
60

Tin or nickel-coated
� in air
� in SF6
� in oil

65
65
60

Silver or nickel-coated
� in air
� in SF6
� in oil

75
75
60

Accessible parts, expected to be
touched in normal operation

30

Accessible parts, which need not to be
touched in normal operation

40

Nature of the part Stock Temperature-
rise limit (K)

Ambient temperature

Low-voltage switchgear and control gear: IEC 60947-1 [4.8], DIN EN 60947-1 [4.9]
Terminals Bare copper
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Silver or nickel-plated copper
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means
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touched but not hand-held
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Bus bar Copper 105 35 ıC
High-voltage switchgear and control gear: IEC 62271-1 [4.11], DIN EN 62271-1 [4.12]
Contacts (Plug-in connectors) Bare copper or copper alloy

� in air
� in SF6
� in oil
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Limit under normal service conditions:
35 ıC (24 h), 40 ıC max.
During test: 10–40 ıC,

Tin or nickel-coated
� in air
� in SF6
� in oil
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50
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Silver or nickel-coated
� in air
� in SF6
� in oil

65
65
50

Connections, bolted, or the
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Bare copper or copper alloy
� in air
� in SF6
� in oil

50
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Tin or nickel-coated
� in air
� in SF6
� in oil

65
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� in air
� in SF6
� in oil

75
75
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Accessible parts, expected to be
touched in normal operation

30

Accessible parts, which need not to be
touched in normal operation
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with limit temperatures must be proven in standardized
heating tests. Temperature is decisive for mechanical
strength and aging. It serves as an indirect but measur-
able criterion for meeting the technical objectives with
regard to electrical, dielectric, thermal mechanical, and
safety-related tasks.

The level of the permissible limit temperature de-
pends on the materials of the conductors, the insulation,
the connections and the fasteners, as well as on the
time variation of the load current, and is determined on
the basis of practical experience and systematic aging

tests. If these limit temperatures are maintained during
a temperature-rise test, a service life of several decades
can very probably be expected for mature equipment
from the point of view of current-carrying capacity.

Examples:

1. ACSR conductors for overhead lines are designed
for a maximum conductor temperature of 80 ıC.
This is based on an ambient temperature of 35 ıC,
a wind speed of 0.6m s�1, and solar radiation of
1000Wm�2. In the case of deviating ambient con-
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ditions, the current load can be temporarily adapted
while maintaining the specified limit temperature.
It should be noted that accelerated aging of the
connections must be taken into account when the
current load is increased, although the limit temper-
ature of the conductor is not exceeded [4.13, 14].

2. High-temperature, low-sag (HTLS) conductors may
be operated at temperatures up to 210 ıC. This
results in temperatures at the connectors of 120–
150 ıC [4.15, 16].

3. Selected examples of limit temperatures in low and
high-voltage switchgear (Table 4.7).

It should be noted that the boundary conditions for
heating tests are not always uniformly specified in the
various standards. Therefore, the limit temperatures and
their boundary conditions for individual components
and for the entire system must always be taken as a ba-
sis for the design of conductor arrangements.

Most of the limit temperatures specified in the
standards are based on knowledge of physical laws,
electrical, thermal, and mechanical material properties,
and operating experience over several decades and have
generally proven themselves as accepted technical cer-
tainties. The increasing need to allow for higher limit
temperatures for certain new applications compared to
those which have been proven over a long period of
time requires special care and responsibility in their us-
age and is often associated with additional preliminary
long-term investigations (Sect. 4.3.3).

Examples:

1. Investigations on the long-term behavior of bolted
connections with copper bus bars in low-voltage
switchgear and control-gear assemblies up to
140 ıC [4.17]

2. Investigations on the electrical contact and long-
term behavior of compression connectors with
HTLS conductors up to 210 ıC [4.18]

In the near future, it will be a challenge to addition-
ally investigate the influence of nonsinusoidal currents
or currents with higher frequencies on the heating of
current paths and the aging of connections and to de-
scribe them in test standards. The increasing integration
of renewable energy sources (wind-energy plants, pho-
tovoltaic plants) and the associated ever-broader use of
the advantages of power electronics are major motiva-
tions for this.

The proof of the mechanical strength against the
effect of the electrodynamic forces in the event of
a short circuit outside the equipment under consider-
ation (Table 4.6b) must be provided in a short-circuit
test in an electrical power test field or by suitable
calculations.

The proof of the strength against the thermal and
pressure effects in the case of an arc fault in the
equipment under consideration (Table 4.6c) must be
performed in an arc-fault test in a high-performance test
field or by suitable calculations.

4.3 Design Principles

4.3.1 Thermal Design

Current-conducting arrangements must be dimensioned
in such a way that the limit temperatures for the conduc-
tor, the insulation, the contact and connecting elements
and the fasteners, and for the operator are maintained
under the expected loads in normal operation and in the
event of a fault (short circuit). Permissible limit temper-
atures are specified in standards or must be determined
experimentally or analytically for special applications
(Sect. 4.2). In order to meet this requirement, design
principles are required that have been successfully ap-
plied for decades. In addition,modern calculation meth-
ods (e.g., the finite element method (FEM), etc.) are
useful, with the help of which partial solutions can be
determined even more precisely and displayed clearly
where this is necessary [4.1, 2, 5, 19].

Thermal Balance Equation for a Current Path
During the transport of electrical energy, part of the
power to be transmitted in the current paths of the
equipment is converted into heat losses, Pv. This leads
to an increased temperature of the current path it-
self and other components (insulation, connections,
contacts, fasteners) in the equipment. This creates
a thermal stress for the current-conducting arrange-
ment (Sect. 4.2). Between heat losses Pv, heat dis-
sipation along the electrical conductor by heat con-
duction PL, heat dissipation radially outwards by con-
vection PK, heat radiation PS, and the heat stored in
the current path PC, thermal equilibrium is reached.
For a differentially small-volume elements in a ho-
mogeneous, long conductor inside (Fig. 4.8), the heat
balance equation can be given as a second-order dif-
ferential equation, with spatial and temporal depen-
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Fig. 4.8 Balance of thermal power in a homoge-
neous, straight conductor (dPV joule, ohmic power loss,
dPC stored thermal power, dPL IN heat conduction in the
element, dPLOUT heat conduction out of the element,
dPK radially dissipated heat power by convection, dPS ra-
dially dissipated heat power by radiation)

dence

dPv � dPC � dPL � dPK � dPS D 0 : (4.2)

For example, for a bus bar, these terms can be described
as follows:

� Heat dissipation generated in the volume element
dPv

dPV D kI2
�.#/dx

A

D kI2
�20

A
dxŒ1C / T.#L � 20 ıC/� ; (4.3)

where k D current displacement factor, � D resis-
tivity, �20 D specific electrical resistance at 20 ıC,

Table 4.8 Thermal characteristic of selected materials: specific electric resistance (at 20 ıC), temperature coefficient
electric resistance, density at 20 ıC, specific thermal capacity, and thermal conductivity

Material �20

(�mm2=m�1)
˛T

(� 10�3 K�1)
ı20

(g cm�3)
c
(W s g�1 K�1)

�

(Wm�1 K�1)
Copper 0.0175 3.92 8.92 0.385 385
Aluminum 0.0278 4.08 2.7 0.896 223
Brass 0.056 2.4 8.4 0.39 81–116
Silver 0.0163 4.1 10.5 0.24 423
Lead 0.21 3.9 11.3 0.13 36
Epoxya – – 1.2–1.9 0.8–1.2 0.2–0.9
Pressed-paper – – 1.2 2.4 0.24
Polyethylene – – 1.4 1.0–1.25 0.15–0.17
Transformer oil – – 0.84–0.87 1.9–2.1 0.12

Material �20

(�mm2=m�1)
˛T

(� 10�3 K�1)
ı20

(g cm�3)
c
(W s g�1 K�1)

�

(Wm�1 K�1)
Copper 0.0175 3.92 8.92 0.385 385
Aluminum 0.0278 4.08 2.7 0.896 223
Brass 0.056 2.4 8.4 0.39 81–116
Silver 0.0163 4.1 10.5 0.24 423
Lead 0.21 3.9 11.3 0.13 36
Epoxya – – 1.2–1.9 0.8–1.2 0.2–0.9
Pressed-paper – – 1.2 2.4 0.24
Polyethylene – – 1.4 1.0–1.25 0.15–0.17
Transformer oil – – 0.84–0.87 1.9–2.1 0.12

a 0–300% quartz flour

A D conductor cross section, ˛T D temperature co-
efficient of electrical resistance, and #L D conduc-
tor temperature.� Heat stored in the volume element

dPC D Acı
@#

@t
dx (4.4)

with c = specific thermal capacity of the conductor
material (Table 4.8), and ı D density of the conduc-
tor material.� Heat entering the volume element at position x and
exiting at position xC dx conducted out heat con-
duction (heat flow rate)

dPL D
�

��A@#
@x

�

„ ƒ‚ …

In

C
�

��A @
@x

�

# C @#

@x
dx

��

„ ƒ‚ …

Out

;

(4.5)

where �D thermal conductivity of the conductor
material.� Heat dissipated radially over the surface of the vol-
ume element by convection

dPK D ˛K.#/UK.#L �#0/dx ; (4.6)

where ˛K D heat transfer coefficient for convec-
tion. UK D convective heat-emitting circumference
of the conductor over the length dx, #L D conductor
temperature, and #0 D ambient temperature.� Heat dissipation radially over the surface of the vol-
ume element by thermal radiation

dPS D ˛S.#/US.#L �#0/dx (4.7)

where ˛S D thermal transfer coefficient for radia-
tion, and US D heat-emitting circumference of the
conductor over the length dx.
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Table 4.9 Demand depending current load and thermal behavior; Ir – rated current load, IL – current load, Ith 1s – thermal
equivalent 1-second short circuit current, #0 – ambient temperature, #L – conductor temperature, � – overtemperature,
#Gr – limiting temperature, and #a – origin temperature in normal operation (adapted from [4.5])

Permanent current load Flexible current load Short-term current load
Short-circuit current

Current and thermal
behavior I

ϑ

t

ϑGr

ϑL

ϑ0

IL

Ir

Θ = ϑL – ϑ0

I
ϑ

t

ϑGr

ϑL

ϑa
ϑ0

IL

Ir

I
ϑ

t

ϑGr

ϑL

ϑa

ϑ0

Ith 1s

Ir

ϑL

1 s

Equivalent thermal
network

ϑL

ϑ0PV

Rth

ϑL

ϑ0PV

Rth

Cth

ϑ0PV Cth

Thermal power losses PIN D POUT D PK CPS CPL

PV D I2LRel.#/

PIN D POUT C dQ

dt
PIN D dQ

dt

Q D
tK
Z

0

PIN.#/dt D mc�#

D
Z

kI2th1 secRel.#/dt

Permanent current load Flexible current load Short-term current load
Short-circuit current

Current and thermal
behavior I

ϑ

t

ϑGr

ϑL

ϑ0

IL

Ir

Θ = ϑL – ϑ0

I
ϑ

t

ϑGr

ϑL

ϑa
ϑ0

IL

Ir

I
ϑ

t

ϑGr

ϑL

ϑa

ϑ0

Ith 1s

Ir

ϑL

1 s

Equivalent thermal
network

ϑL

ϑ0PV

Rth

ϑL

ϑ0PV

Rth

Cth

ϑ0PV Cth

Thermal power losses PIN D POUT D PK CPS CPL

PV D I2LRel.#/

PIN D POUT C dQ

dt
PIN D dQ

dt

Q D
tK
Z

0

PIN.#/dt D mc�#

D
Z

kI2th1 secRel.#/dt

If the circumference transmitting heat through ra-
diation and convection U is the same, the following
applies in simplified form

dPK C dPS D Œ˛K.#/C ˛S.#/�U.#L �#0/dx

D ˛.#/U.#L �#0/dx ; (4.8)

with

˛ D ˛K C ˛S : (4.9)

Inserting (4.3)–(4.9) into (4.2) results in

kI2�.#/

A
�Acı

@#

@t
C�A

@2#

@x2

�˛.#/U.#L �#0/D 0 : (4.10)

This differential equation for the heat balance of the ho-
mogeneous, long conductor is solved for four special
cases:

1. Stationary heating – continuous load (Table 4.9, left
column)
A constant current flows, which causes the heat
losses PV. Those increase the conductor tempera-
ture to #L (4.3). Since the current I is assumed to be
constant with time, there is no storage of heat (4.4).
In addition, it is assumed that there is no axial heat

transfer in the conduct. Thus, the following bound-
ary conditions apply:� dPC D 0 no heat storage� dPL IN D dPLOUT no heat flow along the con-

ductor.
Because of this all heat losses, PV have to be radi-
ally transmitted to the surroundings via radiation PS

and convection PK

dPV D dPK C dPS: (4.11)

With (4.9) and (4.10), it follows that

kI2�.#/

A
D ˛.#/U.#L �#0/ : (4.12)

The permissible continuous current Ir, at which the
conductor temperature #L is less than or equal to
the permissible limit temperature of the conductor
#Gr is given by (4.12) to be

Ir D
s

˛.#/UA.#L �#0/

k�20Œ1C˛T .#L � 20 ıC/�
: (4.13)

Thereby, the current IL, which depends on the con-
ductor temperature#L and the ambient temperature
#0, should not exceed the permissible continuous
current Ir, so that the limit temperature #Gr of the
conductor will be observed.
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2. Transient heating – short-term load (Table 4.9, right
column)
During a short-term current flow up to 1 s, there is
practically no heat conduction or convection and
radiation, because these are relative slow physical
processes. Thus, the following boundary conditions
apply:� dPK D dPS D 0, i.e., no convection and no radi-

ation� dPL IN D dPLOUT no heat flow along the con-
ductor.

The total power losses PV in the conductor must,
therefore, be stored in the conductor itself during
the duration of the current (adiabatic heating)

dPV D dPC : (4.14)

From (4.14), the following differential equation is
obtained

kI2�.#/

A
D Acı

@#

@t
: (4.15)

Its solution is the thermally permissible short-term
current Ith for a time duration tK in (4.15),

Ith D
s

cıA2

k�20˛T tK
ln

�

1C˛T .#Gr � 20 ıC/
1C˛T .#a � 20 ıC/

�

:

(4.16)

Here, the current Ith depends on the time duration
tK, the temperature of the conductor #a before the
onset the short-term load, and the permissible limit
temperature of the conductor #Gr for the short-term
load. Usually, this limit value is higher than for
a continuous current load and is specified in the
standards.
When the short-term thermal current Ith or the short-
term current density Jth are known, the conductor
temperature can be calculated #L as a function of
the time duration tK of the short-term current

#L D 1

˛T




Œ1C˛T .#a � 20 ıC/�

exp
kJ2�20˛T

cı
tK � 1

�

C 20 ıC ;

(4.17)

where J D current density
3. Variable heating – variable load (Table 4.9, middle

column)
The most frequent load case is probably a variable
load for which both the ambient temperature and

the current load change over time. Because of the
heat-storage capacity of the conductor, the conduc-
tor temperature #L always lags behind the current
IL.t/. Assuming that there is no heat transfer along
the conductor, the following boundary condition ap-
plies

dPL IN D dPLOUT

(no heat flow along the conductor), where the radial
heat transfer by convection PK and by radiation PS,
as well as the heat storage PC, enter the heat balance
equation

dPV � dPC � dPK � dPS D 0 : (4.18)

With (4.9) and (4.10), one obtains

kI2�.#/

A
�Acı

@#

@t
�˛.#/U.# �#0/D 0 :

(4.19)

For a transient situation and for a lower ambi-
ent temperatures #0, a temporary overcurrent, IL,
higher than the rated current Ir can be sustained
without the limit temperature of the current path
being exceeded. Knowledge of the thermal time
constants of all related components is indispensable
for the practical use of this effect.
The time dependence of the temperature (heating)
of a conductor #L.t/ [4.20] after switching a current
IL.t/ on (Fig. 4.9a) is obtained by solving (4.19)

#.t/D�#end

�

1� e� t
	

	

C#0 ; (4.20)

where

	 D cıA

˛.#/U
; (4.21)

and 	 D thermal time constant, and �#end D final
temperature value in the stationary state after heat-
ing.
Cooling a conductor after switching a current IL.t/
off (Fig. 4.9b) follows as

#.t/D�#conste
� t
	 C#0 : (4.22)

Examples: the thermal time constant 	 amounts to:� 15–25min with air-cooled copper conductors� 2–3min for oil-cooled conductors� 1min for water-cooled conductors� 10min for aluminum overhead-line conductors.
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a) b)

t t

ϑL, IL ϑL, IL

ϑend

τ

ϑ0 = ϑconst ϑ0

τ–
t1 t1

Heating up

∆ϑconst

ϑconst Cooling down

IL

ϑL

IL

ϑL

Fig. 4.9a,b Conductor temperature #L (t) after switching on and off a current IL. After 3	 the temperatures deviate only
by 5% of the final value #end. (a) Temperature rise after switching on, (b) temperature fall after switching off

4. Heating of a long, linear conductor with additional
temperature distribution along the conductor from
a heat source (Fig. 4.10).
When there are points along a conductor with ad-
ditional power losses PV, these result in hot spots
with a temperature of #V. The heat conduction PL

along the conductor, though, reduces such local
temperature rises�#V until their effect is no longer
noticeable, i.e., until #end L.
Examples:� Damaged or highly-aged connections with

a high resistance (Sect. 4.3.3); these impose
a hot spot.� Local reduction of the conductor cross section.

ϑend L

ϑend L

IϑV

ϑV

ϑL

ϑo

∆ϑV

b
x

Fig. 4.10 Distribution of the conductor temperature #L.x/
with unequal dissipation of power loss along the conductor.
After 3b the temperatures deviate only by 5% of the final
value #end

� Additional losses in components with hystere-
sis and eddy current losses (old type dead-end
clamps from malleable cast iron in overhead
lines, steel bushings, and fasteners).

From the heat balance equation (4.9), one ob-
tains under the boundary condition that there is no
heat storage, as this process is time invariant, i.e.,
dPC D 0,

dPv � dPL � dPK � dPS D 0 ; (4.23)

which leads to

kI2�.#/

A
C�A

@2#

@x2
�˛.#/U.# �#0/D 0 ;

(4.24)

or

d2#

dx2
� ˛.#/U

�A
#C ˛.#/U

�A
#0

C kJ2�.#/

�A
D 0 ; (4.25)

with the homogeneous part

d2#.x/

dx2
� 1

b2
#.x/D 0 : (4.26)

Assuming

#.x/D eax ; R#.x/D a2eax ; (4.27)

and inserting in (4.26), one obtains

a2eax � 1

b2
eax D 0 ;
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with the solution

a2 � 1

b2
D 0 ; a2 D 1

b2
; a D

r

1

b2
D ˙1

b
:

(4.28)

Thus, the temperature distribution along the con-
ductor becomes (Fig. 4.10)

#.x/D�#Ve� x
b C#endL ; (4.29)

where b is the thermal local constant

b D
s

�A

˛.#/U
: (4.30)

This means that the temperature difference �#
(higher or lower) along a conductor subsides after
a distance of three times the thermal local constant
b to about 5% of its original value.
Examples: the thermal local constant b is approxi-
mately:� 30–35 cm for a copper bus bar 100mm� 10mm� 20–25 cm for an aluminum bus bar 40mm �

10mm� 22 cm for an aluminum overhead conductor
240mm2.

Calculation of Temperature Distribution
In order to calculate the spatial temperature distribution
of a device, knowledge of the relevant heat sources, i.e.,
the heat conduction along the current path, is required
according to the thermal balance equation; PL the heat
dissipation by convection PK, the radiation PS radially
to the current path and with dynamic processes and
also the heat capacities PC are required. The necessary
information on the design, dimensions, and materials
must be known. Even if these often have to be procured
laboriously or determined experimentally, they are in-
dispensable.

PSH

PVL

PVj

PD

PKa

PW PH

I

Z

Conductor Connector
Cable

H-Field

Encapsulation
Electric load

Metallic structures (Al, Cu, Fe)
in magnetic alternating field

G

Fig. 4.11 Thermal power losses in an
electric power circuit; PVL D electric
heat losses in conductors, PVj D elec-
tric heat losses in connectors, PD D
dielectric losses (in cables � 200 kV),
PKa D losses in encapsulation and
concentric external conductor, PW D
eddy-current losses, PH D hysteresis
losses, and PSH D thermal power from
solar and sky radiation

Heat sources in electrical equipment can usually be
the following (Fig. 4.11):

� Electrical heat losses PV in the conductor, PVL and
in the electrical contacts and connections PVj,

PVL D kI2LRD.#/

D kIL
2 �20l

AL
Œ1C ˛T20.#L � 20 ıC/� ; (4.31)

where

k D P�
PD

D R�
RD

; (4.32)

and P� D alternating current (AC) power, R� D
AC resistance of the conductor, PD D direct current
(DC) power, and RD D DC resistance of the con-
ductor.

The skin effect factor k is a measure of the higher
resistance for alternating current (AC) (skin effect for
single conductors, proximity effect for the mutual influ-
ence of parallel conductors) than for direct current, for
common current paths and can be taken as an example
for rectangular conductors from Table 4.10 (Fig. 4.12).
For common rectangular, round, tubular, and profile
conductors, these factors are already taken into account
when specifying the current-carrying capacity [4.19,
21, 22].

The current heat losses in electrical connections PVj

result in

PVj D I2Rj.#; t/ ; (4.33)

and

Rj.#; t/D Rm.#/CRc.t/CRf.t/ ; (4.34)

where PVj = heat or dissipation in one connection,
I D current flowing in the connection, Rj.t/D joint
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Table 4.10 Current displacement factor k for rectangular flat bus bars (k D R�=RD for rectangular flat bus bars with
subconductors; f D 50Hz; #L D 70 ıC; space between subconductors D 10mm)

Dimensions

1 bus bar 2 subconductors 3 subconductors 4 subconductors
(mm2) b W h Cu Al Cu Al Cu Al Cu Al
40 � 10 1 W 4 1.03 1.01 1.07 1.03 1.06 1.07 1.22 1.12
50 � 10 1 W 5 1.05 1.02 1.12 1.05 1.25 1.12 1.33 1.18
60 � 10 1 W 6 1.07 1.03 1.17 1.08 1.34 1.17 1.45 1.25
80 � 10 1 W 8 1.11 1.05 1.27 1.13 1.49 1.26 1.66 1.38

100 � 10 1 W 10 1.15 1.08 1.34 1.19 1.61 1.35 1.82 1.51
120 � 10 1 W 12 1.18 1.10 1.40 1.23 1.70 1.45 1.94 1.62
160 � 10 1 W 16 1.23 1.14 1.48 1.31 1.84 1.54 2.14 1.78
200 � 10 1 W 20 1.27 1.17 1.54 1.36 1.96 1.63 2.29 1.90

Dimensions

1 bus bar 2 subconductors 3 subconductors 4 subconductors
(mm2) b W h Cu Al Cu Al Cu Al Cu Al
40 � 10 1 W 4 1.03 1.01 1.07 1.03 1.06 1.07 1.22 1.12
50 � 10 1 W 5 1.05 1.02 1.12 1.05 1.25 1.12 1.33 1.18
60 � 10 1 W 6 1.07 1.03 1.17 1.08 1.34 1.17 1.45 1.25
80 � 10 1 W 8 1.11 1.05 1.27 1.13 1.49 1.26 1.66 1.38

100 � 10 1 W 10 1.15 1.08 1.34 1.19 1.61 1.35 1.82 1.51
120 � 10 1 W 12 1.18 1.10 1.40 1.23 1.70 1.45 1.94 1.62
160 � 10 1 W 16 1.23 1.14 1.48 1.31 1.84 1.54 2.14 1.78
200 � 10 1 W 20 1.27 1.17 1.54 1.36 1.96 1.63 2.29 1.90

Fig. 4.12 Related
current density
distribution J in
a 2� .60� 10/mm2

rectangular flat bus
bar (schematically)

resistance (time-dependent quantity ! aging), Rm D
metallic lead resistance/self-resistance, Rc.t/D con-
striction resistance (time-dependent variable ! aging),
and Rf.t/D impurity film resistance (time-dependent
variable ! aging).

Just like the losses in the conductor, the losses in the
joints also depend on the current load IL and, thus, the
temperature of the conductor. In addition, in this case,
the time variation of the joint resistance RV.t/ by aging
processes (Sect. 4.3.3) has to be considered:

� Dielectric losses PD have to be considered in high-
voltage cables with operating voltages � 220 kV
and are calculated as

PD D UB
2!CB tan ı ; (4.35)

where UB D operating voltage, ! D angular fre-
quency, CB D electrical capacity of the equipment,
and tan ı D loss factor.� Eddy current losses PW occur when alternating
magnetic fields penetrate components made of non-
ferromagnetic materials

PW D 1

24
�!2d2 OB2

mVF.x/ ; (4.36)

with

F.x/D 3

x

sinh x sin x

cosh x cos x
; (4.37)

x D ˇd ; (4.38)

ˇ Dp

 f �� ; (4.39)

where � D conductance, ! D angular frequency,
f D power frequency, �D permeability, d D thick-
ness of the sheet, OBm D peak value of the mean
magnetic induction, and V D volume.� If components made of ferromagnetic materials,
e.g., steel parts, are penetrated by alternating mag-
netic fields, hysteresis losses PH occur

PH D 8

3
�f OH3

mV ; (4.40)

where � D material constant, determined by the
hysteresis of the material, f D power frequency,
OHm D peak value of the mean magnetic field
strength, and V D volume.� Losses PKa in the enclosure of modern switchgear
and in concentric outer conductors of cables are
generated by induction or eddy currents. The driv-
ing voltage required for this is induced by the
alternating magnetic field of the conductor currents
in the enclosure. The smaller the distance between
the conductor and the concentric outer conductor
and the larger the conductor current, the greater
these losses become. In three-phase systems, a dis-
tinction must be made between single-pole and
three-pole enclosure. In single-pole insulated sys-
tems, the arrangement side-by-sidemust also be dis-
tinguished from the triangular arrangement, since
the magnetic fields of the three conductors in the
three-phase system compensate each other in dif-
ferent ways, which affects the losses (Table 4.11).
Thereby the individual segments of the enclosure
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Table 4.11 Typical configurations for encapsulated bus bars or cables

Three-phase encapsulation Single-phase encapsulation
Triangular (3� 120ı) Side-by-side Triangular (3� 120ı)

Not electrically connected Electrically connected through

a

a

Insulation

a

a

a

Three-phase encapsulation Single-phase encapsulation
Triangular (3� 120ı) Side-by-side Triangular (3� 120ı)

Not electrically connected Electrically connected through

a

a

Insulation

a

a

a

can be electrically connected through or insulated
from each other (not connected for l < 10m) and
individually/each one earthed [4.2].
– Single-pole encapsulation

In a symmetrical three-phase system with
single-pole insulated current paths, the mean en-
closure losses of a concentric outer conductor
are calculated as

PKa D mKI2L
�20

AK
lŒ1C ˛T.#Ka � 20 ıC/� ;

(4.41)

where AK D conductor cross section of the en-
closure, a D conductor spacing, dKa D enclo-
sure diameter, IKa D capsule current, IL D con-
ductor current, K D enclosure power-loss factor
(Fig. 4.14a), k0 = enclosure factor (Fig. 4.14a),
l D length of the enclosure, m D correction fac-
tor (0.9–1.04) (Fig. 4.14b), and RKa D enclosure
resistance, which are dependent from the tem-
perature, and where the enclosure power-loss
factor K represents the ratio of the actually gen-
erated heat output to the output that arises when
the enclosure current IKa is equal to the phase
current IL (Fig. 4.16).

IKa1

I1

I2

I3

IKa3

IKa2

H1

H2

H3

a

I' bKa

dKa

Fig. 4.13 Power losses PKa in
encapsulated bus bars and a concentric
external conductor, GIL with a single
pole, not connected encapsulation,
side-by-side, length of segments
l0 < 10m, symmetrical current load in
three phases (adapted from [4.2])

If the individual segments of the current path are
not connected (Table 4.11, column 2, Fig. 4.13),
the enclosure power-dissipation factor becomes
K < 1 for nonferromagnetic materials and for
a ratio of the enclosure diameter to the conduc-
tor distance dKa=a< 0:82. For 0:82< dKa=a<
0:9 K becomes 1.5 (Fig. 4.14a). This diagram ap-
plies for an enclosure factor k0 D 20 according to
the relationship (4.42) is calculated to

k0 D !��0bKarKa ; (4.42)

with bKa D thickness of enclosure, rKa D en-
closure diameter, ! D angular frequency of the
network, and � D electrical conductivity of the
enclosure material.
For enclosure factors deviating from k0 D 20,
correction factors m must be taken into account,
which use the geometric and electrical condi-
tions in accordance with (4.42) (Fig. 4.14b).
With a smaller conductor distance a and more
compact design, the enclosure power-loss factor
K and, thus, the losses PKa, are larger. The en-
closure losses of the concentric outer conductor
also increase with poorer conductivity of the en-
closure material.
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K m
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1.25
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0.75

0.50
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a) b)
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1.02

1.04
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k' = 110
k' = 60

k' = 20

k' = 10

Fig. 4.14 (a) Encapsulation power factor K for calculation of power losses in all three capsules in the case of symmet-
ric current load (single-pole, unconnected encapsulation) (b) correcting factor m for encapsulation factor k0 if k0¤ 20
(adapted from [4.2])
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= 0.05

rL

rm
= 0.05

αL bL

αKa bKa
= 1

Fig. 4.15 Encapsu-
lation power-loss
factor K with
three-pole cylindri-
cal encapsulation
(adapted from [4.2])

If the individual segments of an enclosure are
electrically connected along the current path
(l > 10m) (Table 4.11, columns 3 and 4), then
for practically relevant applications, the conduc-
tor (IL)- and the enclosure currents (IKa) have
about the same magnitude, i.e.,

K D
�

IKa
IL

�2

� 1 ; (4.43)

thus, the enclosure losses PKa can be computed
as

PKa D I2KaRKa.#/ : (4.44)

– Three-pole enclosure If the three conductors of
a symmetrical three-phase system are arranged
together in an equilateral triangle in a cylindri-
cal enclosure of nonferromagnetic material (Ta-
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ble 4.11 column 1), the mean enclosure losses
can be calculated with (4.41) with m D 1. The
enclosure power factor K depends on the enclo-
sure factor k0 and the ratio of wall thickness bKa
of the encapsulation to the mean radius of the
three conductors rm (Fig. 4.15).� Heating capacities PSH by solar and celestial ra-

diation, to be taken into account in outdoor instal-
lations, especially in countries with intensive solar
radiation. The maximum daily output is

PSH D ik0˛0P�
SH.h/ sin �A (4.45)

h D .90 ı C ı/�
 ; (4.46)

where i D pollution factor (Fig. 4.16c), k0 D correc-
tion factor for height above sea level (Fig. 4.16d),
˛0 D absorption coefficient, � D inclination of the
surface to the incidence of the Sun, A D illuminated
surface, h D sun elevation (Fig. 4.16a), ' D lati-
tude, and ı D declination of the Sun (Fig. 4.16b)
For the time variation of the heat output caused
by solar and celestial radiation, the day and year
movement of the Sun must be taken into account
(Fig. 4.16e)

PSH D ik0˛0P�
SH.h/ sin �A cos˛ ; (4.47)

where A D azimuth, h D solar elevation, t D hour
angle, WOZ = true local time, ˛ D angle between
the position of the surface in relation to the azimuth
and the position of the Sun, and ˇ D surface az-
imuth.
Example: the daily variation of the directly and
diffusely irradiated heat PSH on an equipment enclo-
sure with the dimensions length � width � height
D 1m� 1m� 1m on 21 June at a location 51ı N
latitude, at sea level NN D 0 depending on true lo-
cal time must be determined.
The maximum Sun elevation is calculated taking
into account the declination ı D 23:5ı on 21 June,
the day with the highest position of the Sun

hmax.90
ı C 23:5ı/� 51ı D 62:5ı : (4.48)

This allows the maximum possible solar power
of approximately 980Wm�2 to be absorbed
(Fig. 4.17). At this solar elevation, the pollution fac-
tor i is 0.8 (Fig. 4.16c).
The altitude of the Sun h.t/ changes during the day
with

h.t/D 90ı � Œarccos.sin ı sin ' cos ı cos' cos t/� ;
(4.49)

where the hour angle t results from

t D �.12 h�WOZ/! ; (4.50)

with

! D 2 

d
D 360ı

24 h
D 15

deg

h
: (4.51)

The azimuth a is calculated by

a D arctan
cos ı sin t

sin
 cos ı cos t� cos
 sin ı
:

(4.52)

The angle ˛ is the difference between the position
of the surface in relation to the direction ˇ and the
Sun’s azimuth a

˛ D .ˇ� a/ : (4.53)

The result of this calculation (Fig. 4.17) shows the
temporally and spatially uneven thermal load of the in-
dividual surfaces on the north, east, south, and west
locations as caused by solar and celestial radiation.
The normal surface experiences the largest heat load.
Such calculations can be helpful in optimizing the ther-
mal design, construction, and installation of thermally
highly loaded equipment [4.2, 23].

Thermal Storage
For dynamic thermal processes, the heat energy QC

stored in the conductor, in the insulation and in the con-
nectors must be taken into account during dimensioning

QC D mc�ı D mc.# �#0/D Cth.# �#0/ ; (4.54)

where QC D stored heat energy, m D mass of the heat-
storing volume, c D specific heat (Table 4.8), �# D
temperature difference, # D temperature of the volume
to be heated, ı0 D initial temperature before heating,
and Cth D thermal capacity.

Heat Transfer
Heat is transferred form high-temperature to low-
temperature regions by means of different physical
processes, which depend on the materials involved.

Heat conduction PL:

� In solids: by lattice vibrations, electron movement� In liquids: by lattice vibrations, diffusion� In gases: by diffusion.

Heat flow flows through a body during heat con-
duction PL. According to the Fourier law of heat
conduction, this can be calculated as (stationary heat
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Fig. 4.16a–e Heat output from solar and sky radiation. (a) Power consumption of a normal area (1m2) at NN due to
global radiation as a function of the solar altitude h in clean air (a0 D 1), (b) declination d of the Sun depending on the
course of a year (50ı N latitude), (c) pollution factor i of a normal area (a0 D 1) at NN due to global radiation as a function
of the altitude of the Sun, (d) correction factor k0 depending on H, the altitude above sea level NN, (e) the influence of
the position of the Sun on the power curve

conduction)

PL D ��Ad#
dx

; (4.55)

where �D specific thermal conductivity (Table 4.8),
A D surface perpendicular to heat flow, and d#=dx D
thermal gradient.

The negative sign considers that heat flow takes
place from the higher to the lower temperature.

Examples:

1. Stationary heat conduction through a flat wall (one-
dimensional) (Fig. 4.18a)
From (4.55) it follows that

�
#a
Z

# i

d# D PL

d
Z

0

dx

�A
; (4.56)
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Fig. 4.17 Example of thermal power absorbed by solar and celestial radiation. Power consumption by direct and diffuse
radiation on the side surfaces of a cube (1m � 1m � 1m) on 21 June, 50ı N latitude depending on the true local time
(WOZ) [4.2, 23]

with the solution

# i �#a D�# D PL
d

�A
; (4.57)

which can also be written as

�# D PLRth;W ; (4.58)

or in analogy to electrical engineering asOhm’s law
of thermal fluid mechanics

Rth;W D d

�A
; (4.59)

where # i, #a D temperature on the inside or out-
side of the flat wall, d D wall thickness, and Rth;W D
thermal resistance of a flat wall.

2. Stationary heat conduction through a coaxial cylin-
der (one-dimensional) (Fig. 4.18b)
From (4.55), it follows that

�
#a
Z

# i

d# D PL

ra
Z

ri

dr

�2 rl
; (4.60)

with the solution

# i �#a D�# D PL
1

�2 l
ln
�

ra
ri

�

; (4.61)

which can also be written as

�# D PLRth;koax ; (4.62)

or in analogy to electrical engineering as Ohm’s law
of thermal fluid mechanics

Rth;koax D 1

2 �l
ln

�

ra
ri

�

; (4.63)

where l D length of coaxial cylinder, ra, ri D outer
and/or inner radius of the coaxial heat flow field,
and Rth;coax D thermal resistance of the coaxial
cylinder.

Heat transfer after Newton comprises convective
heat transfer PK and heat radiation PS by electromag-
netic waves from a solid through the surrounding gas

a) b)d

A
PL

PL

ϑ ϑ
ϑi

ϑi

ϑa ϑa

ϑa

ϑi

x ri

ri

ra

ra

r

Fig. 4.18a,b Stationary heat conduction: (a) through
a plane wall, (b) through a coaxial cylinder
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PS

PK

ϑ

ϑ0

ϑW

Fig. 4.19 Heat
transfer from
a warm surface
with temperature
# to the cooler
environment by
radiation and con-
vection according to
Newton

or liquid (Fig. 4.19), where #0 D ambient temperature,
#W D temperature of opposite wall, PS D heat transfer
by radiation, and PK D heat transfer by convection.

PU D ˛O�# ; (4.64)

whereby

˛ D ˛S C ˛K ; (4.65)

and, therefore,

PU D PS CPK D ˛SOS.# �#W/C ˛KOK.# �#0/ ;
(4.66)

with the thermal radiation resistances

RS D 1

˛SOS
(4.67)

and the thermal convection resistance

RK D 1

˛KOK
; (4.68)

where PU D heat transfer by radiation and convec-
tion, ˛ D heat-transfer coefficient, ˛S D heat-transfer
coefficient for radiation, ˛K D heat-transfer coefficient
for convection, OS D surface for heat radiation, OK D
surface for heat convection, #0 D temperature of the
surrounding medium (for convection), #W D tempera-
ture of the opposite wall (for radiation), RS D thermal
radiation resistance, and RK D thermal convection re-
sistance.

Heat radiation PS takes place between the surfaces
of solid bodies with different temperatures by electro-
magnetic waves in vacuum or in transparent materials
(e.g., air) with wavelengths �:

� At 100 ıC ) �D 7:76mm (infrared)� At 6000K) �D 0:48mm (visible).

According to Wiens’s law, the following applies

�maxT D 2896mmK ; (4.69)

where �D wavelength of the electromagnetic wave,
and T D absolute temperature.

PK

ϑ

ϑ0

ϑ0

ϑL

ϑ1

Adhesive forces
on the surface

Thermal 
boundary layer

Speed of flow 
in the boundary 
layer

d

Distance from the body x

Fig. 4.20 Heat transfer by convection

The radiated power is calculated according to the
Stefan–Boltzmann law

PS D "1;2CSOSŒ.TS/
4 � .TW/4� ; (4.70)

with TS D absolute temperature of the surface emitting
heat through radiation OS, and TW D absolute tempera-
ture of the wall absorbing heat through radiation OW.

The resulting emission number "1;2 is based on the
ratio of the radiating and the receiving surfaces, i.e.

� Parallel surfaces

"1;2 D 1
1
"1

C 1
"2

� 1
: (4.71)

� Surrounding bodies with the surfaces OS1 and OS2

"1;2 D 1
1
"1

C OS1
OS2

�

1
"2

� 1
	 ; (4.72)

whereCS D 5:67�10�8Wm�2 K�4 D radiation co-
efficient of an ideal black body, "1, "2 D emission
number of areas 1 and 2, and OS1, OS2 D size of the
mutually emitting surfaces 1 and 2.

Thermal convection PK is a mass transport taking
place in liquids and gases along the surface of a solid
body at a higher temperature # than the ambient tem-
perature #0 (Fig. 4.20).

Convection:

� Heat transfer between solid body and fluid (gas/liq-
uid)� Bound to a motile medium� Transfer of heat output in the boundary layers by
heat conduction� Transfer of heat output outside the boundary layers
by mass transport.
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Buoyancy force 
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in density as a 
result of tempera-
ture differences
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the flow direction

Parallel flow lines
without vortex

Movement also
across the main
direction

Vortex in the
flow pattern

Fig. 4.21 Types of convection

Depending on the type of mass transport and the
type of flow, different convection types can be distin-
guished (Fig. 4.21), which is reflected in the different
heat-transfer coefficients ˛K (4.65) and (4.66). Because
of the complexity of the physical processes involved, an
analytical description is generally not available.

Nevertheless, according to similarity theory, it be-
comes possible to use similarity criteria to determine
the relationship between the physical parameters in-
volved, i.e.:

� Temperature # , position and dimensions of the heat-
emitting surface OK� The physical properties of the ambient cooling
medium, e.g., its thermal conductivity �, density ı,
specific heat capacity c, kinematic viscosity �� The type of convection (laminar or turbulent flow)
(Fig. 4.21)

on the basis of experimental investigations of typical
arrangements and to generalize this to similar arrange-
ments within a range of validity (Tables 4.12–4.14).

For free convection

Nu D f .GrPr/D c1.GrPr/n1 : (4.73)

Table 4.12 Similarity criteria (characteristic values) for convective heat transfer

Nusselt number Nu Determination of the heat-transfer coefficient
for convection

Nu D ˛K

�med
lw (Nusselt criterion)

˛K D Nu
�med

lw

Grashof number Gr Free convection Gr D gˇl3w
�2

.# �#0/

Reynolds number Re Forced convection Re D v

�
lw

Prandtl number Pr Free convection Pr D �

˛
I ˛ D �med

cı

Nusselt number Nu Determination of the heat-transfer coefficient
for convection

Nu D ˛K

�med
lw (Nusselt criterion)

˛K D Nu
�med

lw

Grashof number Gr Free convection Gr D gˇl3w
�2

.# �#0/

Reynolds number Re Forced convection Re D v

�
lw

Prandtl number Pr Free convection Pr D �

˛
I ˛ D �med

cı

˛K D heat transfer coefficient for convection, ˛ D thermal diffusivity, lw D characteristic length (Tables 4.13 and 4.14), �med D
thermal conductivity of the medium (Fig. 4.22), g D gravity, ˇ D coefficient of expansion of the medium, � D kinematic viscosity
(Fig. 4.23), v D flow velocity.

For forced convection

Nu D f .Re0 Pr/D c2.Re/
n2 : (4.74)

Re0 takes into account the superposition of free and
forced convection, e.g., in outdoor substations with low
wind speed v 
 1:0m s�1. It is calculated from the su-
perposition of forced flow with Re* and free flow with
Re to

Re0 D
p

Re2 CRe�2 ; (4.75)

where Re* results from

Re� D c3.GrPr/n3 ; (4.76)

with

c3 D
�

c1
c2

� 1
n2
; (4.77)

and

n3 D n1
n2
: (4.78)
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Table 4.13 Similarity functions to free convection, Nu D c1.GrPr/n1

Arrangement Application (example) Schema c1 n1 Range of validity
Vertical plate Vertical wall of switchgear

housing
RK

PK

0.15 0.33 1.7 �107 <GrPr< 2� 1010

Horizontal plate
(convection upside)

Roof of switchgear housing,
inside and outside

RKPK

0.17 0.33 2.3 �108 <GrPr< 2:1� 109

Horizontal plate
(convection downside)

Channel bottom

RK
PK

0.095 0.33 1.7 �108 <GrPr< 1:2� 109

Horizontal cylinder Cable, round conductor RK

lW PK

0.56 0.25 5 �102 < GrPr< 2� 107

Bus bar, rectangular, single,
twin, triple placed upright

Space between subconductors
is equal to thickness of bus
bar, free in air

RKlW

PK

0.60 0.25 9 �104 < GrPr< 4:6� 106

Arrangement Application (example) Schema c1 n1 Range of validity
Vertical plate Vertical wall of switchgear

housing
RK

PK

0.15 0.33 1.7 �107 <GrPr< 2� 1010

Horizontal plate
(convection upside)

Roof of switchgear housing,
inside and outside

RKPK

0.17 0.33 2.3 �108 <GrPr< 2:1� 109

Horizontal plate
(convection downside)

Channel bottom

RK
PK

0.095 0.33 1.7 �108 <GrPr< 1:2� 109

Horizontal cylinder Cable, round conductor RK

lW PK

0.56 0.25 5 �102 < GrPr< 2� 107

Bus bar, rectangular, single,
twin, triple placed upright

Space between subconductors
is equal to thickness of bus
bar, free in air

RKlW

PK

0.60 0.25 9 �104 < GrPr< 4:6� 106

Table 4.14 Similarity functions to forced convection in air, Nu D c2.Re/n2

Arrangement Application (example) Schema c2 n2 Range of validity
Vertical plate, flowed along Vertical wall of switchgear

housing, forced cooled
ν

0.16 0.66 Re < 105

Horizontal cylinder, flowed
across

Forced cooled cable or round
conductor

lW

ν

0.170 0.62 103 < Re < 104

Bus bar, rectangular, placed
upright, flowed across

Forced cooled bus bar
lW

ν

0.400 0.60 1:5� 103 < Re< 4:2� 104

Arrangement Application (example) Schema c2 n2 Range of validity
Vertical plate, flowed along Vertical wall of switchgear

housing, forced cooled
ν

0.16 0.66 Re < 105

Horizontal cylinder, flowed
across

Forced cooled cable or round
conductor

lW

ν

0.170 0.62 103 < Re < 104

Bus bar, rectangular, placed
upright, flowed across

Forced cooled bus bar
lW

ν

0.400 0.60 1:5� 103 < Re< 4:2� 104
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Fig. 4.22 Thermal conductivity � of gases at normal pres-
sure
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Fig. 4.23 Kinematic viscosity � of gases
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Fig. 4.24 Coefficient of material value kS for air at normal
pressure (adapted from [4.5])

For this calculation, the physical properties of the cool-
ing medium (Figs. 4.22 and 4.23) are adequately com-
bined, taking into account their temperature dependence,
in a material value coefficient ks [4.2, 5] (Fig. 4.24).

ks.#m/D gˇ

v 2
Pr D gˇcı

v�med
; (4.79)

where ks.#m/ = temperature-dependent material value
coefficient, and #m D average temperature.

Table 4.15 Example calculation for the heat emission of a vertical surface OS D OK D 1m2, # D 70 ıC (TS D
273:15KC 70 ıC D 343:15K) to the ambient air at # D 30 ıC and the surrounding walls with #W D 30 ıC (TW D
273:15KC 30 ıC D 303:15K)

Radiation Convection
Blank
"1 = 0.25

Painted
"1 = 0.9

Free
v = 0ms�1

Forced
v = 3ms�1

˛S D "1;2CS
�

T4
S �T4

W

�

#L �#W

"1;2 D 1
1

"1
C OS1

OS2

�

1

"2
� 1

�

˛K D �

lW
c1 ŒGrPr�

n1

D �

lW
c1
�

kS.#m/l3W.# �#0/
n1

˛K D Nu
�med

lW
D �med

lW
c2

�

v lW
�

�

"1;2 = 0.25
since OS1 � OS2

"1;2 = 0.9
since OS1 � OS2

Radiation capacity of an ideal black body
CS D 5:67� 10�8 Wm�2 K�4

Characteristic length
lW = 1.0m
Constant
c1 D 0:15 .GrPr/ > 2� 107

Exponent
n1 D 1=3
Material coefficient
kS D 6:7� 107 K�1 m�3

Characteristic length
lW = 1.0m
Constant
c2 D 0:032 .Re/ > 1:667� 105

Exponent
n2 = 0.8
Kinematic viscosity
� D 18� 10�6 m2 s�1

Thermal conductivity of air
�med D 2:8� 10�2 Wm�1 K�1

˛S = 1.92Wm�2 K�1 ˛S = 6.9Wm�2 K�1 ˛K = 5.83Wm�2 K �1 ˛K = 13.48Wm�2 K�1

PS D ˛SOS (# �#0) PK D ˛KOK (# �#0)
PS = 76.8Wm�2 PS = 276Wm�2 PK = 233.2Wm�2 PK = 539Wm�2

Radiation Convection
Blank
"1 = 0.25

Painted
"1 = 0.9

Free
v = 0ms�1

Forced
v = 3ms�1

˛S D "1;2CS
�

T4
S �T4

W

�

#L �#W

"1;2 D 1
1

"1
C OS1

OS2

�

1

"2
� 1

�

˛K D �

lW
c1 ŒGrPr�

n1

D �

lW
c1
�

kS.#m/l3W.# �#0/
n1

˛K D Nu
�med

lW
D �med

lW
c2

�

v lW
�

�

"1;2 = 0.25
since OS1 � OS2

"1;2 = 0.9
since OS1 � OS2

Radiation capacity of an ideal black body
CS D 5:67� 10�8 Wm�2 K�4

Characteristic length
lW = 1.0m
Constant
c1 D 0:15 .GrPr/ > 2� 107

Exponent
n1 D 1=3
Material coefficient
kS D 6:7� 107 K�1 m�3

Characteristic length
lW = 1.0m
Constant
c2 D 0:032 .Re/ > 1:667� 105

Exponent
n2 = 0.8
Kinematic viscosity
� D 18� 10�6 m2 s�1

Thermal conductivity of air
�med D 2:8� 10�2 Wm�1 K�1

˛S = 1.92Wm�2 K�1 ˛S = 6.9Wm�2 K�1 ˛K = 5.83Wm�2 K �1 ˛K = 13.48Wm�2 K�1

PS D ˛SOS (# �#0) PK D ˛KOK (# �#0)
PS = 76.8Wm�2 PS = 276Wm�2 PK = 233.2Wm�2 PK = 539Wm�2

Thereby the relevant temperature is the average
temperature #m between the heat-emitting surface OK

with temperature # and the temperature of the cooling
medium #0

#m D # C#0

2
: (4.80)

Therefore,

.GrPr/D ksl
3
w.# �#0/ ;

where the heat-transfer coefficient ˛K can be calculated
using the equations in Table 4.12 and (4.73)–(4.74).
The values for c1, c2, c3 or n1, n2, n3 in (4.73), (4.74),
and (4.76) must be determined experimentally. For typ-
ical arrangements, these values and their ranges of
validity are available (Tables 4.13 and 4.14) [4.2].

Example: heat emission of a vertical surface 1.0 �
1.0m at a temperature of # D 70 ıC and ambient air
with #0 D 30 ıC by radiation (surface bare or coated)
and by free or forced convection (Fig. 4.19, Table 4.15).

Results, depending on the combination of possible
heat emission by radiation and convection are shown in
Table 4.16.

The example shows the great influence of the sur-
face treatment of the heat-emitting surface as well as of
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Table 4.16 Example calculation for total heat emission P by radiation and convection according to Table 4.15

Surface "1 and v ˛ (Wm�2 K�1) P (Wm�2)
Blank surface with free convection "1 D 0:25

v D 0m s�1
˛S
˛K
˛

1.92
C5.83
7.75

PS

PK

P

76.8
C233.2
310.0

Coated surface with free convection "1 D 0:9
v D 3m s�1

˛S
˛K
˛

6.90
C5.83
12.73

PS

PK

P

276.0
C233.2
509.2

Bare surface with forced convection "1 D 0:25
v D 0m s�1

˛S
˛K
˛

1.92
C13.48
15.40

PS

PK

P

76.8
C539.0
615.8

Coated surface with forced convection "1 D 0:9
v D 3m s�1

˛S
˛K
˛

6.90
C13.48
20.38

PS

PK

P

276.0
C539.0
815.0

Surface "1 and v ˛ (Wm�2 K�1) P (Wm�2)
Blank surface with free convection "1 D 0:25

v D 0m s�1
˛S
˛K
˛

1.92
C5.83
7.75

PS

PK

P

76.8
C233.2
310.0

Coated surface with free convection "1 D 0:9
v D 3m s�1

˛S
˛K
˛

6.90
C5.83
12.73

PS

PK

P

276.0
C233.2
509.2

Bare surface with forced convection "1 D 0:25
v D 0m s�1

˛S
˛K
˛

1.92
C13.48
15.40

PS

PK

P

76.8
C539.0
615.8

Coated surface with forced convection "1 D 0:9
v D 3m s�1

˛S
˛K
˛

6.90
C13.48
20.38

PS

PK

P

276.0
C539.0
815.0

forced air flow, e.g., by fans on the heat emission of the
same surface.

Heat transfer by a coolant flow P PV is the heat trans-
port in enclosed systems by convection from the current
path via a fluid (air, insulating gas) directly to the
enclosure, such as in ventilated current conducting ar-
rangements (air flow rate). The heat emitted from the
heated components results in

P PV D cı PV.#a �#e/ : (4.81)

The air flow rate depends on the temperature-dependent
pressure difference � PVp and the sum of all flow resis-
tances S

PV D
r

�p

S
; (4.82)

where the driving pressure difference depends on the
mean temperature #m between inlet and outlet openings
and on the coefficient of expansion ˇ of air

#m D #e C#a

2
; (4.83)

�p D ghı

�

1

1Cˇ#0
C 1

1Cˇ#m

�

; (4.84)

where P PV = heat flow through the coolant, PV = volume
flow rate between inlet and outlet, c = heat capacity of
air, ı = specific mass of air, #e = temperature of air at
the inlet, #a = temperature of air at the outlet, �p =
pressure difference, and S = flow resistance.

This means that heat can only be transferred through
a coolant flow if there are both air inlet and air outlet
openings, and these are at different heights.

The flow resistance S is determined by the air inlet
and outlet openings, as well as by cross-sectional nar-
rowings

S D Se C Sa C Sq : (4.85)

Flow resistance at the air inlet opening Se

Se D ı.1Cˇ#e/

2Ae
2

"

�e C
�

1� Ae

AKa

�2
#

: (4.86)

Flow resistance at the air outlet opening Sa

Sa D ı.1Cˇ#a/

2Aa
2 .�a C 1/ : (4.87)

Flow resistance at a cross-sectional narrowing Sq

Sq D ı0.1Cˇ#q/

2Aq
2

�q ; (4.88)

where AKa = cross section of the flow channel, Ae =
cross section of the air inlet opening, Aa = cross sec-
tion of the air outlet opening, Aq = cross section of the
cross section’s narrowing, �a = coefficient of resistance
of the air flow at the inlet opening, �e = coefficient of
resistance of the air flow at the outlet opening, �q = coef-
ficient of resistance of the air flow at the cross section’s
narrowing, and ı0 = specific mass of air at 0 ıC.

The resistance coefficients of the air flow � must be
determined experimentally. Selected typical values are
given in Tables 4.17–4.23.

Thermal-Network Method
For the thermal calculation of simple, but extensive and
complex arrangements, the heat-network method has
proven to be very effective. The increased efforts for
a necessary manual creation of the network are com-
pensated by very short calculation times and a simple
variation of the input parameters for comparative stud-
ies. The accuracy of the calculation depends on the
correct selection of the design and material input pa-
rameters and the appropriately selected structure of the
thermally simulated plant components and, generally,
fully satisfies engineering requirements [4.2, 5, 23].
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Table 4.17 Experimentally determined resistance coefficients � for ventilation openings and cross-section changes, air
vent, free ventilation slot and with expanded metal (all dimensions in mm) (adapted from [4.5, 23])

Free slot E1 E2 E3
Expanded metal

S

T

L

W

Details
Width of mesh W Free ventilating slot 2.7 16.0 40.0
Length of mesh L 6.3 6.3 12.5
Width of stud S 1.0 1.6 2.5
Thickness of stud T 0.5 1.0 1.5
Coefficient of aerodynamic drag � (v = 0.2m s�1) 0.7 2.7 2.2 1.1
Coefficient of aerodynamic drag � (v = 0.6m s�1) 0.9 4.5 3.6 1.3

Free slot E1 E2 E3
Expanded metal

S

T

L

W

Details
Width of mesh W Free ventilating slot 2.7 16.0 40.0
Length of mesh L 6.3 6.3 12.5
Width of stud S 1.0 1.6 2.5
Thickness of stud T 0.5 1.0 1.5
Coefficient of aerodynamic drag � (v = 0.2m s�1) 0.7 2.7 2.2 1.1
Coefficient of aerodynamic drag � (v = 0.6m s�1) 0.9 4.5 3.6 1.3

Table 4.18 Experimentally determined resistance coefficients � for ventilation openings and cross-section changes, air
vent with lattices without additional meshes or grids (all dimensions in mm) (adapted from [4.5, 23])

Lattice

17.6

275
300

22.3

290
320 300

24.5

270 300

16.7

345 300
280

20

300

22.5

240
300

270

30

300
240

60

Detail 25 25

35

53

8

3

30

7

50

30 30

30

53 30

7

50

20

4

25

8

45

5

9

25 25

45
35

35

10
10

38
18

17
7

85

40

27

50
58

20

Effective lattice width 300 300 300 300 300 300 300 300
Effective lattice height 275 290 270 300 280 240 270 240
Coefficient of
aerodynamic drag �

9.7 10.3 30.8 39.7 47.1 49.4 73.2 76.8

Lattice

17.6

275
300

22.3

290
320 300

24.5

270 300

16.7

345 300
280

20

300

22.5

240
300

270

30

300
240

60

Detail 25 25

35

53

8

3

30

7

50

30 30

30

53 30

7

50

20

4

25

8

45

5

9

25 25

45
35

35

10
10

38
18

17
7

85

40

27

50
58

20

Effective lattice width 300 300 300 300 300 300 300 300
Effective lattice height 275 290 270 300 280 240 270 240
Coefficient of
aerodynamic drag �

9.7 10.3 30.8 39.7 47.1 49.4 73.2 76.8

Table 4.19 Experimentally determined resistance coefficients � for ventilation openings and cross-section changes, air
vent with lattices and punched sheet metals (all dimensions in mm) (adapted from [4.5, 23])

P1 P1 P1 P1 P2 P2
Lattice with punched
sheet metal

P1 P2

2.5 1.0

1.01.0

Diameter 
of hole

Width 
of stud

300

75

150

300

44

220

300

57.7

230

300

85

255

300

75

225

300

40

240

Detail

75

100

Punched
sheet
metal P1

25

10

11

40

44
16

P1 P1

9

9

9

66

19

60

18

7.5

69

100

P1

66

10

50

29
45

113

32
10

20

4

P2

15

75

75

15

100

2 P2

65
32.5

55

20
2

70

Effective lattice width 300 300 300 300 300 300
Effective lattice height 150 220 230 255 255 240
Coefficient of
aerodynamic drag �

17.1 36.0 48.0 171.7 74.1 120.1

P1 P1 P1 P1 P2 P2
Lattice with punched
sheet metal

P1 P2

2.5 1.0

1.01.0

Diameter 
of hole

Width 
of stud

300

75

150

300

44

220

300

57.7

230

300

85

255

300

75

225

300

40

240

Detail

75

100

Punched
sheet
metal P1

25

10

11

40

44
16

P1 P1

9

9

9

66

19

60

18

7.5

69

100

P1

66

10

50

29
45

113

32
10

20

4

P2

15

75

75

15

100

2 P2

65
32.5

55

20
2

70

Effective lattice width 300 300 300 300 300 300
Effective lattice height 150 220 230 255 255 240
Coefficient of
aerodynamic drag �

17.1 36.0 48.0 171.7 74.1 120.1



Section
4.3

212 4 High Currents and Contact Technology

Table 4.20 Experimentally determined resistance coefficients � for ventilation openings and cross-section changes, air
vent with lattices and expanded metal (all dimensions in mm) (adapted from [4.5, 23])

E1 E1
Lattice with expanded metal
– Width of mesh = 2.7mm
– Length of mesh = 6.3mm
– Width of stud = 1.0mm
– Thickness of stud = 0.5mm

22.9

275

300

23.2

255

300

Detail
E1

50
6 17

44

E1

50

44

10
29

Effective lattice width 300 300
Effective lattice height 275 255
Coefficient of aerodynamic drag � 40.2 40.7

E1 E1
Lattice with expanded metal
– Width of mesh = 2.7mm
– Length of mesh = 6.3mm
– Width of stud = 1.0mm
– Thickness of stud = 0.5mm

22.9

275

300

23.2

255

300

Detail
E1

50
6 17

44

E1

50

44

10
29

Effective lattice width 300 300
Effective lattice height 275 255
Coefficient of aerodynamic drag � 40.2 40.7

Table 4.21 Experimentally determined resistance coef-
ficients � for ventilation openings and cross-section
changes, air vent with lattices and meshed wire (all dimen-
sions in mm) (adapted from [4.5, 23])

M1
Lattice with expanded metal
Diameter of wire = 1mm
Mesh = 10mm

300
230

23.3

M1

Detail
47

12

59

33
45

M1

Effective lattice width 300
Effective lattice height 230
Coefficient of aerodynamic drag � 24.7

M1
Lattice with expanded metal
Diameter of wire = 1mm
Mesh = 10mm

300
230

23.3

M1

Detail
47

12

59

33
45

M1

Effective lattice width 300
Effective lattice height 230
Coefficient of aerodynamic drag � 24.7

Table 4.22 Experimentally determined resistance coef-
ficients � for ventilation openings and cross-section
changes, ventilation slots covering plate with ventilation
slots (all dimensions in mm)

Covering plate with ventilation slots

32
15

Coefficient of aerodynamic drag � (v = 0.3m s�1) 0.7
Coefficient of aerodynamic drag � (v = 0.8m s�1) 1.0

Covering plate with ventilation slots

32
15

Coefficient of aerodynamic drag � (v = 0.3m s�1) 0.7
Coefficient of aerodynamic drag � (v = 0.8m s�1) 1.0

The heat-network method is based on the analogy
(Table 4.24) between the electric and the thermal field
and uses known solution algorithms in freely available
software for network calculations in electrical engineer-
ing.

This makes it possible to display the thermal behav-
ior of a device, which is a heat network, in an analog
electrical network and to calculate its behavior for both
stationary and transient operation (for examples, see
Figs. 4.25–4.29), where PV = power losses in the bus
bar, Pca = power losses in the capsule, Cbar = thermal
capacity of bus bar, Cca = thermal capacity of capsule,
# i = air temperature inside capsule, and #ca = tempera-
ture of capsule.

For larger devices and systems, it makes sense to
combine the different heat networks into modules for
recurrent components, store them in a library, and then,
depending on the respective application, only connect
the finished modules.

Heating Test
During the heating test, it is necessary to assure that the
limits of permissible excessive temperature #0;max for
the electrical conductors, the connections and the in-
sulation, as well as the fastening and control elements
at continuous current load or at the short-circuit current
load are observed. In the short-circuit thermal test, a dis-
tinction must be made whether the short-circuit current
is applied to the test object at no-load or when it has
reached its operating temperature at normal load. These
limit temperatures are specified in national and interna-
tional standards (Sect. 4.2). The temperature-rise test
is an energy test (4.2), which makes it clear that the
temperature of the test object depends on several pa-
rameters:
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Table 4.23 Experimentally determined resistance coefficients � for ventilation openings and cross-section changes,
cross-section variations in flow channel (all dimensions in mm) (adapted from [4.5, 23])

Cross-section variation A1 < A2

v

A2 > A1

v

� .A1=A2/ 0.1 0.81 0.44
� .A1=A2/ 0.2 0.66 0.42
� .A1=A2/ 0.4 0.38 0.35
� .A1=A2/ 0.6 0.17 0.26
� .A1=A2/ 0.8 0.05 0.14

Cross-section variation A1 < A2

v

A2 > A1

v

� .A1=A2/ 0.1 0.81 0.44
� .A1=A2/ 0.2 0.66 0.42
� .A1=A2/ 0.4 0.38 0.35
� .A1=A2/ 0.6 0.17 0.26
� .A1=A2/ 0.8 0.05 0.14

Table 4.24 Analogies between electric and thermal fields

Parameter Icon Electric field Thermal field
Drive Potential difference,

Voltage source
�' D U (V) Temperature difference �# (K)

Flow Electrical current,
current source

I (A) Heat flow,
heat source

P (W)

Obstruction Electrical resistance R (VA�1) Heat resistance for
– Heat conduction
– Convection
– Emission
– Coolant flow

Rth (CW�1)

Energy storage Electrical capacity C (AsV�1) Heat capacity Cth (WsK�1)

Time delay Electrical time constant 	 D RC
	 (s)

Thermal time constant 	 D RthCth

	 (s)
Energy Electrical energy W (Ws) Thermal energy Eth (Ws) or (J), (1Ws = 1 J)

Parameter Icon Electric field Thermal field
Drive Potential difference,

Voltage source
�' D U (V) Temperature difference �# (K)

Flow Electrical current,
current source

I (A) Heat flow,
heat source

P (W)

Obstruction Electrical resistance R (VA�1) Heat resistance for
– Heat conduction
– Convection
– Emission
– Coolant flow

Rth (CW�1)

Energy storage Electrical capacity C (AsV�1) Heat capacity Cth (WsK�1)

Time delay Electrical time constant 	 D RC
	 (s)

Thermal time constant 	 D RthCth

	 (s)
Energy Electrical energy W (Ws) Thermal energy Eth (Ws) or (J), (1Ws = 1 J)

� Ambient conditions (temperature, air flow)� Adjacent walls (temperature, distance to the test ob-
ject, emission behavior)� Power supply to the test object (cross section, con-
ductance, length)� Arrangement of the test object (free, on test table,
close to other test objects)� Mounting (heat transfer or heat conduction on
mounting)� Temperature measurement (measuring method,
measuring point, time variation).

In order to make the test results comparable, stan-
dards for individual equipment groups define the am-
bient conditions and their permissible deviations. How-

ever, it should be noted that these conditions are not
identical in different standards (Table 4.25).

The ambient conditions of the test chamber influ-
ence the test result, e.g., as follows.

� The ambient temperature #0 determines the heat
transfer from the test object to the environment by
convection.� The temperature of the wall or lacquered steel doors
#w determines the heat transfer from the test object
to the wall by radiation.

For #0 ¤ #w, heat can be emitted uncontrollably by
radiation to thewall. In thisway, coldwalls can influence
the test result towards lower temperatures or apparently
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PS

PS

PK

PK

PV

PV

PL

PL

PL

PL

PC

PC

ϑ
ϑ

ϑ0

ϑ0

∆I

Heating

RL

RL

RS

RK

Cbar

Heat and power balance between
• Generated heat output PV
• Stored heat output Sbar
• Transported heat output PL, PK, PS

Fig. 4.25 Ther-
mal network of
a current-carrying
bus conductor

I � PV

ϑ ϑ
ϑi

ϑi

ϑca ϑca
ϑ0

ϑ0

ϑ0

Radiation

Convection

PS
PS

PK
PK

PcaPV

Bus bar Inner air Capsule Ambient
air

Cbar Cca

RK RKRK

RS RS

Fig. 4.26 Ther-
mal network of
a current-carrying
encapsulated bus
bar

I � PV

ϑ ϑ ϑexϑex
ϑja ϑca

ϑ0

ϑ0

ϑ0

Radiation

Convection

PS

PL

PL
PLPK

PexPV

Cable
conductor

Cable
jacket

External
conductor

External
concentric
conductor

Conductor

Cable
jacket

Ambient
air

Ccon

Cins
Cja

RK

RL RL

RS

Insu-
lation

Insulation

Fig. 4.27 Thermal network of an air-installed cable; PV = power losses in the bus bar, Pex = power losses in the external
concentric conductor, Ccon = thermal capacity of cable conductor, Cins = thermal capacity of cable insulation, Cja =
thermal capacity of cable jacket, #ex = temperature of the external concentric conductor, and # ja = temperature of cable
jacket

higher current-carrying capacity of the test object (Ta-
ble 4.26). This is possible despite observing the ambient
air temperature through more intensive heat radiation,
depending on the emission behavior of the test object.

The permissible current-carrying capacity I of a test
object becomes particularly clear for free, i.e., without
enclosure, test arrangements, even at very low flow ve-

locities, influenced by the air flow in the test chamber
(Fig. 4.30 and (4.78)).

It is particularly important to ensure that the temper-
ature of the test object has reached its stationary final
value when all thermal capacities are saturated, which
can take many hours, especially in enclosed systems,
such as equipment with insulating oil or solid insulation
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I � PV

ϑ ϑϑ0

ϑ0

ϑ'0

ϑ'0ϑ0

Radiation

Convection

PS

P'S P'S R'S

PK

PSH

PSH PV

OHL
conductor

Overhead line
conductor

SkyAmbient air

Ccon

RK

RS

Fig. 4.28 Thermal network of an
overhead line conductor; PV = power
losses in the OHL conductor, PSH =
power input from solar radiation, P0

S =
heat transfer by radiation to sky, Ccon

= thermal capacity of OHL conductor,
and # 0

0 = air temperature in the sky

I

ϑi

ϑca

PV PV

RKRK RS RK RSRS

Capsule

Inner air

Bus bar Plug
connection

Plug
connection

Circuit breaker
Current
transformer

RadiationConvection

CB

Fig. 4.29 Thermal network modules for components, removable circuit breaker in an encapsulated, air-insulated
switchgear

Table 4.25 Heat test, influence of ambient conditions on temperature of test samples, examples for requirements in DIN
EN-standards (adapted from [4.9, 10, 12])

DIN EN 61439-1 [4.10]
(Low voltage)

DIN EN 60947-1 [4.9]
(Low voltage)

DIN EN 62271-1 [4.12]
(High voltage)

Reference temperature (ıC) 35 35 40
Ambient temperature
�#0 (ıC)

10 
 #0 
 40
the last 1=4

P

ttest:
�#0 
 1Kh�1

10 
 #0 
 40
P

ttest:
�#0 
 0K
if �#0 > 3K
use correction factors

10 
 #0 
 40
the last 1=4

P

ttest:
�#0 
 1Kh�1

Measuring points for ambient
temperature

Min. 2 � measurements
halfway up the test sample
in 1m distance

Min. 2 � measurements
halfway up the test sample
in 1m distance

Min. 3 � measurements in
the high of current-carrying
conductors, 1m distance

Air flow in the test room (m s�1) – – vair 
 0:5
Wall temperatures in test room No information in the standard

DIN EN 61439-1 [4.10]
(Low voltage)

DIN EN 60947-1 [4.9]
(Low voltage)

DIN EN 62271-1 [4.12]
(High voltage)

Reference temperature (ıC) 35 35 40
Ambient temperature
�#0 (ıC)

10 
 #0 
 40
the last 1=4

P

ttest:
�#0 
 1Kh�1

10 
 #0 
 40
P

ttest:
�#0 
 0K
if �#0 > 3K
use correction factors

10 
 #0 
 40
the last 1=4

P

ttest:
�#0 
 1Kh�1

Measuring points for ambient
temperature

Min. 2 � measurements
halfway up the test sample
in 1m distance

Min. 2 � measurements
halfway up the test sample
in 1m distance

Min. 3 � measurements in
the high of current-carrying
conductors, 1m distance

Air flow in the test room (m s�1) – – vair 
 0:5
Wall temperatures in test room No information in the standard

((4.21) and Fig. 4.31). Standards usually accept that the
stationary final value is reached when the temperature
rise �# < 1K h�1 [4.9, 10, 12].

The type of power supply, its cross section, conduc-
tance, and length are responsible for whether power is
supplied or dissipated to the test object by heat conduc-

tion, which can strongly influence the temperature of
the test object. The aim is to select the supply line in
such a way that neither significant heat input nor out-
put can occur. However, this is not always stipulated,
especially in the standards for low-voltage switchgear.
An oversized power supply cable draws far more heat
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Table 4.26 Heat test, influence of wall-temperature �w on heat transfer P

Example " D 0:25 " D 0:9

PS

PK

ϑ

ϑ0

ϑW

#L D 70 ıC
#0 D 20 ıC
#W D �5 to 30 ıC
PK D ˛K � 1m3 � 50K
PS D "1;2CS � 10�8.T4

L �T4
W/=.# �#W/

"W D 1

800
700
600
500
400
300
200
100

0

P (W m–2)

ϑW (°C)
–5 302520151050

PS

PK

Ptotal

PS – PS (30 °C)

800
700
600
500
400
300
200
100

0

P (W m–2)

ϑW (°C)
–5 302520151050

PS

PK

Ptotal

PS – PS (30 °C)

Example " D 0:25 " D 0:9

PS

PK

ϑ

ϑ0

ϑW

#L D 70 ıC
#0 D 20 ıC
#W D �5 to 30 ıC
PK D ˛K � 1m3 � 50K
PS D "1;2CS � 10�8.T4

L �T4
W/=.# �#W/

"W D 1

800
700
600
500
400
300
200
100

0

P (W m–2)

ϑW (°C)
–5 302520151050

PS

PK

Ptotal

PS – PS (30 °C)

800
700
600
500
400
300
200
100

0

P (W m–2)

ϑW (°C)
–5 302520151050

PS

PK

Ptotal

PS – PS (30 °C)

I (A)
4000

3500

3000

2500

2000

1500

1000

500

0
0 0.50.40.30.20.1

v (m/s)

c)

PV

PV

RS

RS RS

RK

RKRK RK

ϑ0

ϑ0

ϑL

ϑL

ϑi

ϑKa

Tubular conductor: rL = 0.03 m
 AL = 1570 mm2

Capsule: rKa = 0.1 m
 Oka = 0.63 cm2

Gap: s = 0.06 m 

ϑ0 = 20 °C
ϑL = 70 °C

Free in air; ε = 0.9
Free in air; ε = 0.25
Encapsulated; ε = 0.9
Encapsulated; ε = 0.25

a)

b)

Fig. 4.30a–c Heat test, operating current of a free (a) and an encapsulated conductor (b) depending on air flow velocity
v in the test chamber (c)

from the device under test than in practical use in a low-
voltage switchgear and control gear. This means that,
in practice, depending on the installation conditions,
a low-voltage device may only be subjected to consid-
erably less load than the value indicated on its rating
plate (Figs. 4.32 and 4.33)

jPLj D �A

d
�# D �A

b
�# ; (4.89)

b D
s

�A

˛.#/U
; (4.90)

with Al: b � 0:3m and Cu: b � 0:4m.

Example: determine the influence of the power sup-
ply line on the thermal power dissipated from a 1000A
switchgear during the heating test. The temperature gra-
dient along the feed line can vary significantly, i.e., from
�# = 70K at the connections of the test object to �#
= 50K at the power supply line (Fig. 4.34a); this de-
pends on the cross section of the copper bus bars (here,
2 � (60� 5)mm2). Assuming a permissible excess tem-
perature at the connections of �# = 70K, the power
dissipated by heat conduction in the power supply line
results in PL = 70W with a load current of I = 1000A
(Fig. 4.34b).While in this example painted bus bars (" =
0.9) are used, a bare bus bar would only have a thermal
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∆ϑ (K)
70

60

50

40

30

20

10

0
0 2 4 6 8 10 12 14

t (h)

∆ϑ1

∆ϑ2

τ1

τ2

1 h

1 h

1 K

1 K

Fig. 4.31 Heat test, heating curve dependent on the time
constant 	 (	 D CthRth D cıVRth)

ϑ0

∆ϑV

ϑV

ϑV

ϑend conductor

ϑend conductor

ϑ

Test sample termination Conductor for power supply

I

b
x

Fig. 4.32 Heat dissipation from the test object by heat con-
duction in the power supply line

Related heat power PL/∆ϑ (W/K)
4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0
40003500300025002000150010005000

Cross section A (mm2)

Al
Cu

Fig. 4.33 Dissipated heat output through heat conduction
in the power supply conductors

output of PL = 56W (Fig. 4.34c). Here, it becomes clear
what influence the choice of the current-supply line has
on the temperature of the test object.

100
90
80
70
60
50
40
30
20
10
0

∆ϑ (K)

0 0.15 0.30 0.45 0.60 0.75 0.90 1.501.351.201.05
l (m)

A (mm2)

PL (W)

a)

b)
120
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0
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A (mm2)

PL (W)c)
120

100

80
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40

20

0
0 100 200 300 400 500 600 700 800

∆ϑ = 50 K

∆ϑgr = 70 K
ϑ0 = 40 °C
εL = 0.95

∆ϑgrenz = 70 K
ϑ0 = 40 °C
I = 1000 A

2 × (30 × 5) mm2

2 × (40 × 5) mm2
2 × (60 × 5) mm2

2 × (80 × 5) mm2

Nominal currents:
 I = 630 A
 I = 1000 A
 I = 1250 A

Painted conductor: εL = 0.9
Nonpainted conductor: εL = 0.25

Fig. 4.34a–c Example: influence of the power supply
conductor on the heat output dissipated from a switching
device for In = 1000 A. (a) Temperature distribution along
the power supply conductor for different conductor cross
sections (�# Dovertemperature), (b) dissipated heat out-
put for each power supply conductor, (c) influence of the
emission factor " of the power supply conductor

On the Temporary Current Overload Ability
of Power Control Systems and Installations

Occasionally, it is intended to load existing bus bar
arrangements and equipment with higher current than
stationarily permissible, without exceeding the limit
temperature.
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Table 4.27 Electric devices as a dynamic system

General Input (xIN.t/) ) Dynamic system weighting function ) Output (xOUT.t/)
Electrotechnical system Current square

Electric device

Temperatures at
critical points

PV � I 2
ϑ1

ϑn

...

Example: solid insulated bus bar

ϑconductor

ϑinsulation

ϑconnector

I 2

General Input (xIN.t/) ) Dynamic system weighting function ) Output (xOUT.t/)
Electrotechnical system Current square

Electric device

Temperatures at
critical points

PV � I 2
ϑ1

ϑn

...

Example: solid insulated bus bar

ϑconductor

ϑinsulation

ϑconnector

I 2

For electrical equipment and drives, ten corre-
sponding operating modes – S1–S10 – for periodically
recurring load cycles and short-term loads are defined
in standards and are taken into account in the design
and operation of the equipment by utilizing its heat ca-
pacity [4.24].

For equipment and systems, two possibilities can be
used for current overload capability:

� The temperature signal follows the current signal
with a time lag (Table 4.9, middle column).� The ambient conditions (temperature, wind speed,
solar radiation) determine the temperature of the
equipment with their magnitude and time depen-
dence.

For example, a low ambient temperature makes it
possible to take advantage of the higher temperature
difference up to the limit temperature. Also at higher
wind speeds, forced convection results in better heat
dissipation, which also permits a higher current load.
Since the current load of conductors and equipment, as
well as the heat output due to radiation and convection
and the heat storage (input variables), vary over time,
knowledge of the past is always required in order to
determine the current load (output variable) permitted
in the next time interval (Table 4.27). For not neces-
sarily periodic, pulse-shaped input variables [4.14, 20],
xIN is the weight function, g.	/ is a measure of how
strong the input variables at the time t and at the period
before (t� 	) influence the output variables xIN; this is
expressed by the convolution integral

xOUT D
t
Z

0

g.	/xIN.t� 	/d	 : (4.91)

Since the weight function g.	/ is constant over a time
interval�T , the convolution integral for a time k can be

expressed as

xOUT.k�T/D�T
n
X

lD0

g.l�T/xINŒ.k� l/�T�

C xOUT0 ; (4.92)

where xIN = input variable, e.g., current load, wind
velocity, xOUT = output variable, e.g., temperature at
a critical location, g = weight function, t = time vari-
able, 	 = runtime in convolution integral, �T = time
interval, k = time after measurement of the output vari-
able during memory time, l D time differenceC .l�T/
from time k, and xOUT0 = value of the output variable at
the operating point xIN = 0.

The weight functions g for the memory time of
the conductor, the insulation, and the connection in Ta-
ble 4.27 can be determined experimentally or by means
of the heat-network method and, thus, serve to predict
the temperature to be expected in the future depending
on the future load current and the load history of the
equipment. This way, in the next time interval (kC 1)
�T , the permissible current that does not violate the
limit temperature #Gr can also be calculated [4.20].

If one considers, initially in stationary operation, the
influence of the ambient conditions, e.g., air tempera-
ture, wind velocity, etc., a significant influence on the
temperature of the device can be determined. Using the
example of an ACSR 380/50 overhead-line conductor
(382-AL1/49-ST1A, outer diameter 27.0mm) with the
standardized boundary conditions [4.25], i.e.:

� Ambient temperature: #0 D 35 ıC� Wind velocity perpendicular to the line: v D
0:6m s�1

� Permissible maximum conductor temperature:
#Gr D 80 ıC.� Permissible continuous current: I D 840A
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according
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load must 
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Fig. 4.35a,b Current-carrying capacity of a transmission-line conductor and of a high-voltage circuit breaker depending on
ambient temperature and wind velocity (global radiation PSH = 1000Wm�2, transverse flow with v = 0 to 5m s�1, and ambient
temperature #0 D �10 to C40 ıC). (a) Current-carrying capacity of a transmission-line conductor at a limiting temperature #Gr =
80 ıC, (b) current-carrying capacity of a high-voltage circuit breaker at a limiting temperature on contact elements #Gr = 105 ıC
in comparison to the overhead line in (a)

its thermal rating can be determined by means of the
heat-network method or by experiments in the wind
tunnel (Fig. 4.35a). It should be noted that, for the rather
unlikely case of wind velocities v < 0.6m s�1, the
thermal rating will decrease, while for wind velocities
v > 0.6m s�1 and at ambient temperatures #0 < 35 ıC
a higher thermal rating of the conductor is theoretically
possible in the case the same ambient conditions apply
along the line, and the limit conductor operating tem-
perature #Gr = 80 ıC is not exceeded, and, therefore,
the admissible sag limits are not violated [4.14]. How-
ever, these apparent reserves are reduced to a temporary
overload capacity of the conductor by accelerated ag-
ing of connectors and clamps at higher temperatures
(Sect. 4.3.3).

Furthermore, the thermal behavior of all other
equipment in the current path must also be considered,
which can differ considerably from that of the overhead
conductor. For example, the influence of the wind on
a high-voltage circuit breaker is comparatively much
less than on an overhead-line conductor, so that the re-
serve calculated above can only be used to a limited
extent (Fig. 4.35b); nevertheless, a certain temporary
overload capacity may exist, taking into account the ac-
tual ambient temperature.

4.3.2 Mechanical Dimensioning

Current-conducting arrangements are stressed by the
electric current i.t/ not only thermally, but also me-
chanically, depending on the design and position of
the conductors relative to each other. External me-
chanical loads may cause line loads q.t/ and forces

Current i(t)

Construction – location of 
the conductors to each other

Load
Uniformly distributed load q(t),
force F(t)

Mechanically bearing system
� Mechanical model

Stress
• Mechanical stresses σ in conductor, insulator, 
   substructure, ...
• Elastic deformation εel during the short-circuit stress
• Permanent deformation εp after short circuit

Fig. 4.36 Emergence of mechanical stress

F.t/, which lead to mechanical stresses in the con-
ductors themselves and their support points, such as
clamps, tap-offs, and insulators (Figs. 4.36 and 4.37).
It goes without saying that these mechanical loads
must not exceed the damage and deformation limits of
the components of the electrical equipment [4.1, 26–
33].

Load: Forces Due to Thermal Expansion
Forces due to thermal expansion result from a con-
strained expansion due to the heating of a current-
carrying conductor and its insulation, especially under
a short-term load. These forces can occur longitudinally
and radially and be of static nature. They act so slowly
that inertial forces caused by moving masses do not
have to be taken into account.
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Operating current Short-circuit current

Heating of conductors Electromagnetic forces

Mechanical stresses 
in the rigid conductors

Forces on fittings 
and insulators

Buckling strength
of the conductors

Bending strength
of the insulators

Change in length due
to thermal expansion

Uniformly distributed
load on conductors

Fig. 4.37 Effects of electrical load on mechanical stress

The longitudinal expansion of a pinned but, flexu-
rally stiff conductor (Fig. 4.38b) is

�l D l˛th�# ) "th D ˛th�# ; (4.93)

where l = conductor length, �l = thermal linear expan-
sion, ˛th = coefficient of linear expansion (Table 4.28),
�# = heating of the conductor in relation to the initial
state at #0, where the conductor temperature is # > #0

at operating current, and # 	 #0 at short circuit current,
and "th = relative elongation of the conductor (�l=l) by
thermal expansion.

With a fixed conductor (Fig. 4.38c), a mechanical
stress occurs in the conductor.

�th D E˛th�# D "thE D Fth

A
; (4.94)

where �th = mechanical stress in the conductor, E =
modulus of elasticity (Table 4.28), Fth = compressive
force in the conductor, and A = conductor cross section.

I

I = 0

I

I

∆l/2 ∆l/2

ϑ0 ... Installation temperature

∆ϑ

∆ϑ

Inttial state after mounting,
de-energized

Current-carrying conductor ⇒ heating by ∆ϑ,
loose bearing ⇒ free thermal expansion ∆l

Current-carrying conductor ⇒ heating by ∆ϑ,
fixed bearing ⇒ thermal expansion forces Fth
⇒ mechanical stress σ

a)

b)

c)

Fth Fth Fig. 4.38a,b
Thermal expansion
forces on a rigid
conductor

Table 4.28 Modulus of elasticity E, coefficient of linear
thermal expansion ˛th, and the limit elastic stress �0:2 of
selected conductor materials

Material E
(kNmm�2)

˛th

(� 10�6 K�1)
�0:2

(Nmm�2)
Aluminum (Al) F7 60–65 23.8 34
Aluminum (Al) F9 62
Copper (Cu) 110 16.5 > 220
Brass (Ms) 85 20.2 60–100
Steel (St) 210 11.5 200–400

Material E
(kNmm�2)

˛th

(� 10�6 K�1)
�0:2

(Nmm�2)
Aluminum (Al) F7 60–65 23.8 34
Aluminum (Al) F9 62
Copper (Cu) 110 16.5 > 220
Brass (Ms) 85 20.2 60–100
Steel (St) 210 11.5 200–400

This will cause a compression load on the conductor
and a corresponding bending load Fth on the insulator
at the support.

Fth D AE˛th�# : (4.95)

Example: fixed bus bar made from aluminum al-
loy (AlMgSi) A .40� 10/mm2I�# D 70KIE D
69 kN=mm2, and ˛th D 23:4� 10�6 K�1,

� th D E˛th�# D 69
kN

mm2
� 23:4� 10�6 1

K
� 70K

D 113
N

mm2
;

(4.96)

Fth D AE˛th�# D 400mm2 � 113 N

mm2

D 45:21 kN : (4.97)

The top of the support insulator is subjected to an up-
heaval bending force of Fth = 45.21kN.

With straight, flexurally stiff conductors, such as
tubular bus bars, the compressive force leads to buck-
ling �s of the conductor, depending on the type of
clamping at the support (Fig. 4.39). If the elastic limit
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l

lv = l lv = 0.7l lv = 0.5l

Fig. 4.39 Bending �s of conductors and reduction of the
effective length lv depending on the type of clamping/
fixing

ica

iL Fth Fth

l

Insulator

Capsule

Conductor

ϑL > ϑca

∆ϑca

∆ϑL

Fig. 4.40 Thermal expansion forces in encapsulated bus
bar systems (GIL, GIS)

of the conductor material is exceeded, the maximum
buckling load depends on the reduced length lv of the
conductor, the slenderness ratio sr, and the radius of
inertia i, and if exceeded will cause excessive plastic
deformation by abrupt buckling.

sr D lv
i
; (4.98)

i D
r

I

A
; (4.99)

�Gr D  

s

E

�0:2
(4.100)

�sp D
r

3

8
lv�lo ; (4.101)

where Sr = slenderness ratio, lv = reduced length ac-
cording to type of clamping (Fig. 4.39), i = radius of
gyration, I = moment of inertia of the cross section (Ta-
ble 4.29), A = area of the cross section, �GR = limit
buckling stress, and �sp = buckling (plastic deforma-
tion).

Comparable loads result from thermal expansion in
encapsulated gas-insulated switchgear (GIS) and lines
(GIL). In this case, the different temperature increases
of the conductor and the enclosure (�#L >�#ca) and,
thus, their the differing elongations have to be consid-
ered (Fig. 4.40).

In order to reduce such mechanical loads on the
conductors and support points, sliding bearings, expan-
sion bands, or expansion clamps are used in practice
(Figs. 4.5 and 4.41).

Table 4.29 Moments of inertia and resistance of different
conductor cross sections in the direction of uniformly dis-
tributed load q

Cross section Moment
of inertia

Moment
of resistance

h

b

q
I D bh3

12
W D bh3

6

h

b

qH

B

I D BH3 � bh3

12
W D BH3 � bh3

6H

qd
I D  d4

64
W D  d3

32

qdD
I D  .D4 � d4/

64
W D  .D4 � d4/

32D

Cross section Moment
of inertia

Moment
of resistance

h

b

q
I D bh3

12
W D bh3

6

h

b

qH

B

I D BH3 � bh3

12
W D BH3 � bh3

6H

qd
I D  d4

64
W D  d3

32

qdD
I D  .D4 � d4/

64
W D  .D4 � d4/

32D

Table 4.30 Comparison of coefficients of linear thermal
expansion ˛th for conductor and insulation materials

Conductor
material

˛th

(� 10�6 K�1)
Insulation
material

˛th

(� 10�6 K�1)
Aluminum 23.8 Epoxy resin 30
Copper 16.5 Quartz 0.5
Brass 11.5 Glass 4–10
Steel 10.5 Porcelain 3.8–7
Cast iron 18.4 Polyethylene � 200

Conductor
material

˛th

(� 10�6 K�1)
Insulation
material

˛th

(� 10�6 K�1)
Aluminum 23.8 Epoxy resin 30
Copper 16.5 Quartz 0.5
Brass 11.5 Glass 4–10
Steel 10.5 Porcelain 3.8–7
Cast iron 18.4 Polyethylene � 200

Thermomechanical stresses in current-conducting
arrangements also occur when conductor and insulation
materials with different coefficients of thermal linear
expansion ˛th are used and are firmly connected (cast-
resin insulation, cables) (Table 4.30).

For solid insulated conductors, especially for insu-
lation made of filled epoxy resin (insulating material in
the glass state, and, thus, not elastic), the radial thermal
compressive stresses �r can cause considerable hoop
stresses �t at the circumference of the insulation which,
in turn, can cause the insulation to burst and, thus, fail
(Fig. 4.42) [4.27].

In low and medium voltage systems at uninter-
rupted operation, it is critical to consider that the
supporting and clamping components also heat up and
expand, thus, the differences in extension shall be used
for the calculation. In the case of a short circuit, adia-
batic heating of the conductor can be assumed, which
is considered particularly critical for high short-circuit-
currents and long short-circuit periods.
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With U-washer: sliding
Without U-washer: fixed

Flexible conductor

Conductor support

Base plate
post insulator

Bus bar 
tube

Fig. 4.41 Examples
for bus bar supports
and expansion
clamps
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σtr

r

rL b

ϑL

ϑL
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ϑ0
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∆ϑinsulation

∆ϑsurface

Fig. 4.42 Radial pressure, tangential, and tensile stresses
in a heated solid-insulated conductor; �r D radial compres-
sive stress, �t D tangential tensile stress, �z D axial tensile
stress, #L D temperature of conductor, #I D temperature
of insulation depends on radius r, r D radius, and #0 D
ambient temperature

Loads Due to Electromagnetic Forces
on Conductors – Individual and Distributed
Forces on Conductors and Supports

Conductors throughwhich current flows are surrounded
by a magnetic field B, whereby a force F or a line load
q is created on adjacent, parallel conductors that are
also current-carrying (effect). Depending on whether
the currents of the parallel conductors flow in the oppo-
site or in the same direction, the conductors will repel
or attract each other (Fig. 4.43 and Table 4.31).

The differential force dF depends on the current i,
the effective length dx of the conductor, and the mag-
netic induction B at this location (Fig. 4.44).

dF D i.dx�B/ : (4.102)

In the case where dx and dB are orthogonal to each
other, which is true for many applications, this relation-
ship is simplified to

dF D iBdx : (4.103)

Dividing the force dF by the length dx one obtains the
related line load q

q D dF

dx
D iB : (4.104)

The Biot–Savart law enables the calculation of the mag-
netic field strength dH21 caused by current i1 in one
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B ... mediation
F ... effect

Fig. 4.43 Electromagnetic forces on current-carrying, par-
allel conductors – right-hand rule. Carrying conductors
arise between current-electromagnetic forces that have
a static and/or dynamic stress result

conductor at a distance r of conductor point P on the
adjacent conductor 2 (Figs. 4.44 and 4.45)

dH21 D i1
4 

r� dy
r3

: (4.105)

With

dy� r D rdy sin ı and B D �H (4.106)

one obtains

dB21 D i1
�0

4 

sin ı

r2
dy ; (4.107)

and by integration over dy

B21 D i1
�0

4 

y2
Z

y1

sin ı

r2
dy ; (4.108)

Table 4.31 Electromagnetic forces on current-carrying parallel conductors

Application of the right-hand rule (R-M-E rule)
Opposite currents CI1I �I2 Parallel currents CI1I CI2

Reason R

F

+I1 –I2

H2H1

F F

+I2+I1

H2

H1

Mediation M Overlay of the magnetic fields H1 and H2

) Field enhancement between the conductors
Overlay of the magnetic fields H1 and H2

) Compensation of the magnetic fields between conductors
) Fields outside the conductors determine the effect of F

Effect E Effect of forces
) conductors repel

Effect of forces
) conductors attract/apprach

Application of the right-hand rule (R-M-E rule)
Opposite currents CI1I �I2 Parallel currents CI1I CI2

Reason R

F

+I1 –I2

H2H1

F F

+I2+I1

H2

H1

Mediation M Overlay of the magnetic fields H1 and H2

) Field enhancement between the conductors
Overlay of the magnetic fields H1 and H2

) Compensation of the magnetic fields between conductors
) Fields outside the conductors determine the effect of F

Effect E Effect of forces
) conductors repel

Effect of forces
) conductors attract/apprach

i2

i1

x2

x1

y1

y2
y

dy

P
dx

r

x

dF

B21

Fig. 4.44 Electromagnetic forces on current-carrying con-
ductors; i = reason, B = mediation, F D effect

i1 y1

y2 y

dy

P
r

aδ

dH21

Fig. 4.45 Magnetic field strength H21 in conductor point P
at distance r from conductor 1. The following parameters
must taken into account: time curve of the currents i1 and
i2, geometry of the arrangement, characterized by y1, y2, r,
and ı (or a)

and with (4.104) the line load q can be calculated as

q D dF

dx
D i1i2

�0

4 

y2
Z

y1

sin ı

r2
dy : (4.109)

The load F, which acts on the supports of a current path,
becomes

F D i1i2
�0

4 

y2
Z

y1

sin ı

r2
dydx ; (4.110)
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where y or dy = conductor, from which B21 is generated,
x or dx = conductor on which the line load acts, and
�0 D 4 � 10�7Vs=Am�magnetic permeability.

For the time dependence of the line load q.t) be-
tween parallel conductors and the force F.t), the type
of short circuit and the time dependence of the short-
circuit current i.t) must be observed.

Steady-state short-circuit current.

i D OIK sin!t ; (4.111)

and

OIK D p
2IK (4.112)

gives a line load q.t/ of

q.t/D �0

2 a
OIK2 sin 2!t :

Which, with

sin 2x D 1

2
.1� cos 2x/ (4.113)

becomes

q.t/D �0

2 a

�p
2IK

	2 1

2
.1� cos 2!t/ ; (4.114)

q.t/D �0

2 a
I2K.1� cos 2!t/ (4.115)

with a DC and a AC component (Fig. 4.46)

qD.t/D �0

2 a
I2K ; (4.116)

q�.t/D � �0

2 a
I2K cos 2!t : (4.117)

Remote generator short circuit with decaying DC com-
ponent and symmetrically driving voltage without tran-

i(t)
q(t) q(t)

t

q=

Fig. 4.46 Uniformly distributed load q.t/ between parallel
conductors at a continuous short-circuit current i.t/

u(t)
i(t)

tK

φu φz

t

Fig. 4.47 Short circuit remote from generator, time
course of short-circuit current i.t/ and voltage u.t/ with
impedance angle 'z (phase displacement u and i at sta-
tionary short-circuit current 'z D arctan.X=R/) and phase
angle of voltage at the time of short-circuit 'u

sient component due to decay processes in the generator
(I00
K D IK) (Fig. 4.47)

i D p
2I00

K

h

e� R
X !t sin˛C sin.!t� ˛/

i

„ ƒ‚ …

for crest factor � see Fig. 4.48

; (4.118)

with R=X D ratio of resistance to reactance of the short-
circuit current path, where

˛ D 'Z �'u : (4.119)

The maximum current (Fig. 4.49) takes place at:

� Phase angle 'u = 0 (short circuit in voltage zero
crossing)� Impedance angle at short-circuit entry 'z �
90ı .R=X ! 0/.

1.8

1.6

1.4

1.2

1.0

2.0

1.000.100.01
R/X

1.043

κ
High-voltage power grid

Low-voltage power grid

Fig. 4.48 Crest factor � for a remote short-circuit depend-
ing on the R=X ratio of the upstream network
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Fig. 4.49 Short-circuit remote from
generator, short-circuit current i.t/,
voltage u.t/, and uniformly distributed
load q.t/ with phase angle 'u D 0 and
R=X D 0:05

The maximum current over time takes place at

t� 'Z �  

2
! !t D  

2
C'Z D   ; (4.120)

which, at a mains frequency of f 50Hz, corresponds to
a time of

t D  

2 f
D 1

2f
D 1 s

100
D 10ms : (4.121)

For a real high-voltage network with R=X D 0:05 and,
thus, 'Z D 87:1, and, therefore sin ˛ � 1 a decaying
DC component as per (4.118) with:

� R=X D 0:05 ! X=R D 20� e�t=	 with a time constant,

	 D L

R
D X

!R
D 20 s

2 50
D 64ms : (4.122)

Thus, the maximum current over time at t D 10ms,
the value of the decaying exponential function becomes

e� 10ms
64ms D 0:855 ; (4.123)

which means that, at this point in time, the DC com-
ponent has dropped to a value of 85.5% due to the
damping. With the crest factor �, the peak short-circuit
current ip can be calculated as

ip D p
2�I00

K ; (4.124)

where (with (4.123))

� D 0:855C 1 D 1:855 : (4.125)

The crest factor cannot, theoretically, exceed the value
� D 2; in practical cases it is usually � 
 1:8.

The peak short-circuit current ip is the maximum
amplitude occurring immediately after the short circuit
and is decisive for the design of the mechanical strength
of the current-conducting arrangement. The stress over
time curve due to the line load q.t/ depends on the R=X
ratio of the feeding network and, thus, on the time func-
tion of the short-circuit current i.t/ (Table 4.32) as well
as the phase angle of the voltage 'u at the instant the
short-circuit occurs (Fig. 4.47).

Selected practical examples of electromagnetic
forces F on support points (insulators) and line loads
q on conductors in electrical installations (Figs. 4.50
and 4.51) or on contacts in electrical connections and
on switching contacts can be calculated with the equa-
tions in Table 4.33 (maximum values) [4.1, 26].

For conductors with rectangular cross section, a me-
chanically effective main conductor spacing of am is
considered, which depends on the conductor height
d, its width b, and the geometric center distance a
(Fig. 4.52)

1

am
D 1

b

�

'

�

b

a

�

C d2

a2
�

�

b

a

��

; (4.126)
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Table 4.32 Short-circuit remote from generator, short-circuit current i.t/ and uniformly distributed load q.t/, and exam-
ples for several R/X-ratios

R=X � 0 R=X D 0:05 R=X D 0:01 R=X D 0:02
'u D 0ı

t

i(t)

t

i(t)

t

i(t)

t

i(t)

t

q(t)

t

q(t)

t

q(t)

t

q(t)

'u D 90ı

t

i(t)

t

i(t)

t

q(t)

t

q(t)

R=X � 0 R=X D 0:05 R=X D 0:01 R=X D 0:02
'u D 0ı

t

i(t)

t

i(t)

t

i(t)

t

i(t)

t

q(t)

t

q(t)

t

q(t)

t

q(t)

'u D 90ı

t

i(t)

t

i(t)

t

q(t)

t

q(t)

i/2

i/2

qt

qt

qh

qh

i

FS FS

Fth Fth

Fig. 4.50 Electromagnetic forces F
and uniformly distributed load q.t/.
(Top view). qh: uniformly distributed
load between main conductors; qt:
uniformly distributed load between
subconductors; FS: electromagnetic
force at fittings and insulators; Fth:
thermal expansion force

i

z

i

FS FS

Fth Fth

MS(z) Mth(z)

Fig. 4.51 Electromagnetic and
thermal expansion force on supports
(fittings and insulators), side view.
FS: electromagnetic force on fittings
and insulator; Fth: thermal expansion
force; MS.z/: moments at insulator
caused by electromagnetic force;
Mth.z/: moments at insulator caused
by thermal expansion force
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Table 4.33 Uniformly distributed load and force for selected arrangements

Arrangement and application Schema Uniformly distributed load or force

Parallel, endless long conductors
e.g., overheadline conductors, substation bus bar
(opposing currents, conductors repel each other) i1

i2

a

q

q

q D i1i2�

2 a

Bundled conductors, subconductors in bus bars
(parallel conductor, conductors attract)

i1

i2

q

Spacer

Conducting arrangement with 90ı-angles
e.g., bus bar derivation, cross connection of parallel
conductors

i

q
qx

x

q D i2�

4 x

Circular ring
e.g., winding of a coil (radial forces to the outside)

i

qr

qr

qr2r
RR

qr D i2�

2 R

�

ln
8R

r
� 0:75

�

applies for: R 	 r

Circles next to each other
e.g., uniformly distributed load between windings of
a coil (conductors repel each other)

i1
i2 a

F

F

q D i1i2�

2 a

F D i1i2�
R

a

applies for:
R

a
> 2

Conducting arrangement with several corners
e.g., MV-insulator, MV-circuit breaker with trolley,
NH-fuse links (forces try to open the current path)

i
q

x

At both corners each

q D i2�

4 x

Contact point in a connection
e.g., plug-in connectors, switching contacts (lift-off
force)

i

i

r1

r2

F

F

F � i2�

4 
ln

r2
r1

Arrangement and application Schema Uniformly distributed load or force

Parallel, endless long conductors
e.g., overheadline conductors, substation bus bar
(opposing currents, conductors repel each other) i1

i2

a

q

q

q D i1i2�

2 a

Bundled conductors, subconductors in bus bars
(parallel conductor, conductors attract)

i1

i2

q

Spacer

Conducting arrangement with 90ı-angles
e.g., bus bar derivation, cross connection of parallel
conductors

i

q
qx

x

q D i2�

4 x

Circular ring
e.g., winding of a coil (radial forces to the outside)

i

qr

qr

qr2r
RR

qr D i2�

2 R

�

ln
8R

r
� 0:75

�

applies for: R 	 r

Circles next to each other
e.g., uniformly distributed load between windings of
a coil (conductors repel each other)

i1
i2 a

F

F

q D i1i2�

2 a

F D i1i2�
R

a

applies for:
R

a
> 2

Conducting arrangement with several corners
e.g., MV-insulator, MV-circuit breaker with trolley,
NH-fuse links (forces try to open the current path)

i
q

x

At both corners each

q D i2�

4 x

Contact point in a connection
e.g., plug-in connectors, switching contacts (lift-off
force)

i

i

r1

r2

F

F

F � i2�

4 
ln

r2
r1
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i1 i2

d

b

a

Fig. 4.52 Parallel
main conductors
with rectangular
cross section

whereby

'

�

b

a

�

D 2 arctan
�

b

a

�

� a

b
ln

"

1C
�

b

a

�2
#

;

(4.127)

�

�

b

a

�

D bd2

6a.a2 C b2/
: (4.128)

For bus bars with several subconductors (as < b)
(Fig. 4.53), the line load is calculated as

qs D
 Oi
2

!2
�0

2 

1

as
; (4.129)

where

1

as
D 1

b

"

'

�

b

at

�

C
�

d

at

�2

�

�

d

at

�

#

: (4.130)

In symmetrical three-phase systems, different currents
flow in the three conductors when a three-pole short
circuit occurs: iL1, iL2, and iL3, whose mechanical load
effects overlap. Two typical cases in the praxis are the
arrangement of the three conductors in one plane with
a distance a and the arrangement of the conductors in
an equilateral triangle.

d d

b

at
a

qm qm

qs

qs

i/2 i/2

d d

b

at

i/2 i/2

Fig. 4.53 Uniformly distributed load at main and subconductor arrangements (a = geometric center-to-center distance
of the main conductors, at = geometric center-to-center distance of the subconductors, am = effective main conductor
spacing, as = effective subconductor spacing (Table 4.34), b = width of the rectangular conductor, d = height of the
rectangular conductor, i=2 = current per subconductor (with two subconductors), qm = line load due caused by the main
conductors, qs = line load by the subconductors)

Conductors in one plane. Line currents iL (Fig. 4.54)

iL1 D
q

2I00
K.3/

h

e� R
X !t sin˛C sin.!t�˛/

i

; (4.131)

iL2 D
q

2I00
K.3/




e� R
X !t sin

�

˛C 2 

3

�

C sin

�

!t�
�

˛C 2 

3

���

;

(4.132)

iL3 D
q

2I00
K.3/




e� R
X !t sin

�

˛C 4 

3

�

C sin

�

!t�
�

˛C 4 

3

���

:

(4.133)

Static line loads qpc

qL1.3/ D �0

2 a

�

iL1iL2 C iL1iL3
2

�

; (4.134)

qL2.3/ D �0

2 a
.iL2iL1 � iL2iL3/ ; (4.135)

qL3.3/ D �0

2 a

�

�iL2iL3 � iL1iL3
2

�

: (4.136)

This results in:

� Phase conductors L1 and L3 moving outwards by
the resulting line load.� The resulting line load on phase conductor L2 is
zero.� The sum of all line loads is zero at all times.

Conductors in an equilateral triangle. The vectors
of the forces act in different directions (attracting and
repulsive) depending on time, and they have to be added
for every time instant t vectorially, resulting in a lo-
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Table 4.34 Effective subconductor spacing as for a rectangular cross section (all dimensions given in mm)

Rectangular profile d b D 40 b D 50 b D 60 b D 80 b D 100 b D 120 b D 160 b D 200

d

d

b

5
10

20
28

24
31

27
34

33
41

40
47

–
54

–
67

–
80

d

d

b

5
10

–
17

13
19

15
20

18
23

22
27

–
30

–
37

–
43

d

d

b

5
10

–
14

–
15

–
16

–
18

–
20

–
22

–
26

–
31

d

d

b

50 5
10

–
17

14
18

15
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22

20
25

–
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–
32

–
–
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–
54

–
67

–
80

d

d

b
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–
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23

22
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–
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–
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d

d

b

5
10

–
14

–
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–
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–
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d
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b

50 5
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–
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1.0
0.866
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0.5
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–0.808

–0.058

–0.5

–0.866
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iL1(t) iL2(t) iL3(t)

iL1 iL2 iL3

qL2(3)(t)
qL3(3)(t)

qL1(3)(t)

t

t

L1 L2 L3

L1 L2 L3

a a
qL1

qL1 qL2 qL3

Front view

Top view

qSt =
μ0 I "2

 2 � a
K(3)

q(t)/qSt

0

Fig. 4.54 Short-circuit current – uniformly distributed load profiles with three-pole short circuit – one-level arrangement
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i(t)
iL1(t)

iL2(t)

iL2

iL3

iL1

iL3(t)

Attracting

Repulsive

q(t)

t1 t2 t3 t4 t5 t6

t1

t2

t3

t4

t5

t6

t

t

qL2(L3)

qL2

qL2(L1)

Circle diagram for
conductor L2

Post
insulator

60°

60°

Fig. 4.55 Short
circuit current – uni-
formly distributed
load profiles with
three-pole short cir-
cuit – arrangement
in triangle

cus curve that is run through once in each half-wave
of the current. The resulting forces always act out-
wards, so that the support insulators should ideally be
arranged in such a way that they are subjected to com-
pression. The sum of all line loads is zero at all times
(Fig. 4.55).

Mechanical Stress
Elastic and plastic deformation of current paths
under short-circuit current load. The load of
current-conducting arrangements by short-circuit cur-
rents leads to mechanical stresses � on the conductors

σ σ
Ideal curve

Real
curve

Break

B

E'

P

≈E (Hooke law)

2‰ εp ε

ε

2‰-limit as a transition between 
elastic and plastic deformation 

σel = εel E ≈ σ0.2 ;

90

50

10

P (%)

Fzul F

10%

50%

90%

Fracture
probability

a) b)

ε = ∆L
L

Fig. 4.56a,b Behavior of materials
under mechanical stress. (a) Conduc-
tors/metals, (b) insulating materials in
vitreous state

(L), the insulators (I), and the structural substructure
(U). With metals (conductor, substructure), this leads
to elastic deformation (� < �el � �0:2 ) " < "el) or, for
larger stresses, to permanent plastic deformation (� D
�p > �0:2 ) "D P"p > "el). When the material strength
is exceeded (�b), the metal will fail (Fig. 4.56a). In the
case of brittle insulating materials in the glass state,
the failure occurs directly after the slightly elastic state
without prior permanent deformation (Fig. 4.56b). De-
pending on the material structure, its strength is subject
to �b scatters and is described by a distribution function
for the probability of failure.
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Static

Elastic

Elastic Elastic

Elastoplastic Elastic Elastoplastic

Dynamic ωc > 2 ωN

based from ip

ωc < 2 ωN

based from Ieff

One degree
of freedom
(one-mass
oscillator)

One degree
of freedom
(one-mass
oscillator)

Bending
vibration
bulk bar

Multible degrees
of freedom
(multimass
oscillator)

F(t)

m, (EI) m'L, (EI)L m'L, (EI)L

mI, (EI)I

ms, (EI)s

q(x, t)

εI εu εL

Plastic
σ σ

σ0.2

E E

εel (2‰)

σ > σ0.2

εel + εpε ε

a) b)

Fig. 4.57 (a) Static and (b) dynamic models for mechanical stress due to short-circuit currents

εL
εI εu

LF(t) F(t) F(t)I

U

Fig. 4.58 Models for mechanical stress due to short-
circuit currents, flexibility of conducting systems

If the mechanical natural frequencies fc – which is
caused by the line load q.t/ or the force F.t/ – of the
stressed conductors – insulators and the substructure are
considerably lower than twice the electrical mains fre-
quency fn (based on the current peak load OImax), said
components cannot follow the line load time curve q.t/,
which oscillates with a frequency of 2 fn (Fig. 4.46),
and thus a static model can be used for the calcula-
tion of the mechanical stresses (spatial problem). If, on
the other hand, the natural frequencies are significantly
greater than twice the mains frequency, a dynamic stress
(spatio-temporal problem)must be assumed (Fig. 4.57),
whereby, taking into account the flexibility (elasticity)
(Fig. 4.58), a distinction must be made between single-
mass oscillators, mass-covered beams, and multimass
oscillators, which are to be treated differently.

That elastostatic model (Fig. 4.57) can be used un-
der the following conditions:

� The arrangement can follow the load without delay
! fc 	 2fn
(very high bending stiffness of the supporting ele-
ments or insulators .EI/I and torsional stiffness of
the substructure .GI/U).� Step-like load changes are not considered.� Application of mechanical equivalents (Fig. 4.59):
– Beam fixed on both sides (central field of a bus

bar)
– Beam fixed on one side and pinned on the other

(edge field of a bus bar)
– Beam fixed on one side (support insulator).

For an elastically deformable beam with transverse
oscillations, this partial differential equation applies

@2

@x2

�

EI
@2v

@x2

�

C @

@x

�

m
@2v

@t2

�

C @

@x

�

2ım
@v

@t

�

D q.t; x/ ; (4.137)

where m = mass, and ı = density, v = deflection.
Under the conditions of a constant mass per unit of

length, a constant bending stiffness (EI) and a constant
line load q, (4.54) is simplified to

EI
@4v

@x4
Cm

@2v

@t2
C 2ım

@v

@t
D q.t/ : (4.138)

For the static case (@/@t = 0), the differential equation of
elastic bending (Table 4.35) results.

The constants C1 to C4 result from the boundary
conditions for the static model (clamping conditions)
(Table 4.36).

Table 4.35 Differential equation of elastic bending

Mechanical
quantity

Differential equation

Line load EI
@4v

@x4
D q

Shear force EI
@3v

@x3
D FQ.x/D qxCC1

Bending moment EI
@2v

@x2
D M.x/D q

x2

2
CC1xCC2

Bending angle EI
@v

@x
D EIv 0.x/

D q
x3

6
CC1

x2

2
CC2xCC3

Deflection EIv D EIv.x/

D q
x4

24
CC1

x3

6
CC2

x2

2
CC3xCC4

Mechanical
quantity

Differential equation

Line load EI
@4v

@x4
D q

Shear force EI
@3v

@x3
D FQ.x/D qxCC1

Bending moment EI
@2v

@x2
D M.x/D q

x2

2
CC1xCC2

Bending angle EI
@v

@x
D EIv 0.x/

D q
x3

6
CC1

x2

2
CC2xCC3

Deflection EIv D EIv.x/

D q
x4

24
CC1

x3

6
CC2

x2

2
CC3xCC4
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Mechanical
equivalent

Stress

Bending 
moment

Bending 
curve

Both sides fixed clamping

Elastic Elastic

Both sides supported

The moment M(I/2) in this case is three
times larger than for fixed clamping

Both sides fixed clamping

Elasto-
plastic

Plastic

MA < M(I/2), because in points A and B
the largest plastic deformation occurs

FA FB

l

A B

q FA FB

l

A B

qFA FB

l

A B

q

σ

E

ε

Elasticσ

E

ε

M M

A B

M M

A B

M M

A B

A B

Mmax elast

Mmax plast

vmax elast

vmax plast

x
y

A B

x
y

MA = 2 M(I/2)

MA = MB =
ql2

12

σ =
MA

W

M(I/2) =
ql2

24
M(I/2) =

ql2

8

vmax =
ql4

384 EI vmax = 5
ql4

384 EI

Fig. 4.59 Reactions of a conductor rail to the static load

Table 4.36 Clamping conditions in the static models

Clamping
conditions

Seriousness Stipulation Constant

Fixed No deflection v = 0 C3 D 0

No deflection angle
dv

dx
D 0 C4 = 0

Pinned No deflection v = 0 C2 D 0

No bending moment
d2v

dx2
D 0 C4 = 0

Free No bending moment
d2v

dx2
D 0 C1 = 0

Zero shear force
d3v

dx3
D 0 C2 = 0

Clamping
conditions

Seriousness Stipulation Constant

Fixed No deflection v = 0 C3 D 0

No deflection angle
dv

dx
D 0 C4 = 0

Pinned No deflection v = 0 C2 D 0

No bending moment
d2v

dx2
D 0 C4 = 0

Free No bending moment
d2v

dx2
D 0 C1 = 0

Zero shear force
d3v

dx3
D 0 C2 = 0

The elastoplastic model (Fig. 4.57) can be applied
under the following conditions:

� The application is similar to the elastostatic model,
however, the plastic properties of the conductor ma-
terials are also taken into account.� The model describes the behavior of the flexurally
stiff conductors in the overall system.

� Common materials for support insulators (e.g.,
porcelain, epoxy resin) are practically not plas-
tically deformable. From this it follows that
they will fail at the end of their elastic range
(Fig. 4.56b).

The following ideas are behind the elastoplastic
model:

� Materials can be subjected to higher loads, in which
the limit loads are derived from their plastic behav-
ior and the permanent deformation.� Permanent deformation must not inadmissibly re-
duce the functionality of the device and/or the
breakdown voltage between deflected conductors.� The calculation of the maximum permanent deflec-
tion depends on the load.� Edge stresses of the bending beam are smaller, and
edge strains are higher than calculated for the elastic
case.� The permanent deformation is calculated numeri-
cally as a function of the line load using experimen-
tally determined stress-strain curves.
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Dynamic models (Fig. 4.57) apply under the follow-
ing conditions:

� After displacement from the equilibrium posi-
tion following a damped oscillation with eigenfre-
quency, the mechanical stresses return to zero.� Preferred application when a large mass is sup-
ported by an elastically deformable element, and
a time-varying force acts on the mass (e.g., elastic
support insulator I fixed on one side and carrying
a conductor L).� System elements behave elastically:
– Applies in good approximation to support insu-

lators up to failure.
– Applies to metals (conductors, substructure), as

they can deform plastically.
– Only qualitative comparison between elasto-

static and elastodymamic models are possible.� Eigenfrequency !c and damping constant ı can
be determined experimentally (decay test) or ana-
lytically (dynamic model with several degrees of
freedom).

Typical application case 1 – Stresses on support in-
sulators. The mechanical equivalent is a spring-mass
oscillator as a first-degree oscillating element with the
mechanical eigenfrequency !e and the damping con-
stant ı with a transfer function G.s/

G.s/D !2
0

!2
0 C 2ı!0sC s2

; (4.139)

where

!2
0 D

q

!2
c C ı2 ; (4.140)

where G = transfer function, s = Laplace operator, ı
= damping constant, and !c = eigenfrequency of the
mechanical oscillating system.

With this model, it is possible to calculate the
mechanical stress depending on the load. The input

Table 4.37 Bending waves of mass-compounded beam, types of natural oscillations (adapted from [4.1])

Fixed=supported k = 1 k = 2 k = 3 �k in Table 4.35

One side fixed

λ2
1 = 3.52

λ2
2 = 22.4

0.78

λ2
3 = 61.7

0.50 0.87 �2k D
�

k� 1

2

�2

 2

Fixed/supported

λ2
1 = 15.4

λ2
2 = 50

0.56

λ2
3 = 104

0.38 0.69 �2k D
�

kC 1

4

�2

 2

Both sides fixed

λ2
1 = 22.4

λ2
2 = 61.7

0.50

λ2
3 = 121

0.35 0.64 �2k D
�

kC 1

2

�2

 2

Fixed=supported k = 1 k = 2 k = 3 �k in Table 4.35

One side fixed

λ2
1 = 3.52

λ2
2 = 22.4

0.78

λ2
3 = 61.7

0.50 0.87 �2k D
�

k� 1

2

�2

 2

Fixed/supported

λ2
1 = 15.4

λ2
2 = 50

0.56

λ2
3 = 104

0.38 0.69 �2k D
�

kC 1

4

�2

 2

Both sides fixed

λ2
1 = 22.4

λ2
2 = 61.7

0.50

λ2
3 = 121

0.35 0.64 �2k D
�

kC 1

2

�2

 2

variable for the model is the time-dependent force F.t/,
which acts at the head of the support insulator and
emerges from the line load q.t/ or the quadratic current
curve i2.t/. The output variable can, for example, be the
deflection y.t/, the edge strain ".t/, or other mechanical
quantities, which can then be compared with the per-
missible strength values of the respective material. The
solution of the transfer function G.s/ takes place in the
Laplace domain and is then transformed backwards into
the time domain.

Example: the behavior of a support insulator I on
rigid ground U under load with a 50Hz short-circuit
current and the resulting line load curve at the top
of the insulator q.t/ is illustrated in Fig. 4.60 for
four different mechanical eigenfrequencies (fe = 25,
50, 100, and 150Hz) and discussed with regard to
its DC and AC components. The dominant loads for
the individual natural frequencies are marked with an
arrow.

Typical application 2 – Vibrations of electrical
conductors. The mechanical equivalent are bending
vibrations of mass-covered beams with rigid subsoil un-
der the following conditions:

� Mass, bending stiffness, and elasticity along a con-
ductor or insulator are continuously distributed.� The profile of the cross section is double-
symmetrical (e.g., rectangle, circle) (Table 4.29).� The oscillating beam is fixed or pinned on one or
both sides. This means that the conductors oscillate
independently of the overall system (Fig. 4.61 and
Table 4.37).

The mechanical natural frequency fc of the oscil-
lating conductor is mainly determined by its length l
between the clamping points

fc D 22:4

2 l2

r

EI

ıA
; (4.141)
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Fig. 4.60 Typical oscillation behavior of a spring-mass system, e.g., elastic post insulator .I/ in a rigid system

L

I

U

L
l

U

+v
–v

Fig. 4.61 Oscillation of an electric conductor .L/ with
rigid substructure .U/ and insulator .I/

where E = modulus of elasticity, I = moment of in-
ertia (Table 4.29), ı = specific mass, A = conductor
cross section, l = length between clamping points, and

22:4 D �2-factor for first natural frequency with fixed
clamping (Table 4.37, k D 1 bottom).

For the elastically deformed beamwith lateral oscil-
lations, the partial differential equation for the line load
applies

@2

@x2

�

EI
@2v

@x2

�

C @

@x

�

m
@2v

@t2

�

C @

@x

�

2ım
@v

@t

�

D q.t; x/ : (4.142)

With the assumptions of constant mass m, constant
bending stiffness EI, and no damping (ı = 0), and with-
out line load (q = 0 results) in the differential equation
for the free oscillation

EI
@4v

@x4
Cm

@2v

@t2
D 0 : (4.143)
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The solution for the deflection v (x,t) becomes

v.x; t/D
1
X

kD1

akvk.x/ sin.!ktCˇk/ ; (4.144)

with the integration constants ˛k and ˇk. The deflection
v (x, t) is a superposition of oscillations with a multitude
of natural frequencies !k (Table 4.37)

!k D �2k

r

EI

ıAl4
: (4.145)

Special cases:

� The mechanical natural frequency fc is significantly
greater than twice the mains frequency fn (fc 	
100Hz). The conductor follows the load without
delay, and the stresses on the conductor can be de-
termined as with a statically loaded conductor. This
means that the highest line load that occurs leads to
maximum mechanical stress �max.� The mechanical natural frequency fc is twice the
mains frequency fn (fc = 100Hz). The system res-
onates in the elastic range; at higher loads, plastic
deformation occurs, and the resonance frequency is
detuned, i.e., the system heals itself.� The mechanical natural frequency fc is significantly
smaller than twice the mains frequency fn (fc �
100Hz); the electrical conductor cannot follow the
load due to its inertia (elastostatic load case).

Typical application 3 – Electrical conductor
with elastic substructure. The dynamic model with
several degrees of freedom (multimass oscillator)
(Fig. 4.57) serves as the mechanical equivalent. In real
switchgear systems, the short-circuit current load on the
conductor also causes the insulating support points and
the supporting substructure to deform. The lowest nat-
ural frequencies (fundamental frequency) of the overall
system is smaller than, for example, the natural frequen-
cies of a rigidly fixed conductor bus bar (flexibility).
High and short-term loads due to surge currents can
cause smaller loads in the system than can be expected
from static models. Prerequisites and objectives for cal-
culations with this model are:

� It must be possible to derive a multimass model with
known distribution of masses and bending stiffness
from the design in order to be able to calculate the
characteristic dynamic properties (fundamental fre-
quency).� The system is assumed to be linear, i.e., no plastic
deformations are taken into account. Damping plays
a subordinate role or is completely neglected.

� The system load can be estimated for periodic loads
(continuous short-circuit current) and short-term
loads (surge short-circuit current).

The vibration of the system, i.e., conductor (L), sup-
port insulator (I), and substructure (U), depends on the
displacement of the bus bar dL and of the insulator dI,
as well as the elasticity (property of a body loaded with
a force to give way by deformation, elasticity) of the
substructure dU. The maximum occurring forces Fmax

during this process are calculated: for three-pole short
circuit; conductors are in a plane arrangement

Fmax D VF
�0

p
3l

4 am

�

�
p
2I00

K.3/

	2
: (4.146)

for a bipolar short circuit (I00
K.2/ D 0:866I00

K.3/)

Fmax D VF
�0l

2 am

�

�
p
2I00

K.2/

	2
; (4.147)

where VF = factor for comparing dynamic to static force
(Fdyn/Fstat) (Fig. 4.62), l = length between clamping
points, am = effective conductor spacing, and � = crest
factor.

In the practical case where the flexibility of the
conductor dL and the support insulator dI clearly distin-
guish (dL/dI), the model can be simplified as a vibrating
conductor with the mass mL and an oscillating sup-
port insulator with a top mass mI (dual-mass model).
The frequency of the system related to the frequency of
the clamped conductor (fsys/fL) results from the ratio of
the vibrating masses (mI/mL) and the related deflections
(dL/dI) (Fig. 4.63).

The maximum possible load current Oimax for a con-
ductor fixed at both ends of length l and distance a to the
adjacent conductor is the current at which the permis-
sible mechanical stress remains in the elastic range of
the conductor material, i.e., �zul D �0:2 is not exceeded.
This stress is calculated as

�0:2 D M

W
V� ; (4.148)

where with i1 D i2 in (4.111) and

M D ql2

12
(4.149)

insertion into (4.148) results in

�0:2 D �0l2Oimax

2�qa12W
V� : (4.150)
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VF
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phase

Compact HV-substation

HV-open-air substation

F

VF = Fdyn/Fstat

1 ... κ ≥ 1.6
2 ... κ = 1.4
3 ... κ = 1.25
4 ... κ = 1.1
5 ... κ = 1

Factor VF in the case of two- and three-
phase short-circuits, depending on the
relevant reference frequency fc related 
to the operating network frequency fn
(DIN EN 60865-1, IEC 60865-1)
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Fig. 4.62 Ratio of
dynamic force to
static force on the
support (adapted
from [4.28])
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Fig. 4.63 Dynamic model – diagram-
related natural frequencies for a two-
mass model (adapted from [4.28])

With this equation, one obtains the maximum permissi-
ble current as

Oimax D
s

4 abh2�0:2

�0l2V�
; (4.151)

where a = center distance of the conductors, b = con-
ductor width (Table 4.30), and h = conductor height
(Table 4.30), V� = factor for comparing the dynamic to
static conductor bending stress (�dyn/�stat) (Fig. 4.64).

Flexible conductors. For example, overhead line con-
ductors, can move relatively freely in contrast to flexu-
rally stiff conductors. The mechanical natural frequency

of a sagging conductor is approximately fc � 0.3Hz,
compared to the force of the short-circuit current, which
oscillates with double mains frequency 2fn = 100Hz;
thus, the issue becomes a quasi elastostatic problem. In
the case of a two-pole short circuit (Fig. 4.65), the af-
fected conductors are repelled during the short circuit
(currents in the opposite direction). In the case of a three-
pole short circuit (Fig. 4.66), this affects the two outer
conductors, while the middle conductor remains me-
chanically neutral. In both cases, the peak short-circuit
current (acting like an impulse relative to the natural fre-
quency of the rope) stimulates the conductors to oscillate
slowly, causing them tomove towards each other. Due to
thevery largedistances between themain conductors, es-
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Fig. 4.64 Factor
V� to determine the
conductor
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FhL
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FhL
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During short circuit              After clearing the fault

Fig. 4.65 Mechanical stress on stranded overhead line
conductors (main conductor) in the phase-to-phase fault

L1

L2

L3

FhQ

FhL

Fh

FhQ

FhL

Fh

During short circuit              After fault cleaning

Fig. 4.66 Mechanical stress on stranded overhead line
conductors (main conductor) in the three-phase fault

pecially with high-voltage overhead lines, the line loads
on the main conductors are usually negligibly small.

These issues are significantly different for bundled
conductors (Fig. 4.68) in which the short-circuit current
is divided between two, three, four, or more subcon-
ductors of a bundle, which are, however, only a few
decimeters apart. This leads to a strong contraction of

L1

During short circuit              After fault cleaning

Touch length LBt

Spacer for bundle
conductors

Fig. 4.67 Mechanical stress on stranded overhead line
conductors (bundled conductors) during and after short cir-
cuit

Fig. 4.68 Quad-bundled conductors with spacer dampers

the bundle between spacer locations along the bundle
(Fig. 4.67) and subsequent expansion. This can lead to
clashing of the conductors at the instant of the short-
circuit, as well as to high compressive and tensile forces
at the spacers. The resistance of the spacers to short cir-
cuits must, thus, be verified. Only very short distances
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F
Fb

Fh

F0

t2t1 t

Fig. 4.69 Curve of tensile force in a span with bundled
conductors. Maximum force Fb after short-circuit entry
due to contraction of the bundle conductors, depending on
the short-circuit current ip and the rope elongation; force
effect between the main conductors is built up, due to the
large inertia of a span (natural frequency fc < 1Hz), com-
paratively slow (Fh depending on the rms value of the
short-circuit current); initial force F0 before short-circuit

between the spacer frames (5–10m) could prevent the
conductors from clashing even with high short-circuit
currents, which is at best possible in open air substa-
tions. Furthermore, the high bending stress at the spacer
clamps can lead to plastic deformation of the individual
wires in the outer conductor layer (birdcaging, which
will cause disturbing acoustic emissions).

The contraction of the bundle conductors after the
short circuit occurs (at t1) results in a large increase
in the conductor tensile force Fb (depending on the
peak short-circuit current ip and the rope elongation)
(Figs. 4.67 and 4.69). Moreover, this force is partially
reduced by decreasing the sag and, possibly, by a time-
dependent plastic elongation of the conductors. After
that (at t2), a force is comparatively slowly applied be-
tween the main conductors (because of the high inertia
of the span with a natural frequency fc � 0.3Hz). (Fh

depends on the rms value of the short-circuit current.)

4.3.3 Connections in Current Paths

Electrical connections are used to connect, terminate,
and branch electrical conductors. Electrical connec-
tors are hardware components, which are suitable for
making such connections in current paths [4.3, 17, 18,
34–42]. The electrical contact is a physical state in
which two or more electrical conductors are joined
together in such a way that a current can be con-
ducted from one to the other. Electrical contacts are
the physically necessary prerequisite for the function of
electrical connections.,

Theory of Electrical Connections and Contacts
When connecting electrical conductors, within the ap-
parent contact area Aa there exist either single or mul-
tiple contact points that can be of a point or a linear

shape. In these contact points, the electric current flow
is constricted to microscopically small metallic surfaces
Am (metallic contact area). This results in an addi-
tional electrical constriction resistance Rc. Since there
is always an impurity layer (usually an oxide layer)
with a higher specific electrical resistance on every
metallic surface, the resulting impurity film resistance
Rf must be taken into account. Constriction and im-
purity film resistance result in the contact resistance
Rk, which, in addition to the metallic lead resistance
Rm of the conductive path, represents an additional
heat source. Contact and material resistance can be
determined analytically and experimentally as joint re-
sistance Rj (Figs. 4.70 and 4.72) [4.43]:

� Contact resistance

Rk.t/D Rc.t/CRf.t/ ; (4.152)

� Joint resistance

Rj.t/D Rk.t/CRm D Rc.t/CRf.t/CRm :
(4.153)

In the case of plastic deformation due to high contact
forces, the size of the metallic contact surface Am and
the resulting constriction resistance Rc are dependent on
the effective contact force Fj and the material proper-
ties, i.e., hardness Hk and specific electrical resistance
� of the contact partners to be connected, and can be
based on the Holm contact model (4.154) to (4.156),
(Fig. 4.71). The contact hardness is determined experi-
mentally (Table 4.38 [4.34, 44]).

Am D Fj

HK
; (4.154)

rm D
r

Am

 
; (4.155)

Rc D �

2

s

 
Hk

Fj
; (4.156)

where Fj = joint force, rm = radius of metallic, load
bearing area, Am = metallic, load bearing area, Hk =
contact hardness, and � = specific electric resistance of
contact material.

Table 4.38 Contact hardness

Metal Hk (� 108 Nm�2)
Cu 4–7
Al 1.8–4
Ag 3–7
Ni 7–20
W 12–14

Metal Hk (� 108 Nm�2)
Cu 4–7
Al 1.8–4
Ag 3–7
Ni 7–20
W 12–14
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Bus bar 1

Bus bar 1

Bus bar 2

Bus bar 2
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Oxide layer, 
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Mechanical
contact area

Cut
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Metallic contact area
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Apparent contact area

Apparent contact area

Metallic contact
area (a-spot)

Restriction of
current flow
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Fig. 4.70a–c Bolted connection of two bus bars. (a) Contact areas, (b) a-spot in detail, (c) joint and contact resistance

Fj

Hk, ρ

rB

rm

Fig. 4.71 Contact
surface and con-
striction resistance
depending on ma-
terial and force –
plastic deformation

With high contact forces, as is usual in most elec-
trical power engineering connections, several parallel
contact points are created. Assuming a power-law re-
lationship (with an exponent m) between the number n
of the parallel contact points Amn and the contact force
Fc, one obtains, after Babikow [4.45], constriction re-
sistance Rc of

Rc D 10�3C�

.0:1Fc=N/m
Œ�� (4.157)

with empirically determined values for C and m (Ta-
bles 4.39 and 4.40).

The connection resistance Rj can be evaluated in-
dependently of the dimensions and contact material of

Table 4.39 Coefficient C� for clean surfaces in (4.157)

Contact material C�

Copper-copper 0.08–0.14
Copper-tinned copper 0.01–0.07
Tinned copper-tinned copper 0.01
Aluminum-aluminum 3–6.7
Aluminum-brass 1.9
Aluminum-copper 0.98
Aluminum-steel 4.4
Brass-brass 0.67
Brass-copper 0.38
Steel-steel 7.6
Steel-brass 3.04
Steel-copper 3.1
Steel-silver 0.06

Contact material C�

Copper-copper 0.08–0.14
Copper-tinned copper 0.01–0.07
Tinned copper-tinned copper 0.01
Aluminum-aluminum 3–6.7
Aluminum-brass 1.9
Aluminum-copper 0.98
Aluminum-steel 4.4
Brass-brass 0.67
Brass-copper 0.38
Steel-steel 7.6
Steel-brass 3.04
Steel-copper 3.1
Steel-silver 0.06

Table 4.40 Exponent m for different surface types in
(4.157)

Surface type m
Flat-flat 1
Point-flat 0.5
Ball-flat 0.5
Ball-ball 0.5
Bus bar connection 0.5–0.7

Surface type m
Flat-flat 1
Point-flat 0.5
Ball-flat 0.5
Ball-ball 0.5
Bus bar connection 0.5–0.7

a linearly shaped connection, consisting of identical
conductors, with the help of the quality factor ku

ku D �Uj

�Ucond
D Rj

Rcond
D Pj

Pcond
; (4.158)

where ku = quality factor, �Uj, �Ucond = voltage drop
across the connection or over a conductor of equal
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Joint Conductor
∆Uj ∆Ucond

V V

I

Ij Icond
Ij = Icond

General validation:
– No additional losses ku = 1

Bus bar connection:
– Minimum ku = 0.5 
 (2 × cross-sectional area)
– Equal temperature ku = 1.5 
 (larger surface area)

Fig. 4.72 Charac-
teristic criteria for
connections: perfor-
mance factor ku

length, Rj, Rcond = resistance of the connection or a con-
ductor of equal length, Pj, and Pcond = power loss in the
connection or in a conductor of equal length.

The quality factor of a bolted bus bar connection
amounts to:

� ku D 1 for the same losses in the connection as in the
conductor of equal length, i.e., no additional losses
through the connection.� ku D 0:5 for the theoretical, smallest possible value,
since the conductor cross section in the area of the
connection is twice as large as in the bus bar.� ku D 1:5 for approximately the same temperature
in the connection and in the conductor due to the
larger, heat-emitting surface.

A good electrical bolted connection (ku < 1.5), thus,
always has a lower temperature than the connected con-
ductors. Only poor connections (ku > 1.5) become hot

Isolating switch

Switching contact

Current-carrying
on and off
switching

On-load switch

Switching
nominal current

Circuit breaker

Switching short
circuit current

No switching
capacity

Electrical contacts
and connections

Plug type connector

Current-carrying
and isolating

electric potentials

Moveable

Slip ring current
collector, pantograph

Slipping

Resilient spring
contact

Sliding

Slip rings
commutator

Rotatory

Pantograph – catenary
system crane bus bar

Translatory

Connection, joint

Current-carrying,
permanent closed

Stationary

Rolling contact,
wheel-rail contact

Rolling Disconnectable Permanent

Soldered and
welded joints

Material closure

Pressed, notched,
crimped, clinched,

winding joints

Force and
form closure

Bolted and clamped
joints

Force and
form closure

Fig. 4.73 Overview of electrical connections

spots. This applies analogously to most other types
of connections. The heat dissipation in the joint caus-
ing a temperature rise can be calculated with (4.33)
in Sect. 4.3.1. The local temperature distribution along
a conductor around a connection (Fig. 4.10) results
from (4.29).

Electrical Connections and Their Properties
According to their function, electrical contacts and con-
nections can be divided into those that are closed during
operation and which can be opened to separate elec-
trical potentials (isolating sections), and those that are
suitable for interrupting (switching off) or establishing
(switching on) the current flow (Fig. 4.73). According
to design requirements, a distinction is made between
connecting of conductors, connecting of conductors to
equipment, and branching off conductors for the pur-
pose of current distribution (Table 4.41).
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Table 4.41 Examples of electrical connection functions

Connection Terminal Derivation

Conductor
Connector

i

Device
Conductor

Connector

i

Main
conductor

Branch
i1 – i2i1

i2

Connector

Straight connector Straight flat terminal connector T-connector

Connection Terminal Derivation

Conductor
Connector

i

Device
Conductor

Connector

i

Main
conductor

Branch
i1 – i2i1

i2

Connector

Straight connector Straight flat terminal connector T-connector

In stationary electrical connections, the contact
points created during the joining of the contact pieces
remain in first approximation during the current flow
and do not change their position. In the case of ther-
mal load cycles or aging, changes in the contact points
can also be expected. Depending on the joining process,
these can be separable (terminal and bolted connec-
tions, plug-in connections, disconnection points for
plug-in connectors or disconnectors), or fixed (rivet,
solder, weld connections) (Table 4.42).

For moving electrical connections, the contact
pieces can move relative to each other during the current
flow. These include, for example, slip rings on rotating
electrical machines, crane conductor lines, and current
collectors for electrical trains on the contact wire. While
the contact pieces move towards each other, new elec-
trical contacts must be permanently formed to maintain
the current flow (Table 4.43).

General 
technical 
requirement

Load

Stress

Required 
strength

Long-term reliable connection

Electrical current
• Operating current
• Short-circuit current

Thermal field
→ Heating

Current-carrying
capacity

Electrostatic field
• High voltage
• Design, geometry

Mechanical load
• Mech. operating 
   function
• Short-circuit forces

Environment
• Ambient composition
• Temperature, humidity

Electric field intensity
→ Discharges

Bending, torsion,
vibration, shock

→ Fracture

Chemical, thermal
aging

→ Corrosion

Electric field
strength

Strength of design
and material

Environmental
resistivity

Fig. 4.74 Electrical connection requirements

Depending on the joining process, the electrical
contact is established within connections through:

� Adhesion (e.g., bolted connections)� Form-fit and force-fit connection (e.g., plug connec-
tion)� Material-fit(e.g., soldered, friction and welded con-
nections).

Electrical connections must meet the requirements
by all electrical, thermal, mechanical, and environmen-
tal stresses (Fig. 4.74). This should be verified by suit-
able, mostly standardized tests and additional long-term
investigations. With regard to the load duration, recom-
mended long-term tests go far beyond the requirements
of standardized tests not only to prove compliance with
minimum requirements, but also to confirm part of the
planned service life under practical conditions.
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Table 4.42 Examples of joining processes for static electrical connections

Conjugate and frictional, functional integration between current-carrying and joint-forcing elements
Type Compressed Notched Helically formed rod fittings

Application Full-tension and nontensioned,
hexagon press connector cable lugs

Full-tension notch-type connectors Line splices for stranded conductors

Type Shrinking Clinching

Application Cylindrical bus bar connections Connection of current-carrying metal
sheets

Conjugate and frictional, with separate force storage
Type Bolted Clamped Cone or wedge-type

Application Bolted bas bar connection Nontensioned connecting clamps
Substation clamps

Full-tension connectors
Wedge-/cone tension clamps

Cohesively
Type Welded, soldered Glued Metal spraying

Application Special applications in substations
Flexible and thermal linear expan-
sion tapes

Connection between metallic sponge
and solid conductors in special appa-
ratus

Local connecting areas on bus bars

Conjugate and frictional, functional integration between current-carrying and joint-forcing elements
Type Compressed Notched Helically formed rod fittings

Application Full-tension and nontensioned,
hexagon press connector cable lugs

Full-tension notch-type connectors Line splices for stranded conductors

Type Shrinking Clinching

Application Cylindrical bus bar connections Connection of current-carrying metal
sheets

Conjugate and frictional, with separate force storage
Type Bolted Clamped Cone or wedge-type

Application Bolted bas bar connection Nontensioned connecting clamps
Substation clamps

Full-tension connectors
Wedge-/cone tension clamps

Cohesively
Type Welded, soldered Glued Metal spraying

Application Special applications in substations
Flexible and thermal linear expan-
sion tapes

Connection between metallic sponge
and solid conductors in special appa-
ratus

Local connecting areas on bus bars

Table 4.43 Examples of moving electrical connections

Type Plug-in Multicontact
plug

Blade V-type
connector

Disconnector Slipping
connectors

Sliding
connector

Appli-
cation

Tulip-type eight
parallel connect-
ing fingers

Straight mul-
tiparallel lam
connector

Fuse and socket Rotary discon-
nector

Slip collecting
ring of a rotating
machine

Pantograph with
overhead line of
a tramway

Type Plug-in Multicontact
plug

Blade V-type
connector

Disconnector Slipping
connectors

Sliding
connector

Appli-
cation

Tulip-type eight
parallel connect-
ing fingers

Straight mul-
tiparallel lam
connector

Fuse and socket Rotary discon-
nector

Slip collecting
ring of a rotating
machine

Pantograph with
overhead line of
a tramway

Standards for testing electrical connections (Ta-
ble 4.44) usually take into account the many years of
experience of the respective users and represent the
state-of-the-art in the related industry. These standards
are not consistent in all cases with regard to their tech-
nical contact requirements. From the point of view of
contact physics, long-term safe and reliable current-
carrying capacity is independent of the voltage level in
which the connection is used.

Connections must be designed in such a way that
their joint resistance will only increase, under consider-
ation of all loads during the planned service life, to such

an extent that thermal damage or destruction of the con-
nection itself, the current path, and adjacent insulations
and fittings – under-rated and short-circuit currents – is
ruled out. The effects of the mechanical loads, e.g., by
tensile force in overhead lines, mechanical vibrations in
moving equipment components, thermal expansion and
friction between the contact pieces, on the long-term
behavior must also be investigated. Special ambient
conditions, e.g., high ambient temperatures, aggressive
pollutants, high SO2-content or salinity of the air, ex-
treme climates, etc., can also increase the connection
resistance in the long term. In addition, connections
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Table 4.44 Overview of selected standards for testing electrical connections

Norm DIN EN 61284: 1998 DIN EN 61238-1: 2004 DIN EN 60999: 2000
Application Overhead lines – requirements

and tests for fittings > 45 kV
Compression and mechanical
connectors for power cables for
rated voltages up to 36 kV

Connecting devices – electrical
copper conductors; safety re-
quirements for screw-type and
screwless-type clamping units up
to 1 kV (AC)=1.5 kV (DC)

Number of test samples 4 6 10
Number of cycles n 1000=500=100

additionally Ik

1000
additionally Ik

196

Arrangement Distance between samples > 3b,
free convection

Free arrangement, no retroactive
effects from floor, ceiling, and
walls to the test circuit

No movement of samples during
test

�# or # (partial refer-
ence conductor)

70K=100K=130K
< 180 ıC (short term)

120–140 ıC
< 250–270 ıC (short term)

Heat cabinet with test current

#0 (ıC) 15–30 15–30 Heat cabinet 20–40
Plateau phase 30min (VL) 10min median connector Heat cabinet, thermal stability

10min, �# max. 5 K
Measuring of resistance DC, max. 10% Ip DC, max. 10% Ip DC or AC Ip
Criteria for resistance Rj0 (30% Str.)

Rj<0:1n < 0:75Rj;VL

Rj>0:5n < 1:5Rj0

ku0 (30% Str.)
ku;1000 < 2ku0

Voltage drop (Ip)
< 22.5mV or 1:5Rj;nD24

Norm DIN EN 61284: 1998 DIN EN 61238-1: 2004 DIN EN 60999: 2000
Application Overhead lines – requirements

and tests for fittings > 45 kV
Compression and mechanical
connectors for power cables for
rated voltages up to 36 kV

Connecting devices – electrical
copper conductors; safety re-
quirements for screw-type and
screwless-type clamping units up
to 1 kV (AC)=1.5 kV (DC)

Number of test samples 4 6 10
Number of cycles n 1000=500=100

additionally Ik

1000
additionally Ik

196

Arrangement Distance between samples > 3b,
free convection

Free arrangement, no retroactive
effects from floor, ceiling, and
walls to the test circuit

No movement of samples during
test

�# or # (partial refer-
ence conductor)

70K=100K=130K
< 180 ıC (short term)

120–140 ıC
< 250–270 ıC (short term)

Heat cabinet with test current

#0 (ıC) 15–30 15–30 Heat cabinet 20–40
Plateau phase 30min (VL) 10min median connector Heat cabinet, thermal stability

10min, �# max. 5 K
Measuring of resistance DC, max. 10% Ip DC, max. 10% Ip DC or AC Ip
Criteria for resistance Rj0 (30% Str.)

Rj<0:1n < 0:75Rj;VL

Rj>0:5n < 1:5Rj0

ku0 (30% Str.)
ku;1000 < 2ku0

Voltage drop (Ip)
< 22.5mV or 1:5Rj;nD24

Ik short-term current, Rj joint resistance, ku performance factor, Ip test current, b local constant, n number of cycles, VL reference
conductor.

in high-voltage installations must be designed in such
a way that the electric field in the vicinity of the con-
nection does not adversely affect the insulation, e.g.,
through partial discharges (avoiding small radii and
sharp edges, providing shielding).

Design and Dimensioning. During the design and
dimensioning of the current path equal power losses in
the connection and the current path outside the con-
nection (quality factor k = 1) should be targeted. This
means that the connection will not reach a higher tem-
perature than the rest of the current path and, therefore,
does not represent a hot spot. This is achieved by the
following:

� Suitable conductor materials (copper, aluminum
and their alloys), surface coating with selected con-
tact materials (silver, nickel, tin), as well as the
design and dimensions of the contact pieces, the
joining process and the assembly technology.

For pressed, notched, and clinched connections, the
forming of the conductors and the fittings must be
coordinated with the assembly tools to ensure an op-
timum balance between the mechanical and electrical
requirements, even in long-term behavior. Compression
connectors for high-temperature conductors (operating
temperatures up to 240 ıC) in high-voltage overhead
lines and switchgear for which conventional compres-

sion connectors are not stable over the long-term de-
serve special attention.

Bolted and clamped connections must be dimen-
sioned so that at least the required conductor cross
section is also available within the connection and the
heat-emitting surface of the connection is larger than in
the conductor itself in order to dissipate the additional
heat losses occurring in the contact points. The me-
chanical connecting elements (screws, washers, nuts,
pressure plates, springs) for high-current connections,
particularly for highly-loaded connections, should con-
sist of nonferromagnetic material to reduce additional
hysteresis and eddy-current losses (Fig. 4.75) [4.38]:

� Parallel contact points distribute the total current i
at n parallel current paths.

In the case of bolted or clamped connections, this
can be achieved, for example, by grooving the contact
surfaces in the connection. The connection resistance or
the quality factor of such multipoint contacts can, thus,
be significantly reduced (Fig. 4.76) [4.46].

Thus, the power dissipation of n parallel, similar
contact points with a resistance (R=n), related to the
power dissipation P of a single contact with the con-
nection resistance R, in simplified form is

P

Pn

P
D nŒ.i=n/2.R=n/�

i2R
D 1

n2
: (4.159)
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Impedance (μΩ)
6
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4

3

2
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0
IVIIIIII

Test number

I

μΩ

Hard ware Material Test Test  Test  Test 
  I II III IV

Screw Stainless steel A2-70 × × × ×
Plate Stainless steel × ×
 Steel St52   × ×
Twin nut Stainless steel ×  ×
 Steel St52  ×  ×

50 Hz AC impedance
DC resistance

Screw
Plate

Twin nut

Fig. 4.75 Influence of ferromagnetic design elements on
the resistance of highly-stressed connections

For plug connections with parallel contact fingers or
multilamella contacts (Table 4.43), the total connection
force is limited due to friction in order to still be able to
move the plug [4.3]. The connection force is distributed
almost evenly among the n parallel contact points. The
ratio total connection resistance Rn to a single-point

ku
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80
8
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4

2

0

Fj (kN)
50403020100

Untreated

Riffled/flat

Riffled/riffled
crossing

0.5

Fig. 4.76 Influence of the surface
structure on the quality factor of
aluminum connection surfaces
(adapted from [4.46])

connection resistance R1 (Fig. 4.77), becomes, under
consideration of (4.157) a constant connection force

Rn

R1
D C�=.n.F=n/m/

C�=Fm
D n.m�1/ : (4.160)

The losses in the plug connection with n parallel contact
points are reduced to

P

Pn

P1
D n.m�2/ : (4.161)

Since it is generally not possible to assume that the
parallel partial resistances will be of equal size, fur-
ther individual investigations, in particular into the
aging mechanisms, are required for specific arrange-
ments [4.3].

� In addition to the design of the connection, a basic
prerequisite for their long-term reliable operation
(Fig. 4.78) is the professional and careful assem-
bling of the connection.

It is essential to ensure that only suitable conduc-
tors and connectors are joined using the prescribed
assembly tools and technologies. Prior to assembly,
the contact surfaces of the conductors and connectors
must be thoroughly cleaned and any oxide layers re-
moved. Dirt and grease are removed with a chemically
neutral solvent. For decades, clean, sharp wire brushes
have proven their utility on aluminum surfaces of con-
ductors, bus bars, and equipment connections. These
remove the hard, insulating aluminum oxide layer with
about 30 brush strokes and simultaneously roughen the
conductor surface in such a way that a large number of
parallel contact points are formed as a microstructure.
Once cleaned, contact surfaces must not be touched
again with a dirty hand and should be installed as soon
as possible (Fig. 4.79) [4.47]. Surfaces of copper con-
ductors can be easily cleaned of foreign layers with
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Fig. 4.77 Relative resistance of a connector depending
on the number of parallel contact fingers; F D nFn D
const:;Rn=R1 D n.m�1/, with Rn D joint resistance of n par-
allel fingers, R1 D joint resistance of on finger, and m D
0:5, (Table 4.40 point-to-flat contact) [4.3]

abrasive fleece to minimize the connection resistance
(Fig. 4.80) [4.38]. For silver-plated, tinned, or nickel-
plated surfaces, cleaning with a clean rag and spirit is
usually sufficient. Heavily soiled or oxidized surfaces
can also be gently cleaned with a soft abrasive fleece.
The initial quality factor kuo resulting from the quality
of the installation is decisive for the long-term behavior
of a connection in operation.

Contact pastes may only be used for the applications
specified by the manufacturer; otherwise, e.g., particles

• Conductor
 – Type (solid, stranded, flexible, 
  composite ...)
 – Shape (round, sector, rectangular, 
  tube ...)
 – Material (Cu, Al, alloy, ...)
 – Dimensions

• Connector
 – Type (stationary, movable ...)
 – Joining process (cohesively,
  conjugate, frictional)
 – Mechanical requirements (full 
  tension, nontensioned, ...)
 – High-voltage requirements (electric 
  field, ...)
 – Environmental requirements
  (temperature, humidity, pollution ...)

• Coordination between conductor 
 and connector

• Cleaning of contact pieces from dirt,
 dust, grease, humidity, pollution, ...
 with spirit soaked cleaning rags

• Removing oxide layers and other 
 films from chemical corrosion by 
 specific technologies depending on 
 contact material
 – Aluminum: wire brush
 – Copper: abrasive fleece
 – Silver, tin: with spirit soaked 
  cleaning rags, very soft abrasive 
  fleece if necessary

• Contact grease (if required only)
 according to manufacturers
 instruction. Wrong grease may cause
 connector failures

• Check right coordination between
 conductor and connector and 
 right tools
 – Hydraulic compressor and high-
  quality dies
 – Calibrated torque wrench and
  socket wrench

• Assembling of connection according 
 to manufacturers instruction
 – Torque
 – Compression, notch or crimping
  dimensions
 – Never touch the cleaned contact
  surfaces before assembling

• Quality check
 – Visual check
 – Mechanical check (if required)
 – Measuring joint resistance
  (if required)

Quality of installation process influences the long-term behavior of connectors decisively

Type of conductor
and connector Preparation Installation

Fig. 4.78 Installation process for electric connectors

mixed into contact pastes for press connections, if used
for bolted connections, can lead to catastrophically poor
connection resistances due to the lower degree of de-
formation of the latter. The connection resistance of
a frictional connection is determined by the number and
size of the true contact points within the apparent con-
tact surface and depends on the surface condition and
the connection force (4.157).

The bolt force (or the bolt tightening torque) es-
sentially determine the connection resistance (quality
factor) of a force-fit bolted joint (Fig. 4.81) or a clamp
connection. The connection force should be selected
so large that the stable range of the connection is
reached. The resistance-force-hysteresis behavior guar-
antees a low connection resistance even during force
degradation (see the subsequent section on the aging
and long-term behavior of electrical connections), es-
pecially with aluminum connections. However, a min-
imum force (approximately 5 kN) must not be reduced
in order to prevent the contacts from breaking open un-
der mechanical loads (short-circuit forces, vibrations,
or shock). If an aged joint is to be refurbished, sim-
ply retightening the bolts is usually not sufficient, as
thicker oxide layers have formed around the contact
points, which are often not broken open during retight-
ening. In this case, the connection must be opened and
the contact surfaces cleaned and reassembled.

To connect or to terminate multiwire underground
cables, insulated wires, or overhead line conductors,
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Fig. 4.79 Initial performance factor ku0 of bolted alu-
minum bus bar connections depending on surface treat-
ment. (a) Untreated, (b) brushed (30�), (c) brushed and
touched by hand, (d) treated with DESOX (anti-oxidizing
contact paste), (e) riffled surface
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Fig. 4.80 Influence of surface preparation on the joint re-
sistance and hysteresis of bolted copper bus bar joints
(adapted from [4.38])

the circumferential compression (often with hexagonal
presses) (Fig. 4.82, left column) in special fittings (com-
pressioncable lugs, compression sleeves)hasbeenestab-
lished as the preferred joining method for both nonten-
sion-proof and tension-proof connections (Fig. 4.82, first
row, left column). The electrical and mechanical behav-
ior of a compression fitting is determined by the proper
material selection, the dimensioning, and the assembly.
The high degree of deformation produced during com-
pression causes impurity layers to be ruptured. The con-
tact force (Fig. 4.82) remaining after the assembly pro-
cess ensures the integrityof the largecontact areas [4.18].

From the geometric conditions (Fig. 4.83), the space
factor f of the conductor is calculated as

f D AAl CAK
 
4 d

2
L

; (4.162)

Rj (μΩ)

Fj (kN)

1.8

1.6

1.4

1.2

1.0

0

2.0

2520151050

Fmin Minimum joint force

Relaxation

Tightening

Fig. 4.81 Hysteresis behavior of aluminum screw connec-
tions

Phase 1: Die closing
Plastic deformation of fitting and 
stranded conductor while the
compression force Fpress high strong 
mechanical stress σ and a high 
forming degree

Phase 2: Die closed
Maximum compression → conjugate 
connection (form fit)

Phase 3: Die removing
Compression force reduces immedia-
tely, elastic recovery of fitting and 
stranded conductor → frictional 
connection (force fit)

Fpress

σ

v

Fig. 4.82 Principle phases of the joining process of hexag-
onal compression connections (adapted from [4.18])

where AAl = total cross-section aluminum, AK = total
cross-section core, dL = total diameter of a stranded
conductor, and f = space factor.

The fit factor p of a compression fitting is the ratio
of the nominal outside diameter dL to the inner diameter
of the press sleeve di

p D dL
di
: (4.163)

The compression factor KF describes the compaction of
the aluminum cross sections AAl and AH in the cross
section of the hexagon A3, assuming that the core AK is
incompressible

KF D AAl CAH

A3 �AK
: (4.164)

In analogy to the quality factor ku for bolted connec-
tions (4.158), a resistance ratio k0 between the real and
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AAl = ∑ A1

AK = ∑ A2

Fig. 4.83 Dimensions of stranded conductor (overhead-line conductor), compression sleeve, and compression hexagon;
A1 = single-aluminum-wire cross section, A2 = single-core-wire cross section, A3 = cross section of the hexagonal
compression, AH = total cross section of the aluminum compression sleeve, AK D total cross-section core, da = outer
diameter of the compression sleeve, di = inner diameter of the compression sleeve, d3 = corner distance of a regular
hexagon, and S3 = edge distance of a regular hexagon (adapted from [4.18])
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Fig. 4.84 Equivalent network for a differential part of
a compression joint (adapted from [4.18])

the ideal connection resistance is used for evaluating
the electrical properties of compression connections.
From this and with the help of the specific transverse
resistance R0

q, a generally-valid electrical model for
compression connections is derived, which uses the dif-
ferential resistance per unit length in order to analyze
the connection (Fig. 4.84).

Assuming that the material resistances do not
change along the compression and that the microcontact
points are equally large and equidistantly distributed
over the apparent contact surface, a differential equa-
tion can be solved from the mesh equation of the model,
from which the connection resistance Rj can be calcu-
lated

Rj D R0
m1

R0
m1 CR0

m2

�

R0
m2sC R0

m1 �R0
m2

˛
tanh

� s˛

2

	

�

C R0
m1 CR0

m2 cosh.s˛/

˛ sinh.s˛/
; (4.165)

and

˛ D
s

R0
m1 CR0

m2

R0
q

; (4.166)

where Rj = joint resistance of compression type con-
nector, R0

m1, R
0
m2 = metallic lead (material) resistance

of conductor 1 and 2, per unit length, Rq = joint cross
(link) resistance, related to the length, and s = compres-
sion length.

The ideal connection resistance Rj ideal, which would
theoretically be the smallest possible resistance without
contact resistance, is calculated as follows

Rj ideal D R0
m1R

0
m2

R0
m1 CR0

m2

KFs : (4.167)

This enables the real connection resistance to be com-
pared with the ideal connection resistance

k0 D Rj �Rj ideal

Rj ideal
: (4.168)

The current distribution along the compression joint de-
pends mainly on the material resistances Rm1 and Rm2.
If the current transfer between the two contact partners
mainly takes place at the two ends of the compression,
while the cross current in the middle of the connection
is low, the specific cross resistance is calculated as

R0
q D

� c

a
k0
	2
; (4.169)

and

a D R0
m1

R0
m2

C R0
m2

R0
m1

; (4.170)

c D s
q

KF
�

R0
m1 CR0

m2

�

: (4.171)
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Fig. 4.85 Test arrangement and measurement of joint re-
sistance (adapted from [4.18])

Experimental investigations of compression joints
made of two different materials such as ACSR and
HTLS conductors for overhead lines (Fig. 4.85) show
the effect of different design parameters on the specific
transverse resistance (Fig. 4.86).

This demonstrates the general relationship between
design and electrical operating behavior of compression
joints (Fig. 4.87).

Figure 4.88 schematically shows the effect of the
compression force Fpress when mounting the connec-
tion on the apparent contact area As for conductors with
trapezoidal individual wires and the on-load-bearing,
mechanical contact area Am for conductors with round
wires, as well as on the constriction resistance Rc and
the film resistance Rf.

For compression connections subject to high elec-
trical loads, in particular for full-tension compression
joints and dead end clamps on high-temperature over-
head line conductors, the long-term electrical behavior
can be significantly influenced already during the de-
sign stage of the fitting and also during installation.
Nevertheless, long-term experiments that clearly ex-
ceed the duration of a standard-type test are indispens-
able for proving a stable connection resistance even
under high current loads.

Plug-in-type connectors (Table 4.43) [4.3, 36, 41]
are used in electrical power applications:

� For operational disconnection of electrical poten-
tials (disconnection points).� For connecting of factory-made, exchangeable
modules on site (e.g., in low-voltage switchgear
equipment, transformer plugs).� For connecting movable components (e.g., railway
wagons).� For extending or connecting cables.� To compensate for thermal expansions of conduc-
tors and encapsulations (e.g., modules in GIS and
GIL). The mobility of the contact partners relative
to each other means that new microcontacts will

Rq (μΩm) Rq (μΩm)
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0
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p = 0.92 p = 0.91

2

1

ACSS/TW 265/43
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ACSR 265/35
dL = 22.4 mm

Sleeve material
EN AW-6061 AlMg1SiCu
EN AW-6082 AlSi1MgMn

Al/St 185/35

Fig. 4.86a,b Specific cross resistance Rq of compression
joints at ACSS and ACSR conductors, experimentally de-
termined. (a) Depending on compression factor KF, (b) de-
pending on fit factor p (adapted from [4.18])

carry the current and, thus, after each movement,
the contact resistance will vary.

To close a plug connection (e.g., a disconnection
point or during assembly) and to move the contact
pieces of a connection in the closed state, axially-acting
plug forces FS are required, which are sometimes, de-
pending on the application, limited, so that the connec-
tion can still be plugged in. Depending on the effective
static and sliding friction FR between the contact pieces,
also the radially acting connection forces Fj and, thus,
the contact forces Fc on the individual contact points
are limited. The design of the contact pieces has a sig-
nificant influence on the required insertion forces, while
the tensile unplug forces FZ when opening a plug con-
nection are usually subordinate for the dimensioning of
a connection (Fig. 4.89).
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Fig. 4.87 Principal influence of
compression joint design on electric
contact behavior (adapted from [4.18])

To compensate for smaller contact forces, compared
to bolted, clamped, or compression joints, many paral-
lel contacts are arranged in plug connections, e.g., as
contact pins, coil springs, or multilamellae, onto which
the current is to be distributed as evenly as possible.
Under this assumption, the current-density distribution,
the current heat losses, and the temperature distribution,
based on the Wiedemann–Franz law, can be calculated
for known contact geometries and material properties.
The analogy between electrical conductivity and ther-
mal conductivity is taken into account, since both the
heat flow and the electrical current are transported in
the metal as a function of temperature [4.34, 41, 48]

�

�
� LT D L.#C 273K/ ; (4.172)

where L = Lorenz-number D 2:44� 10�8 V2=K2, T =
absolute temperature, # = temperature, � = specific
electric conductivity, and � = specific thermal conduc-
tivity.

Compression force Fpress Σ ↑

Work hardening of aluminum
Elastic expansion of steel core

Cross section of Al-single-wire A1 ↓

Axial expansion of contact partners ↑

Contact force FK res Σ ↑ Cracking of Al-oxide layers

Trapezoidal
wires

Round wires

Am/As ↑

Aw ↑

Rc ↓ Rf ↓R'q ↓ if KF ↑, p ↑

As Am1 Am2
Fpress Σ 1

<
Fpress Σ 2

Fig. 4.88 Influence
of the compression
force on the
electric contact
behavior (adapted
from [4.18])

For thermally symmetrical contact arrangements,
the following relationship between the electrical volt-
age drop u across the contact point, the temperature in
the contact # and the material parameters � and � ap-
plies (Fig. 4.90)

u2 D 8

#max
Z

#1

�

�
d# ; (4.173)

where u = contact voltage drop, #1 = temperature of
contact pieces 1 and 2 (if symmetrically), and #max =
maximum temperature.

For electrically and thermally highly-loaded plug-in
connectors with many small parallel contact pieces, the
temperature dependence of the specific electrical and
thermal conductivity due to the higher internal heating
in the contact point must be taken into account. This
model enables, based on the actually measured con-
nection resistance Rj, calculation of the contact voltage
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Fig. 4.89a,b Plug-in-type finger connector, axial plug
force – principal behavior. (a) Arrangement of plug (con-
tact finger) and pin, (b) behavior of axial plug force; FC =
contact force, FR = friction force, FS = axial plug force,
FZ = axial unplug force, sA =friction distance in phase A
(positioning of contact partners), sB = friction distance in
phase B (spreading of contact fingers), sC = friction dis-
tance in phase C (sliding of plug and pin), ˛ and ˇ =
tangent angles between pin and finger, depending on po-
sitions A, B, and C (adapted from [4.3])
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Fig. 4.90 Thermal-
electrical model
of a contact
point (adapted
from [4.41])

u also of the temperature distribution in the contract
for stationary and transient operation using the material
properties. This is particularly necessary for the design
of high-current connectors with lamellae, coil springs,
or other slender contact elements [4.41].

In addition to the thermal load of the parallel contact
points of a plug connection, the electrodynamic lift-off
forces in the event of a short circuit must be taken into
account for dimensioning (Table 4.33, bottom), as these
counteract the comparatively small contact force in the
case of an impulse current. In the event of a lift-off, arcs
may form, and the contact pieces may subsequently be
welded together. This means that the plug connection is
no longer movable (Fig. 4.91)

Quality Assurance Tests. Quality assurance tests are
indispensable in the manufacture and assembly of con-
nections. Proof that the design and dimensioning of live
electrical connections meet the relevant requirements
in long-term stationary operation and in the event of
a short circuit must be verified in type tests and is re-
quired in most cases. In addition, measurements of the
resistance of highly-loaded connections after assembly
in the factory or on the construction site are strongly
recommended as a routine or random test for qual-
ity assurance (see the subsequent section on measuring
electrical connections). For bolted connections with
long-term stability, output quality factors of ku0 
 1:5
are required. In order to gain knowledge about the
long-term behavior of electrical connections, long-term
investigations (possibly during their field operation)
with significantly longer test duration than provided for
in the type tests are indispensable.

Aging and Long-Term Behavior
of Electrical Connections

The aging and long-term behavior of electrical con-
nections are dependent on the design, dimensioning,
and installation of the connection itself and on the in-
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Fig. 4.91 Electrodynamic short-circuit forces between
contact pieces

teraction of the various loads (electrical, thermal, and
environmental) to which the connection is exposed dur-
ing operation. Accordingly, various aging processes are
effective, which superimpose each other and determine
the time curve of the connection resistance or of the
quality factor (Fig. 4.92). All aging processes (except
fretting) are temperature-dependent and can generally
be described with Arrhenius’ law.

ku D CeQa=.R0T/ ; (4.174)

where C = factor, Qa = activation energy, R0 = gas con-
stant (8314 JK�1mol�1), and T = absolute temperature.

This shows that for all aging mechanisms, a higher
temperature will generally lead to a rise of the connec-
tion resistance or of the quality.

The basic time development of the quality fac-
tor ku.t/ (Fig. 4.93) can be described with the four
phases [4.35]:

• Nominal current
• Short-circuit 
   current
• Lightning current

• Thermal linear 
   expansion
• Tension, bending, 
   pressure
• Vibration, shock

• Temperature, 
   humidity
• Air pollution
• Ice, snow, wind
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Fig. 4.92 Complexity of contact and long-term behavior of electric connections under superposition of several load conditions
and aging phenomena

� Formation phase, depending on the contact materi-
als (takes days to weeks).� Relative stability phase, the actual operating time
(should take several decades).� Accelerated aging: an increased temperature at con-
tact points causes a clearly faster reaction in one or
more aging processes, thus increasing quality fac-
tor, power dissipation, and heating in the contact
points (upward spiral) up to the melting point. Then,
at the latest, the service-life limit of the connection
is reached.� Intermittent failure: newly-welded contact points
repeatedly lead to a decrease of the performance
factor (intermittent). However, these melting points
do not have the required current-carrying capacity
and burn out until the entire connection is de-
stroyed.

From the aforesaid, a mathematical model can be
derived that can describe the long-term behavior of
a specific connection type, based on experiments. This
makes it possible to estimate an extrapolation beyond
the duration of the test [4.3, 35, 49, 50]

ku.tC�t/D ku.t/C Œku.t/�kui�de�Œb=.R0TE/C1=2�

t0.t=t0/m
�t ;

(4.175)

where ku = measured performance factor at time t, kui
= ideal performance factor (Rk = 0), TE = absolute tem-
perature at constriction point, t0 = reference time (e.g.,
1 h), m = exponent, empirically determined from the
experiments, d = factor, empirically determined from
the experiments, and b = factor, empirically determined
from the experiments.
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Fig. 4.93 Time dependency of
performance factor ku (schematic).
ku0 = initial performance factor
directly after construction (t = 0),
ku;crit = critical (limiting) performance
factor (t D tfailure)

Table 4.45 Empirically determined parameters b, d, and
m from the experiments (preparation before installation:
cleaning with spirit and wire brush) with bolted bus bar
connections (example) (adapted from [4.35])

Material # (ıC) m b (Jmol�1) d
Al99.5F7 90–150 0.478 9709 0.1
Al99.5-Cu-ETP 90 0.616 14 432 5

Material # (ıC) m b (Jmol�1) d
Al99.5F7 90–150 0.478 9709 0.1
Al99.5-Cu-ETP 90 0.616 14 432 5

In this approach, the effects of all aging processes
are superimposed without one being able to consider
them separately. It is further assumed that the physical
aging processes do not change during the period under
consideration.

The parameters b, d, and m must be determined ex-
perimentally for specific arrangements and operating
conditions in long-term tests (duration of at least 1 year,
but better 3 years). As an example, Table 4.45 shows the
values for two bus bar bolted connections [4.35].

Chemical
reactionlncrease of joint resistance

by changes of contact points

Reaction rate depending on
temperature and humidity
(except diffusion)

Effect at the contact point

Others
SO2, NOx, salt, ...

Galvanic
corrosion

Oxigen
(oxydation)

Reduction of the
apparent and the

true current-
carrying metallic
contact surface

by dissolution of
the less noble

contact partner

Intermetallic
diffusion

Contact partner
with environment

Contact partner
with each other

Intermetallic phases
at the true current-
carrying contact

points have a much
higher specific

electrical resistance

Reduction of the true current-carrying contact
surfaces by ingrowth of the oxide and other film
layers. At the same time this results in a partial

shielding and a slowdown of the chemical reaction.

Fig. 4.94 Overview on influences of chemical reactions on the aging of electric connections

Aging Due to Chemical Corrosion. Aging due to
chemical corrosion can be based on various processes
that cause different effects at the contact location [4.42,
49] (Fig. 4.94).

Oxidation of the contact materials produces an ox-
ide layer. Its specific electrical resistance is several
orders of magnitude greater than that of the contact
materials and, therefore, causes a film resistance Rf,
which increases the connection resistance Rj consider-
ably and, thus, the power dissipation in the connection.
It is, therefore, essential that the related oxide layer be
removed before assembly, particularly in the case of
connections subject to high electrical loads. While the
metallic contact points should be almost free of oxide
layers, an oxide layer will form again after assembly in
the joints between the contact partners as oxygen is ad-
sorbed on the surface. If sufficient oxygen is available,
oxide nuclei are formed, from which a closed, protec-
tive oxide layer grows. This, in turn, hinders the access



4.3 Design Principles 253
Section

4.3

Table 4.46 Physical properties of aluminum and copper and their oxides (adapted from [4.42, 51, 52])

Property Cu-ETP CW004A Al99.5 EN AW-1350A Cu2O AI2O3

Performance R250 H112 – –
Melting temperature #s (ıC) 1083 660 1242 2050
Density ı (g cm�3) 8.93 2.71 5.8–6.11 3.97
Electrical conductivity � (m=�mm2) Min. 57 34–36 1:82� 10�11 10�12–10�14

Hardness HV 90 21–48 109–189 1730–2060
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 17.7 23.8 – 6.2
Thermal conductivity � (Wm�1K�1) 394 215–235 6.3–8 40

Property Cu-ETP CW004A Al99.5 EN AW-1350A Cu2O AI2O3

Performance R250 H112 – –
Melting temperature #s (ıC) 1083 660 1242 2050
Density ı (g cm�3) 8.93 2.71 5.8–6.11 3.97
Electrical conductivity � (m=�mm2) Min. 57 34–36 1:82� 10�11 10�12–10�14

Hardness HV 90 21–48 109–189 1730–2060
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 17.7 23.8 – 6.2
Thermal conductivity � (Wm�1K�1) 394 215–235 6.3–8 40

Copper

Air

Adsorbed oxygen Cu2O germs

Phase 1: forming a closed oxide layer

Air Adsorbed oxygen

Copper

Cu2O
1 Cu → Cu+ + e–

2 O2 + 4 e– → 2 O2–

3 4 Cu+ + O2– → 2 Cu2O1

2 3

e– Cu+

Phase 2: oxide film grow

Fig. 4.95 Chemical reactions in the oxidation of copper. 1Oxidation of copper, 2 adsorption and reduction of oxygen,
3 diffusion off copper ions and electrons through the oxide layer (adapted from [4.42])

of further oxygen and, thus, slows down the reaction.
However, higher temperatures accelerate the growth of
thicker oxide layers (Figs. 4.95–4.98).

Mechanical stresses, e.g., due to the different coeffi-
cients of thermal expansion from the metal to the oxide
layer or due to mechanical stresses perpendicular to the
contact area within a joint can tear open the oxide layer,
and further oxygen or moisture can infiltrate into the
cracks.

The physical properties of copper(I) oxide Cu2O
and aluminum oxide Al2O3 are, in particular, their spe-
cific electrical conductivities �, which are by a factor
of tens smaller, and their much greater hardness H
compared to the related metals leads over time to an in-
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Fig. 4.96 Influence of temperature and time on the growth
of oxide layers Cu2O on copper (adapted from [4.17])

crease in the film resistance Rf (Table 4.46, Figs. 4.98–
4.100) [4.35, 36, 42, 54].

Dependence on time and temperature. For bime-
tallic connections with a large difference in the stan-
dard potentials within the electrochemical voltage series
(e.g., Al (�1.66V)=Ag (C0.80V) or Al (�1.66V)=Cu
(C0.34V)) (Table 4.47) and the presence of moisture,
electrochemical corrosion occurs in which electrons of
the less noble metal migrate to the more noble metal
at the contact points. The result is that the less noble
metal is gradually deteriorated and the contact points
are destroyed (Fig. 4.101). At temperatures slightly be-
low 100 ıC and at very low humidity (dry interior), the
electrolyte is hardly present, and the chemical reactions
become slower. In contrast, moist, high-salinity atmo-
sphere (near the sea, industrial atmosphere, roads) signif-
icantly accelerates electrochemical corrosion.

Table 4.47 Electro-potential series of selected contact ma-
terials with ion layer in front of the electrode surface at
25 ıC (adapted from [4.41])

Material Normal
potential (V)

Material Normal
potential (V)

Al=Al3C �1.66 Fe=Fe3C �0.04
Fe=Fe2C �0.44 Cu=Cu2C C0.34
Ni=Ni2C �0.25 Cu=CuC C0.52
Sn=Sn2C �0.14 Ag=AgC C0.80
Pb=Pb2C �0.13 Au=AuC C1.70

Material Normal
potential (V)

Material Normal
potential (V)

Al=Al3C �1.66 Fe=Fe3C �0.04
Fe=Fe2C �0.44 Cu=Cu2C C0.34
Ni=Ni2C �0.25 Cu=CuC C0.52
Sn=Sn2C �0.14 Ag=AgC C0.80
Pb=Pb2C �0.13 Au=AuC C1.70
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• Oxidation of aluminum in air: 
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 films
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Fig. 4.97 Chemical reactions in the oxidation of aluminum

0

1

2

3

4

5

6
Thickness of Al2O3 layer s (nm)

Time of oxidation t (h)

Time of oxidation t (h)

200 °C

125 °C

0

1

2

3

4

5

6
Thickness of Al2O3 layer s (nm)

a)

b)

85%

52%

0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80

90 100

Fig. 4.98a,b Influence of temper-
ature and humidity on the growth
of Al2O3 layers on aluminum
(schematic). (a) Influence of tempera-
ture, (b) influence of humidity



4.3 Design Principles 255
Section

4.3

lg ρ (Ω m)b)

12

4

0

–4

8

16

–8
150100500 200

ϑ (°C)

lg ρ (Ω m)a)

12

4

0

–4

–6

–2

2

6

10

14

–6

–2

2

6

10

14

8

16

–8
150100500 200

ϑ (°C)

Al2O3

Cu2O

AlCu

Fig. 4.99a,b Specific electrical resistivity of oxide layers from (a) copper and (b) aluminum (y-axis in decades) depend-
ing on temperature

a)

b) c)

Untreated

Brushed

Ag-plated

Oxides and fingerprints Oxide layers inside contact area

Microscopic analysis
of oxide layer

T = 160 °CT = 105 °CT = 90 °C

Fig. 4.100a,b Chemical reactions on Cu bus bars depending on temperature. (a) Cu-Cu bus bar connection: Cu2O.
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Fig. 4.101 Bimetallic, galvanic corrosion between copper and aluminum (adapted from [4.42])
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Fig. 4.102a–e Bimetallic connections in practical applications. (a) Copper-aluminum connector, (b) connectors with
bimetallic AlCu-plate and sleeve, (c) special washers for bolted aluminum-copper connections, (d) same as (c) after 30
years, (e) special multilam elements for bolted aluminum-copper connections (adapted from [4.42, 51–53])
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Table 4.48 Physical properties of coating materials and their film layers (adapted from [4.42, 52])

Property Ag Ag2Oa Ag2Sb Sn SnOc SnO2
d Ni NiOe

Melting temperature #s (ıC) 962 230 836 222 1042 1453 1957
Density ı (g=cm3) 10.49 7.2 7.3 7.30 8.90 7.47
Electrical conductivity � (m=.�mm2/) 62.9 0.28 9.09 10�2 14.60 10�11

Thermal coefficient of electrical resistance ˛ .� 10�3 K�1/ 4.3 4.60 6.80
Hardness H (HV) 30–90 30–60 5 36–60 536

Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 19.5 14 26.70 13

Thermal conductivity � (Wm�1 K�1) 429 66.60 90.70 12.3
Typical thickness of galvanized layer d (�m) 0.5–10

(40)
1–25 0.5–4

Grow of oxide layers after 105 h at 100 ıC t (nm) 36 34

Property Ag Ag2Oa Ag2Sb Sn SnOc SnO2
d Ni NiOe

Melting temperature #s (ıC) 962 230 836 222 1042 1453 1957
Density ı (g=cm3) 10.49 7.2 7.3 7.30 8.90 7.47
Electrical conductivity � (m=.�mm2/) 62.9 0.28 9.09 10�2 14.60 10�11

Thermal coefficient of electrical resistance ˛ .� 10�3 K�1/ 4.3 4.60 6.80
Hardness H (HV) 30–90 30–60 5 36–60 536

Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 19.5 14 26.70 13

Thermal conductivity � (Wm�1 K�1) 429 66.60 90.70 12.3
Typical thickness of galvanized layer d (�m) 0.5–10

(40)
1–25 0.5–4

Grow of oxide layers after 105 h at 100 ıC t (nm) 36 34

Performance
a Nearly black color, very soft oxide with only weak adhesive properties, easy to remove, not critical for electrical connections.
b Gray to black color.
c Blue to black color, soft material but harder than Sn.
d Transparent, harder than Sn and SnO.
e Light yellow, gray green, black color, very hard, highly resistive.

Table 4.49 Physical properties of intermetallic phases in aluminum systems up to 200 ıC (adapted from [4.40])

Al-Cu system Al-Ag system
Phase #

Al2Cu
�2
AlCu

�2
Al4Cu9

ı

Ag2Al
�

Ag3Al
Melting temperature #s (ıC) 550 591 1030 – –
Density ı (g=cm3) 4.36 2.70 6.85 8.12 8.70
Electrical conductivity � (m=.�mm2/) 11.2–15 7.6–13.3 2.8–5.3 2.9–3.1 1.7–1.9
Hardness HV 632 794 636 291–303 437–488
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 16.1 11.9 17.6 – –
Thermal coefficient of electrical resistance ˛ (� 10�3 K�1) 3.5–3.8 2.7–3.3 0.8–1.7 0.93–0.9 0.55–0.6

Al-Cu system Al-Ag system
Phase #

Al2Cu
�2
AlCu

�2
Al4Cu9

ı

Ag2Al
�

Ag3Al
Melting temperature #s (ıC) 550 591 1030 – –
Density ı (g=cm3) 4.36 2.70 6.85 8.12 8.70
Electrical conductivity � (m=.�mm2/) 11.2–15 7.6–13.3 2.8–5.3 2.9–3.1 1.7–1.9
Hardness HV 632 794 636 291–303 437–488
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 16.1 11.9 17.6 – –
Thermal coefficient of electrical resistance ˛ (� 10�3 K�1) 3.5–3.8 2.7–3.3 0.8–1.7 0.93–0.9 0.55–0.6

Table 4.50 Physical properties of intermetallic phases in copper systems up to 200 ıC (adapted from [4.17, 49])

Cu-Sn system
Phase �0

Cu6Sn5

"

Cu3Sn
Melting temperature #s (ıC) 415 676
Density ı in g cm�3 8.28 8.9
Electrical conductivity � (m=.�mm2)) 8.2 4.9
Hardness HV 539 472
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 16.3 19
Thermal coefficient of electrical resistance ˛ (� 10�3 K�1) 0.45 0.2

Cu-Sn system
Phase �0

Cu6Sn5

"

Cu3Sn
Melting temperature #s (ıC) 415 676
Density ı in g cm�3 8.28 8.9
Electrical conductivity � (m=.�mm2)) 8.2 4.9
Hardness HV 539 472
Thermal elongation ˛L (� 10�6 K�1) (at 20–200 ıC) 16.3 19
Thermal coefficient of electrical resistance ˛ (� 10�3 K�1) 0.45 0.2

For this reason, preventive measures must be taken.
Long-term stable bimetallic connectors can be pro-
duced by suitable, usually material-locking connection
technologies and subsequent sealing of the connec-
tion point against moisture. Alternatively, AlCu sheets,
sleeves, and washers (thickness ratio Al=Cu: 70=30)
have also proven themselves suitable for some applica-
tions. These rolled AlCu bimetallic sheets with a large
surface and a material-locking aluminum-copper con-
nection are placed between the aluminum and copper
contact pieces to be joined. This way, electrochemical
corrosion only occurs in the peripheral areas. For this

reason, these AlCu sheets and sleeves are always di-
mensioned a few millimeters larger than the apparent
contact surface, and thus the material loss at the edge
is taken into account (Fig. 4.102a,b). Special wash-
ers based on the described effects: – defined contact
lines (real metallic contacts) instead of big apparent
contact areas and – using designs creating elasticity,
are an additional solution for e.g., Al-Cu connections.
This solution, plastic housing in combination with con-
tact protection grease, has been used successfully over
the last 40 years in millions of applications worldwide
(Fig. 4.102c,d).
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Fig. 4.103 Force reduction by various
mechanisms (adapted from [4.17])
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Fig. 4.104a,b Force reduction inbolted connection: (a) test
sample and distribution of mechanical tension, (b) time de-
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and increasing joint resistance Rj for two different temper-
atures, where T1 < T2 (adapted from [4.17, 49])

In addition, the surfaces of contact pieces made of
copper, aluminum, or their alloys are coated with silver,
nickel, or tin, especially for moving joints, because the
oxides of these materials have a higher electrical con-
ductivity and a lower hardness than the oxides of copper
and aluminum (Tables 4.46 and 4.48). This allows the
oxide layer to be destroyed and a current-carrying con-
tact to be established with every relative movement of

the contact pieces. However, the electrochemical series
(Table 4.47) must also be considered when selecting the
material pairings.

Intermetallic Diffusion. Another aging process to be
considered in electrical contacts is the intermetallic
diffusion during joining of different metals. Due to dif-
ferences in the atomic density of the metals, a particle
transportation to free locations of the atomic lattice
takes place at the interface layer. This process is ac-
celerated by increasing temperature. The intermetallic
phases (IMP) thus created show a significant higher
conductivity than the initial materials (Tables 4.49
and 4.50).

Reduction of the Mechanical Connection Force.
Besides the chemical reactions, the reduction of the me-
chanical connection forces has a significant influence on
the long-term behavior of a joint (Fig. 4.92). The contact
force Fj has a great influence on the contact resistance
Rk and, thus, on the connection resistance Rj (4.156) and
(4.157), Figs. 4.80 and 4.81). The connection force ap-
plied during joining is reduced over time by setting (lev-
eling surface roughness ofmechanically supporting con-
tact surfaces by plastic deformation) and by stress relax-
ation in the primary area (dynamic primary recrystalliza-
tion) and in the secondary area (secondary recrystalliza-
tion with grain coarsening) (Figs. 4.103 and 4.104).

This process is considerably accelerated at higher
temperatures. Due to the hysteresis behavior of copper
and, especially, of aluminum (Figs. 4.80 and 4.81), the
loss of contact force, which only occurs when it falls
below a critical value Fmin causes a rapid increase in
connection resistance Rj. Tests for force reduction on
bolted connections with copper bus bars at 105 and
140 ıC (Fig. 4.105) and for clamps on high-temperature
aluminum conductors at 23–100 ıC clamp temperature
(Fig. 4.106) clearly show the temperature dependence
of setting and stress relaxation and the associated force
reduction.
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Fig. 4.106 Related force reduction of bolted connectors
with stranded aluminum conductors TAL 550/70 (adapted
from [4.55])

Since the microcontact points, which have been re-
duced or augmented by the force reduction, have over
time oxidized in their environment at high tempera-
tures, and pollution layers have been formed, retighten-
ing of bolted connections is often not very successful.
If there is a risk that the connection force will reach
the critical value Fmin, which is indicated, for exam-
ple, by an increased temperature of the connection, it
is advisable to completely open the connection, clean
the contact surfaces, and remove the pollution layers be-
fore reassembling the connection and tightening it to the
specified torque or the necessary contact force. A mea-
surement of the resistance of the bolted or clamped
connection after reassembly proves that the inspection
was successful.

Aging Due to Friction. With electrical connections
whose contact pieces move relative to each other (plug-
type connectors, insulators, moveable connections),
friction wear can lead to a further aging mechanism
by removal of coatings or destruction of the surface of
contact pieces. Mechanical load can be caused, for ex-
ample, by oscillating movements with a frequency of
100Hz (in high-current systems with 50Hz alternating
current); gradual, periodically recurring thermal linear
expansion of the current path; switching operations;
or mechanical vibrations or shocks acting from out-
side. The stress of the contact pieces during sliding or
rolling friction is dependent on structural and environ-
mental influences and can lead to various impermissible
changes in the shape, size, and material properties of
the contact pieces and their coating (Fig. 4.107) and,
thus, adversely affect the connection resistance and the
required plug-in force.

The simultaneous interaction of the many influ-
encing variables makes a mathematical model for the
description of aging very difficult to create, so that the
experiment is recommended for concrete applications.
Examples are shown in Figs. 4.108 and 4.109.

In the following, some experiments on the long-
term behavior of electrical connections are presented,
in which the various aging mechanisms act simultane-
ously (Table 4.51).

Experiments – A Small Selection. Experiments with
bolted connections of aluminum, aluminum alloy, and
copper show that reliable connections can be pro-
duced over decades even under high thermal loads
and harsh climatic conditions (Figs. 4.110 and 4.111a).
Aluminum-copper connections already show a signif-
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Table 4.51 Experimental investigations on the long-term behavior of connections (examples)

Connection Ambient condition Material Temperature (ıC) Important influence Figure
Bolted bus bar Laboratory, indoor Al 99.5 100–160 Initial performance

factor ku0

4.110

Bolted bus bar Tropical
Subtropical
Subarctic

Al 99.5
CU
CU

Harsh environmental
ambient conditions

4.111a

Tropical
Subarctic
Subtropical

AlMgSi-Cu
AlMgSi-AlCu-sheet-Cu
AlMgSi-AlCu-sheet-Cu

4.111b

Connector for stranded
conductors

Laboratory, indoor Al, Al-alloy < 80 Initial performance
factor ku0, current load

4.112

Plug-type connector SO2=air atmosphere Cu, Cu with Ag coating �10 to 25 Ambient conditions,
material

Industry, indoor 15–25 4.113

Connection Ambient condition Material Temperature (ıC) Important influence Figure
Bolted bus bar Laboratory, indoor Al 99.5 100–160 Initial performance

factor ku0

4.110

Bolted bus bar Tropical
Subtropical
Subarctic

Al 99.5
CU
CU

Harsh environmental
ambient conditions

4.111a

Tropical
Subarctic
Subtropical

AlMgSi-Cu
AlMgSi-AlCu-sheet-Cu
AlMgSi-AlCu-sheet-Cu

4.111b

Connector for stranded
conductors

Laboratory, indoor Al, Al-alloy < 80 Initial performance
factor ku0, current load

4.112

Plug-type connector SO2=air atmosphere Cu, Cu with Ag coating �10 to 25 Ambient conditions,
material

Industry, indoor 15–25 4.113
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Fig. 4.109a–c Multilam plug-type connectors, silver
coated under sinusoidal oscillations 200�m. (a) Test
arrangement, (b) changes in the related sliding force
Fs=Fs0 with and without lubricant (adapted from [4.39])

icant increase in the quality factor after a few months,
especially at high humidity. AlCu sheets can slow down
the rapid aging process considerably, but cannot com-
pletely prevent it (Fig. 4.111b). The quality of the
connection after assembly has a very significant in-
fluence on the long-term behavior of highly-stressed
bolted connections (initial quality factor ku0). Espe-
cially with aluminum and aluminum alloys, it is essen-
tial to thoroughly remove the hard, electrically insulat-
ing aluminum-oxide layer before assembly (Fig. 4.79,
Table 4.46). The time dependency of the quality factor
ku.t/ reacts extremely sensitively to the quality of the
assembly (target: ku0 < 1.5 by proper assembly). For
connections that had a quality factor ku0 = 1.2 just af-
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Fig. 4.110 Long-term behavior of bolted connections un-
der indoor laboratory conditions, experimental results;
influence of the initial performance factor ku0 .1:2 <
ku0 < 2:7/ on the long-term behavior of current-carrying
bolted aluminum bus bar connections (bolts M12,
8.8, joint force after installation Fj 16–30 kN, initial
joint temperature # j0 100–160 ıC), experiments over
8.2 yr, ku0 D 1:2 .ca.100 ıC/! 1:7 after 20 000 h, ku0 D
2:1 .160 ıC/! 12 after 20 000 h (adapted from [4.56])

ter assembly, after 20 000 h the quality factor rose to ku
(20 000 h) = 1.7. Already with a quality factor of ku0
= 2–3, a failure is to be expected after about 1 yr of
continuous high-current loading of the connections. For
uncleaned connections (Fig. 4.79, ku0 � 10), operation
with high current loads is not possible.

The long-term behavior of connections with
stranded-aluminum conductors, e.g., overhead line con-
ductors, is also very much dependent on the thorough
pretreatment of the conductors and the associated ini-
tial quality factor (in the example, ku0 = 0.76–1.40)
(Fig. 4.112). The long-term experiments carried out
over several years with continuous-current loads also
clearly show the influence of the current load (in the
example 60, 100, and 130% of the rated current of
the overhead-line conductor). While properly manu-
factured and installed connections in overhead lines
function for decades at lower than rated loads, which
corresponds to practical experience, a continuous high
load or overload drastically reduces the service life.

Plug-in-type connectors are influenced significantly
by the environment because of their predominantly
single-point contacts. Their chemically induced aging
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Fig. 4.111a,b Long-term behavior
of bolted connections under harsh
environmental conditions, experi-
mental results. (a) Aluminum and
Copper. (b) Bimetallic aluminum-
copper connections with and without
AlCu-sheets (adapted from [4.42, 49])

can be considerably reduced by suitable coatings with
low chemical reaction potential with the environment
or with low-resistivity coatings (e.g., silver plated),
(Fig. 4.113). Lubricants reduce the static and rolling
friction during contact movement and can, thus, reduce
the undesirable abrasion process. However, when the
coating has been worn down or when it does not even
exist, the lubricant alone cannot prevent the aging pro-
cess (Fig. 4.114).

Measurement and Evaluation
of Connection Resistances

Measuring the connection resistance is essential for
developing and testing, as well as for quality con-
trol and condition assessment of electrical connections.
Connections in electrical power engineering usually
have connection resistances in the range of less than
1��. This means that special attention must be paid
to measuring this quantity by means of four-point
measurement (current-voltage measurement). The fol-
lowing basic options are available:

� Measurement with high alternating current (AC),
e.g., the rated current. For voltage measurement,

a sensitive voltmeter is sufficient. However, the val-
ues in the measuring circuit must be determined
by the magnetic field in and around the current-
carrying conductor-induced voltages compensated
(see the subsequent section on AC measurements,
voltage compensation, Fig. 4.121). The conductor
and the connection heats up during operation at high
current. The connection temperature and the con-
nection resistance must be measured, and the latter
converted to 20 ıC.� Measuring with high direct current (DC) is the sim-
plest method, but DC high-current sources with low
ripple of the current are usually not available or are
not transportable, and, therefore, are only suitable
for special applications. As with AC, the heating of
the conductors must be considered.� Measuring with low DC current (20–100A DC) is
possible with consideration of the previously men-
tioned disadvantages and is themost frequently used
method. Here, however, the values of the voltage
drop measured are in the microvolt range. System-
atic measurement errors due to thermoelectric or
other external voltagesmust be compensated.Micro-
ohmmeters with small DC measuring currents usu-
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Fig. 4.112 Long-term behavior of connectors for stranded-
Al conductors under indoor laboratory conditions; influ-
ence of initial performance factor and permanent current
load; 3 yr experiment and estimated lifetime according
to (4.175). Initial performance factor ku after installa-
tion (conductor AL=St 185=30): min.: 0.76, average: 0.94,
max.: 1.40 (adapted from [4.57])

ally show the measured and corrected resistance
value and, because of their mobility, are suitable for
a wide variety of applications in practice.

For all measurement methods, the choice of the
current-injection and the voltage-drop locations has
to ensure a current flow as homogeneous as possible
(Fig. 4.114).

Measuring with Small DC Currents. When measur-
ing with small DC currents Im, e.g., with a ��-meter,

Table 4.52 Thermoelectric voltage (excerpt) (adapted
from [4.58])

Material Thermal constant KPtM (�VK�1)
at 0 ıC (relative to platinum)

Copper 7.2–7.7
Aluminum 3.5
Silver 6.5
Nickel �19.4 to �12
Palladium �2.8
Constantan �34.7 to �30.4
Silicium 448
Nickel chrome 22
Iron 18.7–18.9
Platinuma 0

Material Thermal constant KPtM (�VK�1)
at 0 ıC (relative to platinum)

Copper 7.2–7.7
Aluminum 3.5
Silver 6.5
Nickel �19.4 to �12
Palladium �2.8
Constantan �34.7 to �30.4
Silicium 448
Nickel chrome 22
Iron 18.7–18.9
Platinuma 0

a Reference material.

(Fig. 4.115a), thermoelectric voltages Uth are generated
in the voltage-measuring circuit when different conduc-
tor materials (test object, connecting leads, electronic
processing of the measured variable) and different
temperatures occur within the measuring arrangement.
These can be of the same order of magnitude as the
actual measured value Uj and are superimposed on it
(Fig. 4.115b).

The magnitude of the thermoelectric voltages re-
sults from the thermal constants KptM (Table 4.52) and
the absolute temperature T at the point of contact of two
metallic conductors M1 and M2

Uth D KptM1M2�T ; (4.176)

with

KptM1M2 D KptM1 �KptM2 ; (4.177)

whereUth = thermoelectric voltage,KptM = thermal con-
stant with reference to platina, M1 and M2 = metallic
conductors 1 and 2, and�T = absolute temperature dif-
ference.

With n bimetallic contact points in a measuring cir-
cuit, the individual thermoelectric voltages add up to the
total voltage Uth total.

Uth total D
n
X

1

Uth n : (4.178)

The compensation of these thermoelectric voltages Uj

can be achieved by measuring the voltage drop across
the connection, i.e., in two steps with reversal of the cur-
rent direction and subsequent averaging (Fig. 4.116a).
In an alternative method, the voltage drop across the
connection without external current flow (Im = 0) is
caused by the sum of the thermoelectric voltages Uth in
the measuring circuit. Only in a second step of the mea-
suring process is the measuring current Im switched on,
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Fig. 4.113a,b Long-term behavior of
plug-in-type connectors (tulip-type);
experimental results; influence of
the atmosphere (indoor switchgear
compared to SO2 outdoor switchgear)
on the joint resistance Rj with a silver-
plated and plain copper surface.
(a) SO2–air atmosphere (0:75 mg=m3,
wet) and (b) switchgear room (indoor).
Average of the joint resistance from
experimental results (measuring points
of six samples each) and estimation
of the long-term behavior according
to (4.175) (lines). Test without current
load (I D 0) (adapted from [4.3])
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Fig. 4.114 Methods
of joint-resistance
measurement
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Fig. 4.116a,b Compensation of
thermoelectric voltages in two
steps. (a) Reversible direction of
measuring current. (b) Separation
of thermoelectric voltages
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Fig. 4.120 DC measurement of joint resistance at stranded conductors, potential tap

and from the difference between the two measurements,
one can determine the true value of the connection
resistance Rj (Fig. 4.116b). Reversible direction of mea-
suring current

Rj D �Uj

Im
D .

phase 1
‚ …„ ƒ

�Uj CUth/� .
phase 2

‚ …„ ƒ

��Uj CUth/

2Im
;

(4.179)

and separation of thermoelectric voltages

Rj D �Uj

Im
D .

phase 1
‚…„ƒ

Uth /� .
phase 2

‚ …„ ƒ

��Uj CUth/

Im
: (4.180)

Resistance measurements in the ��-range by carrying
out a current–voltage measurement and applyingOhm’s
law assume that the current flow fields in the proximity
of the voltage-drop location is as homogeneous as pos-
sible. This is reasonable for long, slender conductors
with their connections. For bulky test objects though
(Fig. 4.117), such as connectors with high lateral di-
mensions compared to their length or to the length of
the related conductor (Fig. 4.118) [4.59], an inhomoge-
neous current flow field has to be taken into account.
In this case, the current-injection and the voltage-drop
measurement point have to be carefully selected so that
measurement occurs in a mostly homogenous region of
the flow field. Possibly multiple measurements at the
circumference of the connector and subsequent averag-
ing can deliver a useful result.
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ometry, (c) influence
of current density
distribution and
connector geometry
on measured voltage
drop �Uj D 'a �'b
in section AL

Whenmeasuring connection resistances on stranded
conductors, it must be assumed that depending on the
contact arrangement, not all individualwires conduct the
same partial current and have different potentials in the
area of the voltage tap (Fig. 4.119). Equalizers in the
form of welded joints, ferrules, or wire coils can largely
solve this problem (Fig. 4.120). However, with welded
and pressed equalizers, an idealized current distribution
is forced, which does not correspond to the distribution
in the connector in practice.

Measuring with AC Current. If the connection resis-
tance must be measured with AC, the effect of the
electromagnetic field depending on the conductor ge-
ometry must be taken into account (Fig. 4.114). While
the skin effect of rotationally symmetrical, round con-
ductors is evenly distributed over the circumference of
the conductor, the current density J in rectangular con-
ductors, and, thus, the measured potential, depends on
the measuring point (Fig. 4.121).

In addition, in the measuring loop, to determine the
voltage drop �Uj, a surface AL in the conductor and
a surface AM outside the conductor are created, which
are permeated by the alternating internal and external
magnetic field B. An electromagnetic voltage is induced
and is superimposed on the measured variable. While
the outer surface can be reduced to a minimumby clever
arrangement and twisting of the measuring conductors,
the inner surface with the highest magnetic flux den-
sity B remains, namely, at the boundary layer between
conductor and environment in the measuring circuit
(Fig. 4.122). Through an outcrossing measuring loop

two surfaces A1 and A2 of different sizes (Fig. 4.123a)
are created, in which the magnetic flow is in opposite
directions. The induced voltages, therefore, result in e1
and e2, which are opposite and ideally complement each
other to zero, if the two surfaces are matched to the
minimum of the voltage to be measured (by trial and
error). In this case, the induced voltages are compen-
sated, and the measured variable �Um corresponds to
the true value of the real proportion of the voltage drop
�Uj over the connection (Fig. 4.123b).

Another way to evaluate live electrical connections
is to measure the connection temperature using in-
frared thermography. Here, the measured temperature
is a mediating variable for the connection resistance.
Prerequisites for correct measurement of the connection
temperature include:

� A sufficiently high, constant current load before and
during the measurement.� The power dissipation generated by the connection
and the resulting excess energy.� The temperature of the connection depends on the
square of the current (4.33). For example, if only half
the rated current flows, then only about a quarter of
the heating can be expected. This can lead to critical
misjudgments of the condition of a connection.� The current distribution within the equipment and
on parallel current paths must be known and taken
into account.� The emission coefficient " of the surface under con-
sideration must be known and must be considered
(4.70).
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� Knowledge and consideration of all ambient con-
ditions, particularly outdoors (ambient temperature,
precipitation, air speed, solar and sky radiation).
This way, conspicuous connections can be identi-
fied and hot spots can be detected quickly.

It is possible to estimate the remaining service life of
connectors in operation if the fundamental long-term be-
havior of such connectors is known from experiments.
With the help of a thermal network and using the already
measured temperature rise and the known test parame-
ters (current environment) (Sect. 4.3.1) the connection
resistance of the connector can be calculated and com-
paredwith the known long-termperformance of this type
of connector. Taking into account past and future current
loads the remaining life-time of the connector can then

Residual
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networkCurrent load
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Joint resistance

Connector 
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Fig. 4.124 Infrared
diagnosis principle
to estimate residual
lifetime

be estimated (Fig. 4.124). This way, inspections can be
planned long in advance, andurgentmaintenance actions
can be initiated without delay [4.60].

IR Measurement. Using IR measurement can result in
more precise analysis doing a so-called fingerprint mea-
surement.

After installation of a new line or a substation there
are used hundreds of same connections. For exam-
ple, 1 year after starting operation a first measurement
on a group of samples is made. The above-mentioned
influencing parameters like current, ambient temper-
ature, . . . , should be recorded. After some period of
operation e.g., 5 years, the IR measurement is repeated
with parameters similar to the initial ones. The evalu-
ation of this recording compared to the starting values
allows a statement concerning the state of quality of the
connection.
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5. Basics of Power Systems Analysis

Carlo Alberto Nucci , Alberto Borghetti , Fabio Napolitano , Fabio Tossani

This chapter provides the background required to
understand the main aspects of power systems
analysis and operation under steady-state and
transient or dynamic conditions. It is intended
for senior undergraduate or graduate students of
electrical engineering as well as practitioners, so
readers are assumed to have a solid background
knowledge of electrical engineering.

The main technical issues associated with
power systems analysis are addressed, focusing in
particular on alternating current (AC) transmission
lines, networks, load-flow and short-circuit calcu-
lations, stability analysis, frequency control, and
electromagnetic transient appraisal. The chapter
also references the most important and popular
model frameworks and calculation/modeling tools
that have been developed by researchers and en-
gineers working within the electric power systems
area in the last few decades. It is emphasized in
this chapter that an understanding of the issues
dealt with here is required to comprehend other
chapters of this handbook devoted to distributed
generation and smart grids, and this knowledge
will also be needed to be able to operate upcoming
power systems.

The chapter is divided into sections focusing
on the following topics:

1. Power systems evolution, from the origins to
the traditional structure

2. Transmission lines in steady state, transmitted
active and reactive power

3. Power flow analysis (load-flow equations and
resolution methods)

4. Short-circuit calculations for unbalanced faults
(symmetrical components, fault equations,
and sequence networks)

5. Stability (states of operation, classification, P-
delta curves, rotor angle stability, equal area
criterion, multi-machine stabilty and voltage
stability)

6. Generators reserve and dynamics, frequency
dependence of the load, control structure for
frequency control

7. Traveling waves in a lossless line, reflection and
transmission coefficients, multiple reflections
in a line of fine length; electromagnetic tran-
sients (classification of transients, EMTP)

8. Power systems in the future (why we need
a smart(er) grid, microgrids and energy com-
munities)

Additional information and supplementary ex-
ercises for this chapter are available online.
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In this chapter, we present a succinct summary of the
fundamentals of power systems analysis and operation
under steady-state, dynamic, and transient conditions.
We consider the main technical issues that are relevant
to the transmission of electric energy, focusing mainly
on AC transmission lines and networks and addressing
load-flow and short-circuit calculations, stability, fre-
quency control, voltage control, and electromagnetic
transient appraisal. However, it should be noted that
there are a number of excellent books that cover these
subjects in a far more comprehensive manner than pos-
sible in this chapter (e.g., [5.1–32]).

In the context of this handbook, an understand-
ing of the subjects covered by this chapter is useful
for comprehending Chap. 15 on distributed generation
and smart grids, and thus how modern power systems
work, given that renewables are increasingly being con-

nected to networks through power electronic converters.
It should, however, be noted that HVDC (high-voltage
direct current) and DC (direct current) applications,
modeling, analysis, and operation are deliberately over-
looked in this chapter, as these topics are covered in
Chap. 12.

This chapter is intended for use by senior under-
graduate or graduate electrical engineering students
and practitioners who are familiar with the theory of
electrical circuits and of electrical machines. We there-
fore assume that the reader has a solid background
knowledge of electrical engineering, along with an un-
derstanding of the per unit method.

After some sections or paragraphs, there are web-
links to files that contain illustrative examples, exer-
cises, or even animations, which are generally accom-
panied by the input file of the relevant program codes.

5.1 Electric Power System Evolution

5.1.1 The Dawn of Electric Power Systems

In its simplest form, an electric power system consists
of an electric power generator, a distribution system
consisting of one or more distribution lines connecting
the generator to users, and some protection/maneuver
devices (see Fig. 5.1). Nowadays, this simple configu-
ration is used for off-grid power systems or microgrids
operating under islanded conditions, but it is also the
configuration that was employed for the first power sys-
tems built at the end of the nineteenth century to provide
lighting in New York City [5.33].

The history of electric power systems is commonly
considered to have begun in the year 1882, when
a power station on Pearl Street in New York was inau-

gurated by Thomas Alva Edison (Fig. 5.2). This plant,
which generated DC power using 175HP high-speed
steam engines, was designed to supply electrical energy
to 400 lamps belonging to 82 customers in the business
district of Wall Street.

The construction of the first power station was
hugely important: although Volta had invented the first
primary cell a century earlier, and more efficient pri-
mary cells had been constructed since then (such as
the one devised by George Leclanché in 1865), these
modest electrochemical power sources were not able to
provide the amount of energy needed to power a whole
district.

Immediately after the discovery of electromagnetic
induction by Faraday in 1831, a variety of generators
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Fig. 5.1 The simplest configuration of an electric power
system

were proposed. In 1869, not only was the first DC dy-
namo revealed in Vienna by Gramme and Pacinotti,
but its working principle was also discovered to be re-
versible, resulting in the creation of the motor.

Furthermore, following the invention of the arc
lamp by Foucault in 1841, it was subsequently im-
proved by others until a satisfactory design was devised
by Jablochkov in 1876. While the resulting lamp was
suitable for generating the large luminous intensities re-
quired for public lighting (indeed, it was used along the
Avenue de l’Opéra in Paris from 1879 to 1881), it was
too bright for private use. Edison’s lamp, consisting of
a filament housed in a glass vacuum bulb, was far more
appropriate for this purpose.

Thus, in summary, two types of light sources and
two types of power sources (direct current and alternat-
ing current) were available in 1882, but the transformer
was yet to be invented.

Table 5.1 summarizes the advances discussed above
as well as subsequent developments that are discussed
in the next section.

Fig. 5.2 Thomas
Edison’s power
station on Pearl
Street (adapted
from [5.34])

5.1.2 From the War of the Currents
to the Twenty-First Century

There is no general consensus concerning the year in
which the transformer was invented, although it seems
fair to ascribe its invention to the Hungarian engineers
Zipernowski, Blàthi, and Dèri in 1984. However, there
is little doubt that the introduction of transformers was
the factor that ultimately caused AC power systems to
becomemore convenient and therefore popular than DC
power systems, even though Edison was a passionate
supporter of the use of DC (which is as convenient as
AC for powering filament lamps, and more convenient
than AC for powering arc lamps).

We now consider some of the main steps that shaped
the evolution of power systems towards those that are
used today. In 1889, René Thury developed the first
commercial HVDC transmission system in Europe.
This system used hydroturbines on the Gorzente River
to supply Genoa in Italy. The generators were con-
nected in series to attain the high transmission voltages
needed. When loads were added to the system, more
generators were added to maintain the voltage at the
load. The first long-distance transmission of DC elec-
tricity in the US occurred in 1889 at Willamette Falls
Station in Oregon. A flood destroyed this station in
1890, but it was quickly rebuilt, and the Falls Electric
Company replaced the DC generators with experimen-
tal AC generators from Westinghouse in the same year.
In 1896, the construction of the first AC generation and
transmission system was completed at Niagara Falls
using Westinghouse equipment. Nikola Tesla’s work,
such as his invention of the induction motor in 1888,
helped to make AC power systems increasingly attrac-
tive. But the event that marked the success of alternating
current was a few years before 1896: The Frankfurt ex-
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Table 5.1 Key scientific advances and events (including dates and relevant scientists) that facilitated the development of
power systems engineering

Primary cells Generators
1800 – Volta (pile)
1830 – Grove (Zn-Pt)
1841 – Bunsen (Zn-C)
1877 – Leclanché (Zn-Mn)
1881 – Thiebaut and Gassner

1831 – Faraday (electromagnetic (EM) induction)
1832 – Pixii (rudimentary alternator)
1856 – Siemens & Alliance
1860 – Pacinotti (dynamo)
1869 – Gramme (dynamo)

Light sources (lamps) Transformers, AC, and three-phase
1841 – Foucault (first arc lamp)
1876 – Jablochkov (arc lamp)
1878 – Edison (1879 Menlo Park)

1884 – Zipernowski, Blàthi, and Dèri (transformer)
1888 – Ferraris (AC rotating field)
1888 – Tesla (induction motor)
1889 – Blàthi (induction meter)
1891 – Dobrowolski (three-phase systems)

Primary cells Generators
1800 – Volta (pile)
1830 – Grove (Zn-Pt)
1841 – Bunsen (Zn-C)
1877 – Leclanché (Zn-Mn)
1881 – Thiebaut and Gassner

1831 – Faraday (electromagnetic (EM) induction)
1832 – Pixii (rudimentary alternator)
1856 – Siemens & Alliance
1860 – Pacinotti (dynamo)
1869 – Gramme (dynamo)

Light sources (lamps) Transformers, AC, and three-phase
1841 – Foucault (first arc lamp)
1876 – Jablochkov (arc lamp)
1878 – Edison (1879 Menlo Park)

1884 – Zipernowski, Blàthi, and Dèri (transformer)
1888 – Ferraris (AC rotating field)
1888 – Tesla (induction motor)
1889 – Blàthi (induction meter)
1891 – Dobrowolski (three-phase systems)

hibition in August 1891: three-phase transmission line
(42Hz) at 25 000V, which started from the hydroelec-
tric plant built for a cement factory in Lauffen, on the
Neckar river and with a distance of 175 km reached
Frankfurt. Promoted by industrialists such as George
Westinghouse, the major advantages of AC electric
utility services soon became obvious, so DC systems
declined in popularity towards the end of the nineteenth
century. The advent of the transformer, three-phase cir-
cuits, and the induction motor all helped to drive the
adoption of AC electric systems as the global standard
[5.35].

There are objective advantages of operating elec-
tric power systems using AC rather than DC. First,
only AC systems can make use of transformers, which
allow the same power to be transported at higher volt-
ages and lower current amplitudes—thus minimizing
power losses and voltage drops along power lines—
and different voltage levels to be used for generation,
transmission, distribution, and utilization.With AC, it is
possible to implement three-phase networks, allowing
smooth, nonpulsating power flows and easy interruption
of current in high-voltage equipment. Also, induction
motors—which are inexpensive, rugged, and can serve
most of the needs of industrial and residential users—
can be employed with AC power systems. Further, the
advent of steam turbines (which work best at high
speeds) made AC generators highly advantageous, as

the commutators of DC motors and generators impose
limitations on the voltage, size, and especially the speed
of those machines.

Inventors such as Galileo Ferraris, Nicola Tesla,
William Stanley, Michael von Dolivo-Dobrowolsky,
Elihu Thomson, LucienGaulard, JohnGibbs, and others
working in Europe and North America all contributed
to advances in AC technology. Much has been written
about the so-calledWar of the Currents in the late 1880s,
but it was more of a media fight; it was not a significant
factor in the subsequent dominance of AC power sys-
tems [5.35]. The final decision on the type of system
to be applied in a particular scenario has always been
made based largely on technical aspects, and AC sys-
tems offered more advantages than DC systems given
the system requirements and the technology available at
that time. It should be noted, however, that although AC
power systems have dominated around the world since
the late nineteenth century, some DC distribution sys-
tems are still used in electric traction systems (trolley
bus, railways, or subways). Also, some cities contin-
ued to use DC well into the twentieth century: Helsinki
had a DC network until the late 1940s, Stockholm lost
its dwindling DC network as late as the 1970s, London
had some DC loads until 1981, and certain locations in
Boston still used 110V DC in the 1960s. The last DC
circuit—a vestige of the nineteenth-century DC system
of New York City—was shut down in 2007 [5.35].

5.2 Mission and Traditional Structure

The traditional mission of a power system is to provide
electricity at the rated frequency and the rated voltage to
customers. While the frequency is the same in all parts
of the system, the rated voltage can differ depending
on the part of the network of interest. The rated volt-
ages of alternators located at power stations typically

range between 15 and 25 kV. Such voltages need to
be substantially increased to 66�1000kV or more by
the step-up transformers that connect power stations to
high-voltage (HV) and extra-high voltage (EHV) trans-
mission networks (which are relatively well meshed) if
the power is to be transmitted with minimal line losses
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Fig. 5.3 Basic elements of an electric power system in its traditional form (EHV, HV, MV, and LV refer to extra-high, high,
medium, and low voltage, respectively; adapted from [5.9])

and voltage drops. A single generic HV or EHV line
of the transmission network carries hundreds or even
thousands of megawatts, possibly in both directions, de-
pending on its operating conditions. Very large power
systems (e.g., those of neighboring countries) are gen-
erally interlinked through their transmission networks.
In some cases, HVDC links are employed to intercon-
nect systems that are not synchronized with each other,
to transmit power over very long distances, and for long
underground/submarine links. The high-voltage part of
the network is then connected to the high-voltage dis-
tribution network, which is frequently referred to as
the subtransmission network, to carry power towards
a load area. The geographical extent of the subtrans-
mission network depends on the user density in the load
area (the power typically ranges from a few megawatts
to tens of megawatts for each HV distribution line).
Electric power is then carried to each user via medium-
voltage (MV) distribution networks, where each line
can carry around a megawatt of power, and by low-
voltage (LV) distribution networks. Such a structure is
depicted in Fig. 5.3, which also shows possible inter-
connections with other networks.

We now consider the power system scenario in Italy,
which is representative of the situation in quite a few

other countries. The aim of the power system in Italy is
to meet the demand for electricity 24 h a day, 365 days
a year. This demand arises from:

� 700 HV users (20%)� 100 000 MV users (35%)� 35 000 000 LV users (20% domestic, 25% others).

Up to the end of the twentieth century, this aim was
accomplished using a number of thermal power plants
equipped with steam turbines driven by traditional fuels
(coal, oil, gas, etc.) or with gas turbines and/or hydro-
electric plants (with a reservoir or basin, or the fluent-
water type). Over the last couple of decades, however,
the increasing popularity of so-called distributed gen-
eration, which often utilizes renewable energy sources,
has led to some significant changes to the traditional
power system structure. In Italy, as well as in many
other countries, a considerable amount of power has
been connected to the distribution network (LV and
MV). To realize large power values (e.g., larger than
10MW), renewable energy sources (RESs) must to be
connected directly to the HV network, which is in turn
interconnected to the synchronous grid of continental
Europe. This structure is depicted in Fig. 5.4; note the
presence of microgrids—small networks of electricity
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Alternator

Turbine

Adductor
system
and valves Excitation

system

Generation Distribution Utilization

Step-down transformer

...

...

...

...

......

RES
(> 10 MW)

Microgrids Distributed
generation

Examples of rated voltages in
Italy (main values are in bold)

Transmission UHV above 800 kV
 EHV and HV 380 kV
  220 kV

Distribution  HV 150 kV
(or sub-transmission) 132 kV
  60 kV

Distribution MV 30 kV
  20 kV
  15 kV
  10 kV

Distribution LV 400 V
  230 V

Fig. 5.4 Basic elements of a modern electric power system; note the inclusion of distributed generation, which is connected to
the MV and LV distribution networks, as well as the presence of microgrids and a massive amount of renewable energy sources
(RES) that is connected to the HV network (adapted from [5.9])

users with a local source—that are usually attached to
the centralized national grid but are also able to func-
tion independently. The relatively complex operation of
modern networks such as this will be briefly addressed
in Sect. 5.9.

In Italy, there are over 560 000 power plants (includ-
ing thermal, hydro, and RES plants), one transmission
system operator – Terna (https://www.terna.it), which is
part of the European Network of Transmission System
Operators for Electricity, ENTSO-E –, and 150 entities
that are involved in distribution.

If an electric power system is to accomplish its mis-
sion, a number of classical issues must be addressed:

� Planning� Unit commitment and economic dispatch (accord-
ing to market constraints)� Power flow� Fault analysis and protection system design� Frequency control and voltage control� Stability

� Insulation coordination and protection against the
effects of lightning and overvoltages� Power quality.

Due to its introductory nature, this chapter will ignore
all aspects relating to the planning of power systems
and those concerning the generation of power (i.e., tra-
ditional power station or RES generating plant design,
operation and control, unit commitment, and economic
dispatch). Nor are power system relays, insulation co-
ordination, protection against overvoltages, and power
quality covered here; most of these topics are dealt with
in other chapters of this handbook.

In what follows, we shall focus on the fundamen-
tals of transmission line theory in both the steady-state
and transient regimes, on power flow and fault analysis,
on stability assessment, and on frequency (and voltage)
control, in order to impart the technical background
required to understand and develop modern power sys-
tems as well as upcoming power systems (the topic
covered in the last section of the chapter).

https://www.terna.it
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5.3 Transmission Line Equations in the Steady State

5.3.1 The Telegrapher’s Equations

Let us consider a symmetrical, balanced, three-phase
line in a sinusoidal steady state. By making these
assumptions, we can refer to the positive-sequence
single-phase equivalent model of the line. The relevant
distributed parameter circuit is represented in Fig. 5.5.
The infinitesimal element dx is located a distance x from
the origin of the line. Therefore, the reference frame is
oriented in the positive direction from the start of the
line—where we can imagine a power source to be lo-
cated (indicated by the subscript p)—to the end of the
line, where the power arrives (indicated by the subscript
a).

In Fig. 5.5, r and l are the resistance and inductance
of the line per unit length, while c and g are the capaci-
tance and conductance per unit length.

We define the primary parameters of the line as fol-
lows:

� Longitudinal impedance per unit length

z D rC j!l Œ�m�1� (5.1)

� Transverse admittance per unit length

y D gC j!c Œ�m�1� : (5.2)

Derivation and Integration of the Equations
Utilizing Steinmetz’s symbolic notation and setting
e.x; j!/D Ex and i.x; j!/D Ix, the line equations can
be derived by applying Kirchhoff’s voltage law to the
positive-oriented loop in Fig. 5.5, thus obtaining (5.3)
below, and Kirchhoff’s current law to the bus, thus
obtaining (5.4). In these equations, higher-order in-
finitesimals are neglected.

dEx

dx
C zIx D 0 (5.3)

Ip
– Ix

– Ia
–

–Ep
–Ex

–Ea

rdx

gdx

jωl' dx

jωc' dx

–
dEx

x dx

–
dIx

– –Ix + dIx

– –Ex + dEx
+

Fig. 5.5 Single-phase representation
of a three-phase line in a symmetrical,
balanced, sinusoidal steady state

dIx
dx

C yEx D 0 : (5.4)

Differentiating (5.3) and (5.4) with respect to x
yields the differential equations

d2Ex

dx2
C z

dIx
dx

D 0 (5.5)

d2Ix
dx2

C y
dEx

dx
D 0 : (5.6)

Upon combining (5.5) with (5.4) and (5.6) with
(5.3), we obtain

d2Ex

dx2
� zyEx D 0 (5.7)

d2Ix
dx2

� zyIx D 0 : (5.8)

We define the following secondary parameters of
the line:

� Propagation constant

� Dp

zy D ˛Cjˇ D
p

.rC j!l/.gC j!c/ Œm�1�

(5.9)

� Characteristic impedance

Z0 D
s

z

y
D
s

rC j!l

gC j!c
Œ�� : (5.10)

The real and imaginary parts of the characteristic
impedance are the attenuation constant ˛ and the phase
or distortion constant ˇ, which are given by the expres-
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sions

˛ D
r

1

2

h
p

.r2 C!2l2/.g2 C!2c2/C rg�!2lc
i

(5.11)

ˇ D
r

1

2

h
p

.r2 C!2l2/.g2 C!2c2/� rgC!2lc
i

:

(5.12)

It is worth noting that ˛ D 0 and ˇ D !
p
lc for

a lossless line.
Under steady-state conditions and at a frequency of

50Hz, typical values for the phase constant are as fol-
lows:

� Overhead line: ˇ D 1�10�6 radm�1

� Cable line: ˇ D .3�5/�10�6 radm�1.

When there are losses, typical values for the attenuation
constant are as follows:

� Overhead line: ˛ D .0:05�0:5/�10�6 m�1

� Cable line: ˛ D .0:2�2/�10�6 m�1.

If the primary line parameters are constant, the general
integrals of (5.7) and (5.8) are

Ex D K1e
�x CK2e

��x (5.13)

Ix D 1

Z0

��K1e
�x CK2e

��x� : (5.14)

Alternatively, using hyperbolic functions, the solu-
tions to (5.7) and (5.8) can be expressed as

Ex D �

C1 cosh �xCC2 sinh �x
�

(5.15)

Ix D 1

Z0

��C1 sinh �x�C2 cosh �x
�

: (5.16)

The constants in (5.13)–(5.16) can be determined by
setting appropriate boundary conditions; for instance,
by fixing the conditions at the left termination of the
line (Ex

ˇ

ˇ

xD0
D Ep and Ix

ˇ

ˇ

xD0
D Ip).

If we impose these conditions and introduce (5.13)
and (5.14), we obtain the system

Ep D K1 CK2 (5.17)

Ip D 1

Z0
.�K1 CK2/ ; (5.18)

which yield

Ex D 1

2

�

Ep �Z0Ip
�

e�x C 1

2

�

Ep C Z0Ip
�

e��x

(5.19)

Ix D 1

2

 

Ip � Ep

Z0

!

e�x C 1

2

 

Ip C Ep

Z0

!

e��x :

(5.20)

On the other hand, if we use (5.15) and (5.16), we
obtain

Ep D C1 (5.21)

Ip D 1

Z0

��C2
�

; (5.22)

which give

Ex D Ep cosh �x�Z0Ip sinh �x (5.23)

Ix D Ip cosh �x� Ep

Z0
sinh �x : (5.24)

It is worth noting that (5.19) and (5.20) are equiva-
lent to (5.23) and (5.24), respectively.

Choosing a reference frame oriented in the opposite
direction (i.e., with x increasing from the right terminal
of the line to the left), the solutions to the line equations
can be expressed by introducing a change of variable of
the type Qx D �x into (5.19) and (5.20). Moreover, the
boundary conditions for the left-hand side of the line
(x D 0) become Ex

ˇ

ˇ

xD0 D Ea and Ix
ˇ

ˇ

xD0 D Ia, leading
to the equations

Ex D 1

2

�

Ea CZ0Ia
�

e�x C 1

2

�

Ea � Z0Ia
�

e��x (5.25)

Ix D 1

2

�

Ia C Ea

Z0

�

e�x C 1

2

�

Ia � Ea

Z0

�

e��x :

(5.26)

Using hyperbolic functions, the expressions become

Ex D Ea cosh �xCZ0Ia sinh �x (5.27)

Ix D Ia cosh �xC Ea

Z0
sinh �x : (5.28)

Direct and Inverse Waves
Let us consider the solutions to the line equations (5.25)
and (5.26), where the positive x direction is oriented
from the load to the generator (from right to the left).
These equations show that either the voltage distribu-
tion or the current distribution can be considered the
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ω ω

λ/2 λ/4 x

x

x

yy

0

0

zz Fig. 5.6 Voltage distribution along
an infinitely long lossless line in the
steady state and at 50 Hz (adapted
from [5.36])

result of two components. The first component, propor-
tional to e�x, is called the direct wave, which increases
in the positive x direction. The second component,
proportional to e��x, is called the inverse wave and
decreases in the positive x direction. Similar considera-
tions are valid for (5.27) and (5.28), where the positive
x direction is oriented from the generator to the load.

With reference to (5.25), we set

Ed D Ea C Z0Ia
2

(5.29)

Er D Ea � Z0Ia
2

; (5.30)

where the symbols have obvious meanings. The voltage
at a generic point x along the line can then be expressed
as

Ex D Ede�x CEre��x : (5.31)

The superposition of the direct and inverse waves deter-
mines the line operation and consequently the voltage
and current distributions along the whole line.

Intuitively, all of these considerations for the volt-
age can also be applied to the current, which leads us
to

Ix D Ed

Z0
e�x � Er

Z0
e��x : (5.32)

Finally, it should be noted that the inverse wave (i.e., the
second terms of (5.19) and (5.20) or (5.25) and (5.26))
is equal to zero in the case of an infinitely long line.

Propagation Wavelength and Propagation
Speed

Let us consider the voltage distribution along a lossless
line of infinite length under steady-state conditions and
a frequency of 50Hz. The propagation wavelength is
defined as the distance � such that

�ˇ D 2 ) �D 2 

ˇ
Œm� ; (5.33)

i.e., such that two measured voltage phasors separated
by a distance of � are in phase (i.e., the distance be-
tween two consecutive maxima in Fig. 5.6).

In the additional material for this chapter, there is
an an animation that demonstrates the voltage and cur-
rent propagation (sinusoidal waveforms at the utility
frequency) for a matched line and for a line termi-
nated at a resistance that differs from the characteristic
impedance.

The wave propagation speed as a function of the fre-
quency f is

v D �f D 2 f

ˇ
D !

ˇ
Œm s�1� : (5.34)

For a lossless overhead line, the propagation speed is

va D !

ˇ
D 1p

lc
D 1p

�0"0
D 3�108 Œms�1� :

(5.35)

Therefore, the propagation speed is equal to the speed
of light in vacuum and is not dependent on the line ge-
ometry. If losses cannot be ignored, the speed will be
slightly lower.

The wavelength is inversely proportional to the fre-
quency, so

At 50HzW �a D v

f
D 3�108

50
D 6�106 m

At 60HzW �a D v

f
D 3�108

60
D 5�106 m:

If losses are considered, these values will be slightly
lower.

For a lossless cable line with a relative permittiv-
ity "r D 3:5, the propagation speed and wavelength are
calculated as

vc D 1p
3:5�0"0

D 1:6�108 Œm s�1� (5.36)

�c D vc
f

D 1:6�108
50

D 3:2�106 Œm� : (5.37)
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Let us consider a voltage wave with a generic profile
for a generic angular frequency !. If the Heaviside con-
dition r=g D l=c is respected, then ˛ D p

rg and ˇ D
!

p
lc, therefore v D 1=

p
lc, which means that both ˛

and v are independent of !; the transmitted voltage
waveform along the line is not distorted, only atten-
uated. Although this fact is not relevant for power
transmission lines at the utility frequency, it is impor-
tant for telecommunication lines.

Line Terminated with its Characteristic
Impedance

Let us now consider a line with a load equal to the char-
acteristic impedance Z0, such that

Z2 D Ea

Ia
D Z0 : (5.38)

In this case, we obtain the important relationships
8

ˆ

ˆ

<

ˆ

ˆ

:

Ex D Eae
�x

Ix D Iae
�x

Ex

Ix
D Ea

Ia
D Z0 :

(5.39)

The propagation of voltage and current waves along
a line that terminates on its characteristic impedance is
equivalent to the case in which the line is infinitely long,
since the ratio of the voltage to the current is the same
at every point along the line. As a consequence, voltage
and current waves that are directed to the load are not
affected by any reflection.

For a lossless line, the characteristic impedance is
a real quantity, and its value is expressed as

Z0 D
r

l

c
: (5.40)

In this particular case, the characteristic impedance is
called the surge impedance.

Figures 5.7 and 5.8 show the value of the surge
impedance in some practical cases.

Natural Power
The complex power at the termination in the case where
the line terminates on its characteristic impedance is
given by

S0a D P0a C jQ0a D 3EaI
�
a D 3Ea

E
�
a

Z
�
a

D Va
2

Z0.cos � j sin /
D Va

2

Z0
.cos C j sin / :

(5.41)

D

d
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c �

d

24.2
2D ×10−12 (F/m)
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l ��0.46log
d

  ×10−6 (H/m)
2D(    )

(    )l 2D
c

Z0 = d
��138log

Fig. 5.7 Formulas for the positive sequence line parame-
ters of lossless overhead transmission lines

D

d

a

√

1

0

n
nn D dZ

d a

�

(   )� 138log    2

Fig. 5.8 Formulas for the positive sequence line param-
eters of lossless overhead transmission lines with bundle
conductors

For a lossless line, we obtain

P0 D Va
2

Z0
; (5.42)

which is called the natural power.
Under these conditions, the line transmits active

power to the load without absorbing reactive power (the
power factor is equal to 1), i.e.,

Z0
2 D Ex

2

Ix2
D !ldx

!cdx
: (5.43)

For each infinitesimal element of the line, we can ob-
serve that

!ldxIx
2 D !cdxEx

2 : (5.44)

This equation gives perfect compensation between the
electromagnetic energy and the electrostatic energy of
the line (i.e., the line is compensated regarding the
reactive power). Therefore, the voltage magnitude is
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Table 5.2 Typical surge impedance and characteristic
power values for overhead lines

Voltage Overhead line
(kV) Z0 (P) P0 (MW)
20 400 1
50 400 6
132 400 44
220 390 124
380 260 560
700 240 2000
1000 240 � 4000

Voltage Overhead line
(kV) Z0 (P) P0 (MW)
20 400 1
50 400 6
132 400 44
220 390 124
380 260 560
700 240 2000
1000 240 � 4000

constant along the line. This represents ideal operating
conditions for an overhead line (not for a cable line,
as surge impedances are one order of magnitude lower
in that case, so current values would be too high). Ta-
ble 5.2 shows typical values of the surge impedance and
characteristic power for overhead lines.

5.3.2 The Line as a Two-Port Network

A single conductor line in steady state can be repre-
sented as two port passive network as shown in Fig. 5.9,
therefore voltage and currents at one port can be ex-
pressed as

Ep D AEa CBIa

Ip D CEa CDIa : (5.45)

The system considered has two degrees of freedom,
which are characterized by two independent relation-
ships between four quantities (voltages and currents)
that identify the electric states of the two pairs of ter-
minals.

Using hyperbolic functions, the constants A;B;C,
and D can be expressed as

8

ˆ

<

ˆ

:

A D D D cosh �L

B D Z0 sinh �L

C D 1
Z0

sinh �L :

(5.46)

The constantsA;B;C, andD are called chain matrix pa-
rameters. It is easy to verify that the two-port network
is symmetric (A D D) and reciprocal (AD�BC D 1).

The chain matrix parameters have the following
characteristics:

� Constant A: the ratio between the input and output
voltages of the open line or between the input and
output currents of the short-circuited line. This con-
stant is a pure number and can be expressed via

Ep
– Ea

–

Ip
– Ia

–

Fig. 5.9 Two-port network representation of a transmis-
sion line

the Cartesian coordinates a1 C ja2.a1 < 1I a2 � 1/
or the polar coordinates Aej˛A .� Constant B: the ratio of the input voltage to the
output current of the short-circuited line. This ra-
tio has the dimensions of an impedance and can
be expressed via the Cartesian coordinates b1 C
jb2 (b1 � rL D RI b2 � xL D X) or the polar coordi-
nates BejˇB (B � Z, the total longitudinal impedance
of the line).� Constant C: the ratio between the input current and
the output voltage of the open line. It has the dimen-
sions of an admittance and can be expressed via the
Cartesian coordinates c1C jc2 (c1 is really small and
usually negative when the line is really long, and
c2 � B is the susceptance of admittance Y) or the
polar coordinates Cej�C (C � Y , the total transverse
admittance of the line). A passive reciprocal two-
port network can always be represented by three
impedances or admittances that are connected to
form a ˘ circuit, as represented in Fig. 5.10, or a T
circuit. The equations relevant to the equivalent  
circuit of a generic line are

YL D Y
tanh.�L=2/

�L=2

Zm D Z
sinh �L

�L
: (5.47)

For lines with typical lengths (i.e., 50 km< L<
200 km) in the steady state, we can assume that
sinh �L � �L and tanh.�L=2/� �L=2, which in turn
yield

Ya D Yb D Y

Zm D Z : (5.48)

In this case the calculation of the parameters of the
equivalent circuit is simplified, as shown in Fig. 5.11.
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E1
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Zm
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I1
–

E2
–

I2
–

YL
–

2
YL
–

2

Fig. 5.10 Equivalent ˘ circuit of a transmission line

E1
–

Z–
I1
–

E2
–

I2
–

Y–

2
Y–

2

Fig. 5.11 Equivalent ˘ circuit of a short transmission line

5.3.3 Transmitted Active and Reactive
Power Expressions

Let us consider the equations

Ep D AEa CBIa

Ip D CEa CDIa ; (5.49)

which are relevant to the phasor diagram of Fig. 5.12.
This phasor diagram is known as a Perrine–Baum dia-
gram.

When the line is open, we can see that Ep < Ea

(known as the Ferranti effect).
The voltage drop along the line varies with the load;

e.g.,

Pa C jQa.R/! voltage drop D 21%

Pa.R
0/! voltage drop D 6% :

In order to compensate for the voltage drop by keeping
the absorbed active power Pa constant, it is necessary
to ensure that the end of phasor Ep coincides with R00.
In this configuration, the load has to be capacitive. We
should therefore generate the reactive power Q D RR00
at the end of the line. The fraction RR0 is absorbed by
the load, while the fraction R0R00 is necessary to com-
pensate for the reactive power absorbed by the line.

Some Remarks on the Transmitted Active
and Reactive Power

The absolute value of the complex power at the end of
the line is (superscript * for phasors denotes their con-
jugate)

Sa D Pa C jQa D 3EaI
�
a : (5.50)

Observing that

Ep D AEa CBIa ) Ia D Ep �AEa

B

) Sa D 3Ea

 

Ep �AE
�
a

B
�

!

; (5.51)

assuming that Ea is real, and introducing � as the phase
difference between Ep and Ea, we obtain

Sa D Pa C jQa D 3
EaE

�
p

B
� � 3

EaE
�
aA

�

B
�

D 3
EaEp

B

e�j�

e�jˇB
� 3

E2
aA

B

e�j˛A

e�jˇB

D 3
EaEp

B
ej.ˇB��/ � 3E2

a
A

B
ej.ˇB�˛A/

D 3EaEp

B
cos.ˇB � �/� 3E2

a
A

B
cos.ˇB � ˛A/

C j
�

3EaEp

B
sin.ˇB � �/� 3E2

a
A

B
sin.ˇB �˛A/

�

:

(5.52)

Therefore,

Pa D 3EaEp

B
cos.ˇB � �/� 3E2

a
A

B
cos.ˇB � ˛A/

(5.53)

Qa D 3EaEp

B
sin.ˇB � �/� 3E2

a
A

B
sin.ˇB �˛A/

(5.54)

Pp D �3EaEp

B
cos.ˇB C �/C 3E2

p
A

B
cos.ˇB � ˛A/

(5.55)

Qp D �3EaEp

B
sin.ˇB C �/C 3E2

p
A

B
sin.ˇB � ˛A/ :

(5.56)

If the line is lossless and transverse capacities are
neglected (˛A D 0, A D 1, ˇB D  =2, and B D X), the
expressions assume the simplified forms

Pp D Pa D 3EpEa

X
sin � (5.57)
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Line characteristics
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Fig. 5.12 Perrine–Baum diagram
(adapted from [5.3])

Pp D Pa D 3EpEa

X
sin � (5.58)

Qa D 3Ea

X
.Ep cos � �Ea/ (5.59)

Qp D 3Ep

X
.Ep �Ea cos �/ ; (5.60)

which leads us to conclude that:

� The active power flow P is proportional to the sine
of the phase shift � (i.e., the difference between the
voltage phases of the line terminals).� The reactive power flowQ is proportional to the dif-
ference between the magnitudes of the voltages at
the line terminals, and the sign of Q also depends
on that difference. Note that the function cos � does
not vary much for small values of the argument (typ-
ically, � D 10�25ı).

5.4 Load Flow

5.4.1 From the Real Network
to the Admittance Matrix

A classical transmission network essentially comprises:

� Buses, which may be divided into generation buses
(corresponding to the terminals of the alternators
or, in general, the electric power sources), reactive
compensation buses (corresponding to synchronous
and static compensator terminals), interconnection
buses (where many lines are connected to each
other), and load buses (which supply the equivalent
loads seen by the high-voltage network)� Capacitor banks� Transformers

� Reactors� Lines; either overhead lines or cable lines that con-
nect the various buses.

The study can be simplified by focusing only on the
high-voltage part of the network and assuming that
the parts at lower voltages, namely the distribution
network, can be represented by their equivalent con-
centrated loads. Even so, the network is remarkably
complex; for example, the Italian 380�220 kV network
shown in Figs. 5.13 and 5.14 contains hundreds of
buses, while the inclusion of the 132 kV network boosts
this up to a thousand buses.

For the load flow study (also commonly denoted as
power flow study) a number of assumptions are made.
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Plants
380 kV NTG substation
380 kV non-NTG or CP substation
User substation
Thermoelectric power station
Hydroelectric power station

380 kV NTG line
380 kV NTG double circuit line
Line ≥ 400 kVcc NTG, cable
380 kV non-NTG line
380 kV non-NTG double circuit line

Lines

0 50 100 200
km

Fig. 5.13 Italian 380 kV network on
31.12.2018 (https://www.terna.it)

The three-phase symmetricandbalancednetwork is in its
steady state; the parameters and the configuration of the
systemaswell as the loadpower request areconsidered to
be constant. We also assume all the electric components
are linear. All voltages, power flows, and impedances
will be represented by their per-unit values. The active
power injected by the generators at the buses is known.

Based on these assumptions, the load flow prob-
lem consists of determining the real and reactive power
flowing in various components of the network (lines
and transformers) under steady-state conditions. As the
structure of the system and the values of the admittances
of the network are known, the real and reactive power
flow on each branch as well as the reactive power output
of the generators can be determined analytically once
the bus voltages are known. For this reason, the goal
of a load-flow study is to determine voltage phase and
magnitude values for each bus of a power system.

There are several reasons we need load-flow stud-
ies:

(a) To determine—on a daily basis, or more precisely
every quarter of an hour—the network operating

conditions that best satisfy the required load under
secure conditions and with the minimum opera-
tional cost

(b) To plan the expansion of a power system (either
long- or medium-term planning, in which plans are
made for 5�15 years into the future, or short-term
planning, in which the plans are made for 1�3 years
ahead)

(c) To monitor and control the network in real time.

Nodal Analysis of the Network
Nodal analysis of the network involves determining the
voltages at the various nodes (buses) of the network in
terms of the branch currents. It is important to bear in
mind that each component of the network can be re-
placed by its n-port representation, as shown in Fig. 5.15.

Using the assumptions mentioned above, let us con-
sider a generic bus of a network containing nC1 buses,
including g generation buses and u load buses, as shown
in Fig. 5.16. Conductor nC 1 is the reference bus or
neutral. Note that buses that are neither generation nor
load buses (interconnection buses) can be seen as either

https://www.terna.it
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Fig. 5.14 Italian 230 kV network on
31.12.2018 (https://www.terna.it)

generation or load buses with zero active and reac-
tive power injected or absorbed, respectively. The total
number of buses in the network, nC 1, is not necessar-
ily equal to gC uC 1, as we need to have at least one
bus that is not a generation or load bus. The network
consists of m branches, each of which is characterized
by a single linear admittance.

For the generic bus, or node i, we shall make use of
the following notation:

� Ei is the bus voltage� Ii is the nodal current (i.e., the current supplied by
the generator or absorbed by the load connected to
the bus)� Iij is the current flowing in the branch that connects
node i to node j� yij is the admittance between nodes i and j� yi0 is the sum of all the admittances between the ith
node and the neutral.

For the currents flowing in the branches connected to
node i, we get

8

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

:

Ii0 D yi0Ei

Ii1 D yi1
�

Ei �E1
�

:::

Iin D yin
�

Ei �En
�

;

(5.61)

and by using the Kirchhoff law, we obtain

Ii D yi0Ei C yi1
�

Ei �E1
�C � � � C yin

�

Ei �En
�

D .yi0 C yi1 C � � � C yin/Ei � yi1E1 � � � � � yinEn

D .yi0 C yi1 C � � � C yin/Ei �
n
X

hD1
h¤i

yihEh :

(5.62)

https://www.terna.it
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Fig. 5.15 (a) One-line diagram of a three-bus power network (buses 3, 4, and 5) with two generators (connected at buses
1 and 5) that supply one equivalent load impedance (connected at bus 3). (b) Relevant circuit representation where each
generator is represented by its Norton equivalent one-port circuit and each line is represented by its two-port p equivalent
circuit, and (c) simplified version of this circuit in which line admittances connected to the same bus have been added to
each other. Voltage, current, and admittance symbols with dots are complex quantities (adapted from [5.2])
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Fig. 5.16 Network presentation used for nodal analysis

Setting

Yii D yi0 C yi1 C � � � C yin D
n
X

hD0

yih

Yi1 D �yi1
:::

Yin D �yin ; (5.63)

we get

Ii D Yi1E1 CYi2E2 C � � � C YiiEi C � � � C YinEn

D
n
X

hD1

YihEh (5.64)

and, analogously for the other buses,
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ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

I1 D Y11E1 C � � � CY1hEh C � � � CY1nEn

:::

Ih D Yh1E1 C � � � CYhhEh C � � � CYhnEn

:::

In D Yn1E1 C � � � CYnhEh C � � � CYnnEn :

(5.65)
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These equations can be conveniently written in matrix
form as

2

6

6

6

6

6

6

4

I1
:::

Ih
:::

In

3

7

7

7

7

7

7

5

D

2

6

6

6

6

6

6

4

Y11 : : : Y1h : : : Y1n
:::

:::
:::

:::
:::

Yh1 : : : Yhh : : : Yhh
:::

:::
:::

:::
:::

Yn1 : : : Ynh : : : Ynn

3

7

7

7

7

7

7

5

�

2

6

6

6

6

6

6

4

E1
:::

Eh
:::

En

3

7

7

7

7

7

7

5

:

(5.66)

Using a compact notation, we get

�

I
D �

Y
 �

E


; (5.67)

where Y is the admittance matrix of the network.
The elements of Y satisfy a number of conditions

(see also (5.63)), as follows.
The off-diagonal elements Yij are called mutual ad-

mittances of the buses, and each equals the negative of
the sum of all admittances connected directly between
the buses i and j, i.e.,

Yij D �yij D Ii
ˇ

ˇ

EjD1
EhD0 8h¤j

: (5.68)

The diagonal elements Yii are called self-admittances
of the buses, and each equals the sum of all the ad-
mittances connected to the buses identified by double
subscripts, i.e.,

Yii D yi0 C
X

yij D Ii
ˇ

ˇ

EiD1
EjD0 8j¤i

: (5.69)

The calculation of the admittance matrix is demon-
strated as an exercise in the supplementary material for
this chapter.

Admittance Matrix Update
The previous equations provide the relationship be-
tween the bus impedance and the admittance matrix.
However, it is possible for the topology of the power
system to change due to the connection or disconnec-
tion of a line, a transformer, etc. Below, we show that
it is not necessary to redetermine the admittance matrix
from scratch in this case. Before doing so, however, we
examine the three basic changes that can occur to an n-
bus network:

1. The addition of bus nC1, which is connected to the
generic bus k with an admittance ynC1;k.

The updated matrix order is now nC 1.
Bus k is the only bus adjacent to the new bus.
Therefore, the only change in the matrix is the kth
self-admittance.
By denoting the parameters of the updated matrix
with a prime symbol, we get

Y 0
k;k D Yk;k C ynC1;k

Y 0
nC1;nC1 D ynC1;k

Y 0
nC1;k D Y 0

k;nC1 D �ynC1;k : (5.70)

All the other elements of the .nC 1/th row and col-
umn of matrix ŒY0� are equal to zero.

2. The addition of an admittance y�
k;0 from an existing

bus k to the reference bus.
In this case, the matrix order does not change.
The only term that must be updated is the self-
admittance of bus k, i.e.,

Y 0
k;k D Yk;k C y�

k;0 : (5.71)

3. The addition of an admittance y�
k;i between two

generic buses k and i.
Again, the matrix order does not change; the
only terms that need to be updated are the self-
admittances of buses k and i and their relative
mutual admittances such that

Y 0
k;k D Yk;k C y�

k;i

Y 0
i;i D Yi;i C y�

k;i

Y 0
k;i D Y 0

i;k D Yi;k � y�
k;i : (5.72)

When appropriately combined and repeated, the three
basic operations described above allow the admittance
matrix to be updated for any physical modification of
the network configuration.

Let us now consider a few typical cases:

� A line (represented by its  -equivalent two-port cir-
cuit) is added between two existing buses k and i.
In this case, operation (2) is applied twice and oper-
ation (3) once.� A new line (represented by its  -equivalent two-
port circuit) is added that connects an existing bus k
in the network with a new bus (nC 1).
Here, operation (1) is applied once and operation (2)
twice.� A line between two buses is disconnected.
Removing a branch is equivalent to adding admit-
tances with opposite values to the admittances that
are already present in the network. Hence, this case
is analogous to the first one, but with opposite ad-
mittance values.
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5.4.2 The Equations

In an n-bus system, the n voltages and the n complex
currents are related by n equations with complex vari-
ables and coefficients. These relationships comprise the
internal or network constraints. The 2n complex volt-
ages and currents are equivalent to 4n real variables. On
the other hand, the n equations with complex variables
and coefficients are equivalent to 2n linear equations
with real variables and coefficients that can be ob-
tained by separating the real and imaginary parts (or
magnitudes and arguments). Thus, among the 4n real
variables, 2n can be set arbitrarily, and the remaining
2n can be calculated by solving the system of network
equations.

When the solution to the system of equations has
been evaluated and the bus voltages and currents have
been determined, the active and reactive power ab-
sorbed and injected in the buses along with the power
and current flows along the lines and the active and re-
active power losses can be determined relatively simply.
If the operating conditions of the network can be effec-
tively represented by imposing only RMS values and
phases of bus voltages and currents as external con-
straints, it follows from the above discussion that the
power flows can be calculated by solving a system of
linear equations.

In practice, the operating conditions imposed on the
networks—the external constraints—are expressed by
setting other quantities. This implies that the system of
equations to be solved becomes nonlinear, as will be
clarified shortly.

In particular:

� For load buses, the quantities that are generally set
are the active and reactive power required at the
buses: P�

i and Q�
i . It is worth noting that the use

of constant admittances to represent loads is not
generally appropriate. Consider, for instance, asyn-
chronous motors, which absorb active power almost
independently of the voltage (for voltage variations
of ˙10%), thus conflicting with the quadratic law
that applies to impedances. Moreover, the depen-
dence on the voltage is expressed by the general
relations

P D P0

�

V

V0

�˛p

(5.73)

Q D Q0

�

V

V0

�˛q

; (5.74)

where the values of the exponentials depend on the
nature of the load (they vary between 0 and 2).

� For generation buses, it is convenient to set the gen-
erated active power P�

i and the RMS value of the
voltage at their terminals E�

i . The power P�
i is as-

sumed to be equal to the power that each generation
unit must provide in accordance with the optimal
repartition plan of the total grid demand among all
production plants (namely the result of the dispatch-
ing problem, which will be briefly summarized at
the end of this section). Setting the voltage E�

i in-
stead of the reactive power Q�

i is convenient for
various reasons. First, fixing the voltage value (at
a value between En and 1:1En, depending on the
distance between the generation bus and the loads)
leads to rapid convergence of the numerical pro-
cedure that is used to solve the nonlinear system
of equations. Second, the reactive power of each
generator can be varied by acting on the excitation
system. Clearly, it will then be necessary to check
that the upper and lower limits on Q imposed by
the capability curves of each generator are not ex-
ceeded, and—more generally—that the maximum
active and reactive power loadings can be supplied
without exceeding the heating limits of each gener-
ator.

It is important to realize that it is not possible to fix the
active power at an arbitrary value for each and every
generation and load bus simultaneously. This would be
equivalent to arbitrarily fixing the power losses of the
network, which actually depend on the solution we are
seeking. It is therefore possible to fix a maximum of
.n�1/ active power values. It is useful to fix the magni-
tude and the phase of the voltage for the nth bus, which
is commonly termed the slack bus. The real power at
this bus will be equal and opposite to the sum of all real
load powers, all of the network losses, and all the real
powers of the other generators. The slack bus is com-
monly considered to be a generation bus with a high
capability for real power generation, and it is also the
phase-reference bus (arg.E/D 0).

Table 5.3 summarizes the types of buses that we
have defined so far.

Because the operating conditions of the grids (exter-
nal constraints) are expressed mainly by setting power

Table 5.3 Types of buses used in a power network, and
relevant electric quantities to be imposed and determined

Type of bus Fixed quantities
(2n)

Quantities to be
determined
(2n)

Generation buses PG EG QG arg.EG/

Load buses PL QL EL arg.EL/

Slack bus En arg.En/D 0 Pn Qn

Type of bus Fixed quantities
(2n)

Quantities to be
determined
(2n)

Generation buses PG EG QG arg.EG/

Load buses PL QL EL arg.EL/

Slack bus En arg.En/D 0 Pn Qn
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values rather than currents, we can conclude from the
above considerations that the equation system to be
solved becomes nonlinear, as further clarified below.

Cartesian Coordinates
The following notation will be used for the equations in
Cartesian coordinates

Ei D E0
i C jE00

i voltage at bus i

Eh D E0
h C jE00

h voltage at bus h

Yih D Gih C jBih element ih of admittance matrix ŒY� ;

(5.75)

where the meanings of the symbols are obvious.
The complex power injected or absorbed at each bus

is

Si D Pi C jQi D EiIi : (5.76)

Given that

Ii D
n
X

hD1

YihEh ) Ii D
n
X

hD1

YihEh ; (5.77)

(5.76) becomes

Si D Ei

n
X

hD1

YihEh

D .E0
i C jE00

i /

n
X

hD1

.Gih � jBih/.E
0
h � jE00

h/ : (5.78)

The active and reactive powers of the ith node will
therefore be expressed as
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ˆ
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ˆ

ˆ

ˆ

:

Pi D E0
i

Xn

hD1
.GihE

0
h �BihE

00
h /

CE00
i

Xn

hD1
.BihE

0
h CGihE

00
h/

Qi D �E0
i

Xn

hD1
.BihE

0
h CGihE

00
h/

CE00
i

Xn

hD1
.GihE

0
h �BihE

00
h/ :

(5.79)

Recall that g and u are used to indicate the number of
generator nodes and users (loads), respectively. Since
we also need to account for one slack bus, it follows
that gC u D n� 1.

In Cartesian coordinates, the entire system of equa-
tions takes the form
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ˆ
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ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

E00
i D 0

i D n for slack bus only

E�
i
2 D E0

i
2 CE00

i
2

i D 1; 2; : : :; gC i D n for g generation buses

C slack bus

P�
i D E0

i

Pn
hD1.GihE0

h �BihE00
h /

CE00
i

Pn
hD1.BihE0

h CGihE00
h/

i D 1; 2; : : :; gC u for generation buses

Cu load buses

Q�
i D �E0

i

Pn
hD1.BihE0

h CGihE00
h/

CE00
i

Pn
hD1.GihE0

h �BihE00
h/

i D gC 1; : : : ; gC u for load buses ;

(5.80)

where an asterisk indicates a quantity that is set (i.e.,
imposed by the transmission system operator). Thus,
we eventually obtain 1C .gC1/C .gCu/Cu D 2.gC
uC 1/D 2n equations.

Polar Coordinates
The following notation will be used for the equations in
polar coordinates, where 'i and �i are the arguments of
the current and the voltage of the ith bus, respectively,
and �ih is the argument of the admittance Yih:

� Ei D Eiej�i is the voltage of the ith bus� Ii D Iiej'i is the current of the ith bus� Yih D Yihej�ih is element ih of the admittance matrix.

The complex power injected or absorbed at each bus is

Si D Pi C jQi D EiIi : (5.81)

Thus, using (5.67) for the current, we get

Si D Ei

n
X

hD1

YihEh D
n
X

hD1

EiYihEh

D
n
X

hD1

EiEhYihe
j.�i��h��ih/ : (5.82)
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The real and reactive power at the ith bus are therefore
8

<

:

Pi D
Xn

hD1
EiEhYih cos .�i � �h � �ih/

Qi D
Xn

hD1
EiEhYih sin .�i � �h � �ih/ :

(5.83)

The entire system of equations in polar coordinates
takes the form
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:

0 D �i

i D n for the slack bus only

E�
i D Ei

i D 1; 2; : : : ; g and i D n

for the slack bus and the generation buses

P�
i D Ei

Pn
hD1 EhYih cos .�ih � �ih/

i D 1; 2; : : : ; gC u for load and generation buses

Q�
i D Ei

Pn
hD1 EhYih sin .�ih � �ih/

i D gC 1; : : : ; gC u for u load buses ;

(5.84)

where, as before, an asterisk indicates a quantity that
is set (imposed by the transmission system operator).
Also, we again ultimately obtain 1C.gC1/C.gCu/C
u D 2n equations, of which gC 2 are identities.

Power Flow
The power flowing from bus i to bus h is given by

Sih D Pih C jQih D Ei
�

Ei �Eh

�

y
ih

CE2
i yi.ih/ :

(5.85)

In polar coordinates,

Sih D Ei
�

Ei �Eh

�

y
ih

CE2
i yi.ih/

D Eie
j�i
�

Eie
�j�i �Ehe

�j�h
�

yihe
�j�ih CE2

i yi.ih/e
�j�i

D E2
i yihe

�j�ih �EiEhyihej.�i��h��ih/ CE2
i yi.ih/e

�j�i ;

(5.86)

where �i is the argument of the admittance yi.ih/.
In Cartesian coordinates,

Pih D .gih C gi.ih//
�

E0
i
2 CE00

h
2
	

� gih.E
0
iE

0
h CE00

i E
00
h/

C bih.E
0
iE

00
h �E0

hE
00
i /

Qih D �.bih C bi.ih//
�

E0
i
2 CE00

h
2
	

C gih.E
0
iE

00
h �E0

hE
00
i /

C bih.E
0
iE

0
h CE00

i E
00
h/ :

(5.87)

Expressing the voltages in polar coordinates and the ad-
mittances in Cartesian coordinates, we obtain the useful
relationship

Pih D E2
i .gih C gi.ih//

�EiEh.gih cos �ih C bih sin �ih/ (5.88)

Qih D �E2
i .bih C bi.ih//

�EiEh.gih sin �ih � bih cos �ih/ : (5.89)

5.4.3 Capability Curves

In this section, we briefly review the concept of gen-
erator capability curves. The generator must be able
to meet the active and reactive power demands within
the limits of appropriate generator operation under both
steady-state and transient conditions. Let us consider
a round-rotor synchronous generator with a linear mag-
netic circuit. We can define the following operational
limits, which are known as capability limits (see also
Fig. 5.18):

� The armature current limit. The maximum allow-
able heating of the stator windings sets the maxi-
mum value of the phase current In for the machine.
This is equivalent to setting the maximum apparent
power of the generator.� The field current limit. The maximum allowable
heating of the rotor excitation windings sets the
maximum field current IF of the machine. This is
equivalent to setting the maximum no-load emf E0M

for the machine. Note that E0M is larger than E0n.� The stability limit. During underexcitation, the
power angle must not exceed a certain value in order
to maintain steady-state stability ı < ımax, there-
fore, the supplied active power should not exceed
a certain threshold. A particular safety margin, e.g.,
10% of the rated active power Pn power should be
maintained for stability reasons.� The end region. During underexcitation, the current
leads the voltage by almost 90ı and leakage flux is
directed along the direct axis—a condition which
can produce some local heating in the end regions
of some machines.� The prime mover limit. Limits on the mechanical in-
put power from the prime mover impose constraints
on the active power generated. The maximum and
minimum active power generated (Pmax and Pmin,
respectively) are determined directly from the char-
acteristics of the prime mover. This is shown in
Fig. 5.17.
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Fig. 5.18 Graphical interpretation of Newton–Raphson’s
method

5.4.4 Solution Methods

Newton–Raphson’s Method
Let us first briefly recall the basis for Newton–
Raphson’s method for solving nonlinear equations and
systems of nonlinear equations. Given a generic func-
tion f .x/ that is derivable and nonlinear, we want to
determine the value x� of the unknown x such that f(x)
assumes a fixed value y�; in other words,

f .x�/D y� : (5.90)

Since x.0/ is close to x�, we can define

�x.0/ D x� � x.0/ : (5.91)

We now consider the Taylor expansion of f .x/ in the
neighborhood of x.0/,

f .x�/D f
�

x.0/ C�x.0/
�

D f .x.0//C
�

df

dx

�.0/

�x.0/

C
�

d2f

dx2

�.0/ �
�x.0/

�2

2Š
C : : : (5.92)

Provided that x.0/ is close enough to x�, we can linearize
and write

f .x�/Š f .x.0//C
�

df

dx

�.0/

�x.0/ : (5.93)

Equation (5.90) can be rewritten as

f .x.0//C
�

df

dx

�.0/

�x.0/ D y� : (5.94)

Using (5.94), we can infer a value of�x that will gener-
ally differ from that expressed by (5.91) because of the
above approximation (the truncation of the Taylor ex-
pansion after the first term). We shall therefore denote
this value �x.1/, where

�x.1/ D y� � f .x.0//
�

df
dx

	.0/
D �y.0/
�

df
dx

	.0/
(5.95)

and

�y.0/ D y� � f .x.0// : (5.96)
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If we now add the value of �x.1/ to the value of the
initial guess x.0/, we get a new value of x that is closer
to the initial solution. We shall call this new value x.1/,
and

x.1/ D x.0/ C�x.1/ D

8

ˆ

ˆ

<

ˆ

ˆ

:

x.0/ C �y.0/
�

df
dx

	.0/ if y� ¤ 0

x.0/ � f .x.0//
�

df
dx

	.0/ if y� D 0 :

(5.97)

Generalizing, the (v C 1)th iteration yields

x.�C1/ D x.�/ C�x.�C1/ D

8

ˆ

ˆ

<

ˆ

ˆ

:

x.�/ C �y.�/
�

df
dx

	.�/ if y� ¤ 0

x.�/ � f.x.�//
�

df
dx

	.�/ if y� D 0 ;

(5.98)

where

�x.�C1/ D x.�C1/ � x.�/

�y.�/ D y� � f
�

x.�/
�

;

so we obtain
�

df

dx

�.�/

�x.�C1/ D
(

�y.�/ if y� ¤ 0

�f
�

x.�/
�

if y� D 0 ;
(5.99)

which is Newton–Raphson’s iterative formula. A graph-
ical interpretation of this method is given in Fig. 5.18.

The iterative process performed in Newton–
Raphson’s method stops when either

�x.�C1/ < " (5.100)

or
(

�y.�C1/ < " if y� ¤ 0

f
�

x.�C1/
�

< " if y� D 0 ;
(5.101)

where " is defined as the tolerance and f .x.�C1// or
�y.�C1/ is the residual.

If the function exhibits smooth behavior around x.0/

(i.e., its derivative does not change sign or vary too
much), convergence can be attained after a reasonable
(i.e., not excessive) number of iterations, even without
recalculating the derivative at each iteration.

When there are n equations with n unknowns, the
system

8

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

:

f1.x1; x2; : : : ; xn/D y�
1

f2.x1; x2; : : : ; xn/D y�
2

:::

fn.x1; x2; : : : ; xn/D y�
n

(5.102)

is considered. Using a procedure similar to that fol-
lowed for a single-variable function, the (�C 1)th iter-
ation yields
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@x1

@f2
@x2
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:::
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: : :
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�x1
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:::
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.�C1/

D
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6
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�y1
�y2
:::

�yn

3

7

7

7

5

.�/

;

(5.103)

which can be written in compact form as

ŒJ�.�/ � Œ�x�.�C1/ D Œ�y�.�/ ; (5.104)

where

ŒJ�.�/ D

2

6

6

6

6

4

@f1
@x1

@f1
@x2

: : :
@f1
@xn

@f2
@x1

@f2
@x2

: : : @f2
@x2

:::
:::

:::
@fn
@x1

@fn
@x2

: : : @fn
@xn

3

7

7

7

7

5

.�/

(5.105)

�xi
.�C1/ D xi

.�C1/ � xi
.�/ (5.106)

and

�yi
.�/ D y�

i � fi
�

x.�/1 ; x
.�/
2 ; : : : ; x.�/n

	

: (5.107)

The solution is given by
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4

x1
x2
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; (5.108)

where
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:::
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:

(5.109)

In compact form,

Œx�.�C1/ D Œx�.�/ C Œ�x�.�C1/ (5.110)

Œ�x�.�C1/ D �

ŒJ�.�/
��1 � Œ�y�.�/ : (5.111)
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To solve the system represented by (5.102), we
make an initial guess of .x.0/1 ; x

.0/
2 ; : : : ; x

.0/
n / and then

calculate�y.0/i D y�
i � fi.x

.0/
1 ; x

.0/
2 ; : : :; x

.0/
n /. It is reason-

able to assume that �y.1/i will not satisfy the condition

�y.1/i < "i at the first iteration, so we need to calculate

the elements of the Jacobian using .x.0/1 ; x
.0/
2 ; : : :; x

.0/
n / in

order to obtain all terms �x.1/i , which are then used to
derive the values of xi.1/. This process is repeated until
the (nC 1)th iteration, when condition �y.nC1/

i 
 "i or

condition�x.nC1/
i 
 "i is satisfied.

Let us now apply this method to the load-flow prob-
lem [5.37–39].

For the u load buses, we have

�

@P
@E

@P
@#

@Q
@E

@Q
@#

�.�/

�
�

�E
�#

�.�C1/

D
�

�P
�Q

�.�/

: (5.112)

For the g generation buses, we have

�

@P
@E

@P
@#

.�/ �
�

�E
�#

�.�C1/

D Œ�P�.�/ : (5.113)

Note that we have a total of g equations rather than
the 2g equations that would be obtained with the Carte-
sian formulation. This is because the remaining g ones,
which correspond to the amplitudes of the voltages of
the generator buses, are known quantities.

The overall compact formulation of the problem is

�

JPE JP#
JQE JQ#

�.�/

�
�

�E
�#

�.�C1/

D
�

�P
�Q

�.�/

; (5.114)

in which the elements of the Jacobian are expressed as
8

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

@Pi
@Eh

D YihEi cos.#i �#h � �ih/
@Pi
@Ei

D 2YiiEi cos �ii C
Pn

hD1
h¤i

YihEh cos.#i �#h � �ih/
@Pi
@#h

D YihEiEh sin.#i �#h � �ih/
@Pi
@#i

D �Ei
Pn

hD1
h¤i

YihEh sin.#i �#h � �ih/

(5.115)

and
8

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

@Qi
@Eh

D YihEi sin.#i �#h � �ih/
@Qi
@Ei

D �2YiiEi sin �ii C
Pn

hD1
h¤i

YihEh sin.#i �#h � �ih/
@Qi
@#h

D �YihEiEh cos.#i �#h � �ih/
@Qi
@#i

D Ei
Pn

hD1
h¤i

YihEh cos.#i �#h � �ih/ :

(5.116)

A load-flow calculation that uses the Newton–
Raphson method and is performed with the EMTP-RV
(electromagnetic transient program) code is included in
the supplementary material for this chapter.

5.4.5 Approximations for Calculating
the Load Flow

Carpentier’s Approximation
Before we dive any further into this section, it is impor-
tant to note that the word approximation is not used in
this section to describe the nature of the results (which
are always approximate given that we utilize iterative
solution methods), but to refer to the nature of the equa-
tions used to compute the load flow.

The first approximation that we introduce is Car-
pentier’s approximation [5.40], which makes the as-
sumption that the active powers injected in the nodes
depend only on the phases of the voltages, whereas the
reactive powers depend only on the magnitudes of the
voltages. This allows us to decouple system (5.114).
In other words, the elements of the submatrix Œ@P=@#�
are normally much larger than those of the submatrix
Œ@P=@E�, and the elements of Œ@Q=@E� are much larger
than those of Œ@Q=@#�.

The new system of equations becomes

�

@P
@E

@P
@#

@Q
@E

@Q
@#

�.�/

�
�

�E
�#

�.�C1/

D
�

�P
�Q

�.�/

)
�

0 @P
@#

@Q
@E 0

�.�/

�
�

�E
�#

�.�C1/

D
�

�P
�Q

�.�/

;

(5.117)

which corresponds to the two subsystems

�

@P

@#

�.�/

� Œ�# �.�C1/ D Œ�P�.�/ (5.118)

�

@Q

@E

�.�/

� Œ�E�.�C1/ D Œ�Q�.�/ : (5.119)

What we have achieved here is known as active and
reactive power decoupling.

It is useful to recall that, for a very short line
(i.e., a line in which transversal admittance can be ne-
glected), the expressions for the active and reactive
power in absolute values (i.e., not in pu) at the termi-
nations are

P1 D P2 D 3E1E2

X
sin# (5.120)

Q1 D 3E1

X
.E1 �E2 cos#/ (5.121)

Q2 D 3E2

X
.E1 cos# �E2/ : (5.122)

In general, especially when the line is short and not
overloaded, # is a small angle. As a first approximation,
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we can therefore state that the active power depends on
the phase shift between the two voltages, while the re-
active power depends on the voltage magnitudes.

The statements made above regarding a very short
line are normally also valid for longer lines, and gener-
ally extend to the grids. Recall the equations for power
transmission along a generic transmission line,

8

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

:

Pih D E2
i .gih C gi.ih//�EiEhŒgih cos.#i �#h/

C bih sin.#i �#h/�
Qih D �E2

i .bih C bi.ih//�EiEhŒgih sin.#i �#h/
� bih cos.#i �#h/� :

(5.123)

Differentiating with respect to the magnitudes and
phases of the voltages, we obtain the real power deriva-
tives

8

ˆ

<

ˆ

:

@Pih
@Ei

D 2Ei.gih C gi.ih//
�Eh Œgih cos.#i �#h/C bih sin.#i �#h/�

@Pih
@Eh

D �Ei Œgih sin.#i �#h/C bih cos.#i �#h/�
(5.124)

(

@Pih
@#i

D EiEh Œgih sin.#i �#h/� bih cos.#i �#h/�
@Pih
@#h

D � @Pih
@#i

(5.125)

and the reactive power derivatives
8

ˆ

<

ˆ

:

@Qih
@Ei

D � 2Ei.bih C bi.ih//
�Eh Œgih sin.#i �#h/� bih cos.#i �#h/�

@Qih
@Eh

D �Ei Œgih sin.#i �#h/� bih cos.#i �#h/�
(5.126)

(

@Qih
@#i

D �EiEh Œgih cos.#i �#h/C bih sin.#i �#h/�
@Qih
@#h

D � @Qih
@#i

:

(5.127)

The conductance gij and the angle #ih D #i �#h are
generally small. As a consequence, we can state that

@Pih

@Ei
� @Pih

@#i
;

@Qih

@#i
� @Qih

@Ei
: (5.128)

As a result, small variations in the voltage magnitudes
do not appreciably affect the active power transmission
and, analogously, small phase variations do not substan-
tially alter the reactive power flow. It follows that the
active power transmission mainly depends on the volt-
age phase shifts, while the reactive power flow is mainly
influenced by the difference in the voltage magnitudes
at the line terminations.

Stott’s Approximation
This approximation is also known as fast decoupled
load flow [5.41, 42]. As discussed earlier, the power in-
jection at bus i can be written as

Si D Ei

n
X

hD1

YihEh D
n
X

hD1

EiYihEh : (5.129)

We know that
8

ˆ

<

ˆ

:

Ei D Eie
j#i D Ei.cos#i C j sin#i/

Eh D Ehe
�j#h D Eh Œcos.�#h/C j sin.�#h/�

Yih D Gih � jBih ;

(5.130)

so we can substitute (5.130) into (5.129), which yields

Si DEi

n
X

hD1

Eh.Gih� jBih/ Œcos.#i �#h/C j sin.#i �#h/�

DEi

n
X

hD1

Eh.Gih� jBih/ Œcos#ih C j sin#ih� :

(5.131)

Using (5.131), it is possible to obtain the expressions
for P and Q presented in the previous section, i.e.,



Pi D Ei
Pn

hD1 Eh.Gih cos#ih CBih sin#ih/

Qi D Ei
Pn

hD1 Eh.Gih sin#ih �Bih cos#ih/ :
(5.132)

Extracting the term relevant to node i from the summa-
tion, we have
8

ˆ

<

ˆ

:

Pi D GiiE
2
i CEi

Pn
hD1
h¤i

Eh.Gih cos#ih CBih sin#ih/

Qi D �BiiE
2
i CEi

Pn
hD1
h¤i

Eh.Gih sin#ih �Bih cos#ih/ :

(5.133)

Differentiating the active power with respect to #i and
the reactive power with respect to Ei leads to

@Pi

@#i
D �Ei

n
X

hD1
h¤i

Eh.Gih sin#ih �Bih cos#ih/

D �BiiE
2
i �Qi

@Qi

@Ei
D �2BiiEi C

n
X

hD1
h¤i

Eh.Gih sin#ih �Bih cos#ih/

D �2BiiEi C Qi CBiiE2
i

Ei
D Qi

Ei
�BiiEi :

(5.134)
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We can make the following assumptions (known as as
Stott’s assumptions) based on (5.134) [5.41]:

� Bih cos#ih Š Bih, given that the displacements #ih at
the ends of a single link are small (i.e., Qi � BiiE2

i )� Gih sin#ih � Bih as both the conductances and #ih
are small� Qi � BiiE2

i , which is explained below.

Let us consider a generation node connected to the
high-voltage grid by means of the corresponding ele-
vator transformer, which has a reactance x of 0:1 pu
(referred to its own rated power An). Taking Ei to be
equal to 1 pu, we obtain BiiE2

i D 10 pu. It is reasonable
to assume that the reactive power produced or absorbed
by a generator under normal operating conditions is
0:6�0:7 pu; furthermore, as the rated power of the el-
evator transformer is approximately equal to that of the
generator, we can conclude that the assumption is ac-
ceptable (BiiE2

i D 10 	 Qi Š 0:7).
Similar statements can be made for the load nodes.

It can be observed that the longitudinal reactance of
a line (in pu of the characteristic power) is about 0:1 pu
for a 100 km overhead line. The reactive power ab-
sorbed by the loads is usually very small compared to
the active one (cos' Š 0:8�0:9), and two lines con-
verge in every load bus on average.

In view of the discussion above, introducing Stott’s
assumptions into (5.134) leads us to
(

@Pi
@#h

D �EiEhBih
@Pi
@#i

D �E2
i Bii

h ¤ i ) @Pi

@#h
D �EiEhBih 8h

(5.135)
(

@Qi
@Eh

D �EiBih
@Qi
@Ei

D �EiBii
h ¤ i ) @Qi

@Eh
D �EiBih 8h :

(5.136)

Like Carpentier’s method, Stott’s method is based
on the approximation that the active power and reactive
power are related to the voltage angles and magnitudes,
respectively, i.e., it is also based on active/reactive
decoupling. If we consider the load-flow equations ob-
tained using Carpentier’s approximation,

8

<

:

�Pi
.�/ DPn

hD1
@Pi
@#h

.�/
�#h

.�C1/

�Qi
.�/ DPn

hD1
@Qi
@Eh

.�/
�Eh

.�C1/ ;
(5.137)

replacing the partial derivatives with expressions
(5.135) and (5.136) yields

8

<

:

�Pi.�/

Ei
DPn

hD1 �BihEh
.�/�#h

.�C1/

�Qi
.�/

Ei
DPn

hD1 �Bih�Eh
.�C1/ :

(5.138)

The great advantage of Stott’s method is that the par-
tial derivatives of the Jacobian matrix are replaced with
simple susceptances, so there is no need to update the
Jacobian at each iteration.

DC Approximation
The load-flow solution methods shown so far have been
AC methods in the sense that the unknowns to be de-
termined are the voltages (magnitude and phase) that
affect the distributions of active and reactive power in
the various branches of the network.

Considerable time is needed to perform these meth-
ods when dealing with large networks. On the other
hand, in some situations it is sufficient to estimate only
the active power flows in the various lines, which leads
to a marked reduction in computational time. Such
situations include the initial planning stage of a trans-
mission network, short-term operational planning (daily
and weekly programs implemented off-line), and even
the on-line control of a transmission system that checks
for the consequences of a possible sudden loss of a crit-
ical component (such as a line or large generator) every
few minutes.

The direct current load-flow solution method [5.42]
is based on the following simplifications:

� The conductor resistances are generally negligible
compared to the series reactances of the lines and
transformers. The ratio between the reactance and
the resistance is about 10 for a distribution line, but
can reach 50 for large interconnecting lines. There-
fore, losses are neglected in this method.� The transversal admittances of power components
are neglected. The line capacitances generate re-
active power that does not significantly affect the
active power flow.� The transversal conductances are neglected.� Based on similar considerations, the shunt reac-
tances and bank of capacitors can also be neglected.

Let us now consider a branch of the network character-
ized by a longitudinal reactance xih. Ei and Eh are the
voltages at the ends of the line, with a phase shift #ih
between them.

The active power flow in the branch is

Pih D 3EiEh

xih
sin#ih : (5.139)

Let us also assume that the voltages are close to their
nominal values, i.e.,

Ei Š Eh : (5.140)
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Also, noting that the angle #ih D #i �#h is generally
small, the pu expression of (5.139) becomes

pih D 1

xih
#ih : (5.141)

This relationship is analogous to Ohm’s law in a DC
circuit with a current pih flowing through a resistor of
value xih, causing a voltage drop #ih across it.

As a consequence of this expression, the active
power injection in the generic node i (in pu) is

pi D
n
X

hD1
h¤i

pih D #i1

xi1
C #i2

xi2
C � � � C #in

xin

#ihD#i�#hH)
�

1

xi1
C 1

xi2
C � � � C 1

xin

�

#i �
n
X

hD1
h¤i

1

xih
#h :

(5.142)

The terms in parentheses can be interpreted as self-
admittances, while the terms in the summation can be
considered transadmittances. Therefore, we define that

n
X

hD1
h¤i

1

xih
D 1

Xii
I 1

xih
D 1

�Xih
; (5.143)

and the active power injection becomes

pi D
n
X

hD1

1

Xih
#h ) pi D

n
X

hD1

Bih#h : (5.144)

Thus, the linear matrix equation

Œp�D ŒB�� Œª� (5.145)

is obtained for the whole network, where ŒB� is the sus-
ceptance matrix of the entire transmission network in
pu. The diagonal terms Bii of this matrix are the sum
of the susceptances of all the lines that converge at the
ith node, and are positive since the susceptances are in-
ductive. The other terms are all negative and satisfy the
condition Bhk D Bkh D �bhk D �bkh.

An exercise to calculate the load flow of a simple
three-bus network using the current approximation is
included in the supplementary material.

5.4.6 Concluding Remarks

The methods examined so far do not consider any con-
straints. In real applications, however, there can be
many types of constraints:

� The voltages in the various nodes must not be too
different from the nominal ones

� In the generation nodes, the reactive power injection
resulting from the calculation must be compatible
with the capability curves of the generators� When the slack bus—which is also a generation
node—is assumed to be concentrated in one bus and
not distributed, it must have an active and reactive
power output compatible with the above production
of the generators.

The limits are therefore of the type
(

Qi;min 
 Qi 
 Qi;max

i D 1; 2; : : : ; g
(5.146)

(

Ei;min 
 Ei 
 Ei;max

i D 1; 2; : : : ; gC u
(5.147)

Pn;min 
 Pn 
 Pn;max : (5.148)

Load-flow calculations with constrained variables
must be performed to account for these issues ([5.43],
from which the following discussion is adapted).

Now suppose that constraints (5.146) are violated;
in other words, the computation yields reactive powers
that exceed the limit in some generation buses and are
lower than the limit in others. In order to obtain a load-
flow solution that is technically feasible, it is necessary
to change the voltages in the various buses. These buses,
originally of (P;E) type, can therefore be converted into
(P;Q) ones by fixing their reactive power production
(i.e., Qi Š Qi;max or Qi Š Qi;min), so the voltage mag-
nitude Ei becomes unknown. Note that the effect of
forcing a generator to decrease its reactive power pro-
duction is that the reactive power generation of the other
groups must increase, because the loads do not change.

If the violated constraints are of the type represented
by (5.148) for the active power, it will be necessary to
vary the power distribution among the other generators
of the network. If, for instance, the upper limit is vi-
olated (i.e., if the active power to be produced in the
slack bus is larger than the maximum allowed), it is nec-
essary to increase the production of the other groups.
This does not guarantee a priori that the constraints will
be respected, as changing the active power production
changes the phases of the voltages and therefore the cur-
rents in the branches. Consequently, the transmission
losses change too. In other words, it will be necessary
to verify that the new calculated active power respects
constraints (5.148).

Modern computer software can automatically con-
sider:

� The effects of generator speed control and shifting
transformers, in order to determine their optimal se-
tups� The dependence of the loads on the voltage
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� Primary and secondary frequency control and the
frequency dependence of the loads� Secondary voltage regulation.

These topics are discussed in the optimal load flow,
more commonly known as optimal power flow, (OPF)
chapters of several books [5.13, 43]. OPF is closely re-
lated to economic dispatch and unit commitment, and
any attempt to realize OLF will need to take elec-
tricity market rules and constraints into consideration
(see Chap. 18). We do not address these topics in this
chapter, but we do delve into the essential elements of
economic dispatching below.

Some Basic Elements of Economic Dispatching
For simplicity’s sake, suppose that we have a system, as
depicted in Fig. 5.19, consisting of:

� g thermal power stations� one network� u users.

In a vertically integrated system, we wish to deter-
mine the power that the generators (the power plants)
must provide in order to meet the power requirements
of the users at minimum cost. Any technical constraints
on the groups are disregarded for simplicity.

The plot presented in Fig. 5.20 shows the hourly
cost as a function of the power produced.

The straight line represents the ideal hourly cost
curve of a power plant: the efficiency is constant re-
gardless of the power produced. The curved line, on the
other hand, shows a more realistic trend for the hourly

Generators g Users i

Grid

PU1

PU2

PUu

P1

P2

Pg

... ...

Fig. 5.19 Single-bus power system

C (€/h)

Hourly cost
curve

PηmaxPmin Pmax P (MW)

Fig. 5.20 Hourly cost curve for a thermal power plant as
a function of the power produced

cost—there is a point on the curve at which the cost is
minimized, and we would like to operate the plant at the
power corresponding to this point.

Defining C as the overall cost, the function to be
minimized is

C D C1.P1/CC2.P2/C � � � CCg.Pg/ : (5.149)

In accordance with the constraint,

P1 CP2 C � � � CPg

� .PU1 CPU2 C � � � CPUu/� p D 0 ; (5.150)

where p represents the losses of the system. It is worth
noting that

p D p.P1;P2; : : : ;Pg/ I (5.151)

in other words, the losses are linked to the power pro-
duced, as expected.

To solve the problem, it is necessary to use the
method of Lagrange multipliers. We define the La-
grangian as

L D .condition to be minimized/��.constraint/

D C.P1;P2; : : : ;Pg/��
 

g
X

iD1

Pi �
u
X

iD1

PUi � p

!

:

(5.152)

In order to solve it, we must calculate
(

@L
@Pi

D 0
@L
@�

D 0
) P1;P2; : : : ;Pg; � ; (5.153)

which means that

8

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

:

@C1
@P1

��
�

1� @p
@P1

	

D 0
@C2
@P2

��
�

1� @p
@P2

	

D 0
:::
@Cg

@Pg
��

�

1� @p
@Pg

	

D 0

P1 CP2 C � � � CPg

D PU1 CPU2 C � � � CPUu C p

) P1;P2; : : : ;Pg; � :

(5.154)

If the system losses p are negligible, it follows that
p D 0. This is equivalent to neglecting the power losses
along the lines, i.e.,

@p

@P1
;
@p

@P2
; : : : ;

@p

@Pg
; p D 0 : (5.155)
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∂C1/∂P1 (€/MW) ∂C2/∂P2 (€/MW)

P1m P1mP1M P2m P2M P1M + P2M

P1 (MW) P2 (MW) P1 + P2 (MW)
P1

* P1
* + P2

*P2
*

∂C1/∂P1 (€/MW) ∂C2/∂P2 (€/MW)

P1m P1M P2m P2M

P1 (MW) P2 (MW)
P1

* P2
*

Fig. 5.21 Dispatched Power for two Power Stations 1 and 2 (adapted from [5.36])

In this case, the system is called a single-bar system,
and the equations reduce to

@C1

@P1
D @C2

@P2
D : : :D @Cg

@Pg
: (5.156)

Rewriting the partial derivatives as total derivatives
yields

dC1

dP1
D dC2

dP2
D : : :D dCg

dPg
D � : (5.157)

Equality of marginal hourly costs is therefore the
minimum condition sought.

The simplified assumptions of this section permit
the problem to be solved in a simple way graphically
using the known hourly cost curves for two power sta-
tions, as shown in Fig. 5.21. The incremental hourly
cost is obtained by deriving the hourly costs with re-
spect to the power variable. To determine the operating
point, it is sufficient to draw a horizontal line that in-
tercepts both curves such that the sum of the power on
the first graph (P1

�) and that on the second graph (P2
�)

equals the power required by the load.

5.5 Unsymmetrical Fault Analysis

A short circuit is the term given to the unintended flow
of current along a low-impedance connection between
two points at different potentials in an electric circuit
(phase-to-phase or phase-to-ground) rather than along
the intended path. The most common types of faults in
power systems are single line-to-ground (or phase-to-
ground), three-phase, line-to-line (or phase-to-phase),
and double line-to-ground. Faults can occur for various
reasons, such as insulation breakdown (due to overvolt-
age or aging) or direct contact with bare conductors.

5.5.1 Types of Faults in Electric Power
Systems

The following fault phenomena can occur in electric
power systems:

(a) A sudden increase in conductor temperature � due
to the Joule effect, as calculated via

�� D KI2�t : (5.158)

As the temperature � increases, the extra heat alters
the dielectric properties of the insulating materials.
Heating also alters the mechanical properties of the
conductor, and the disconnector contacts deterio-
rate. For faults of this nature, is clear that reducing
the duration of the fault is of paramount importance.

(b) Electrodynamic forces that are proportional to the
square of the peak current amplitude, i.e.,

F D KI2p ; (5.159)

which deform or even disrupt conductors and insu-
lation materials.
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There are a range of relevant effects, including:

� Damage caused by an electric arc at the location of
the fault is common, and often leads to fusion or
erosion of the relevant parts (conductors, electrical
machines, ferromagnetic plates), representing a fire
risk.� Voltage dips at the faulty bus and in the adja-
cent network portion, causing malfunctions, trips
(of, e.g., synchronous motors and mercury-vapor
lamps), disturbing users that are sensitive to volt-
age drops, and possibly leading to a loss of system
stability.� Dangerous step and touch voltages caused by the
large short-circuit currents� Electromotive force (EMF) induction in telecom-
munication circuits that are located parallel to
power lines� When present, homopolar sequence current circu-
lation through cable sheaths, pipelines, or other
underground structures leads to heating or electric
arcs and metal fusion, pipeline punctures, and the
potential for fire.

5.5.2 Protection Measures Against Faults

Although electric power systems are well designed,
faults are relatively frequent phenomena in such sys-
tems, so relevant countermeasures must be taken, in-
cluding:

i. Installing circuit breakers and fuses with adequate
short-circuit breaking capacities to withstand/open
the short-circuit current

ii. Ensuring that components are designed/selected to
withstand thermal and electrodynamic stresses with-
out incurring damage

iii. Designing appropriate grounding systems that keep
touch and step voltages within standard limits

iv. Appropriate calibration/setting of protection relays.
Note that setting these devices to open the maximum
short-circuit current may result in the failure of the
devices to open the lowest fault currents.

To realize the above measures, it is necessary to per-
form fault current calculations for the various types of
possible faults at each network bus. Indeed, as already
mentioned, ignoring the calculation of a modest fault
current (corresponding to the minimum load operation
of the network with different units out of service) dur-
ing the calibration and validation of protection relays
can be critical.

To determine the breaking capacity, it is convenient
to calculate short circuits with null fault impedance
(Zg D 0). Since this type of fault is rare, for complete-

ness, we shall extend the discussion to the more general
case of a nonzero Zg.

In fault analysis, the network is generally unbal-
anced, as most short circuits have this characteristic
(e.g., single-line to ground, line-to-line, double line-to-
ground).

5.5.3 Unbalanced Faults: Short-Circuit
Calculation

To simplify the analysis of fault currents in networks,
we follow the approach given in [5.3] and make the fol-
lowing simplifications:

� Transmission lines are represented by their series
reactance� Transformers are represented by their short-circuit
reactance� Synchronous machines are modeled as a Thévenin
equivalent network consisting of an ideal generator
and the direct-axis transient (or subtransient) reac-
tance� Induction motors are ignored or treated as syn-
chronous machines� Other (nonspinning) loads are ignored� The voltage level of the neutral conductor is com-
mon to all the voltage levels of the network (i.e.,
there are no voltage levels with an isolated neutral).

We shall denote the phase voltages and currents by
Ea, Eb, Ec, Ia, Ib, and Ic, respectively, and the direct
(or positive), inverse (or negative), and homopolar (or
zero) sequence symmetrical components of the volt-
ages and currents by Ed, Ei, E0, Id, Ii, and I0, respec-
tively. Fortescue theory provides various phase voltage
and current transformations,

8

<

:

Ed D 1
3

�

Ea C ˛Eb C ˛2Ec
�

Ei D 1
3

�

Ea C ˛2Eb C˛Ec
�

E0 D 1
3

�

Ea CEb CEc
�

(5.160)

8

<

:

Id D 1
3

�

Ia C˛Ib C˛2Ic
�

I i D 1
3

�

Ia C˛2Ib C˛Ic
�

I0 D 1
3

�

Ia C Ib C Ic
�

(5.161)

8

<

:

Ea D Ed CEi CE0

Eb D ˛2Ed C˛Ei CE0

Ec D ˛Ed C˛2Ei CE0

(5.162)

8

<

:

Ia D Id C I i C I0
Ib D ˛2Id C ˛Ii C I0
Ic D ˛Id C ˛2Ii C I0 ;

(5.163)

where ˛ D ej2 =3. Note that for simplicity ˛ has not
been overlined.
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3
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1

2
2

2
αEd

–

α2Ed
–

αEi
–

Ed
– Ei

–

E0
–

α2Ei
–

Fig. 5.22 Direct, inverse, and homopolar sequence com-
ponents of the phase voltages. The amplitudes of Ed, Ei,
and E0 are not necessarily equal

A phasor diagram of the direct, inverse, and ho-
mopolar sequence components of the phase voltages is
reported in Fig. 5.22.

Let us connect a system of nonsymmetrical (un-
balanced) impedances to a point in the symmetrical
three-phase network, as shown in Fig. 5.23.

After the relevant transient, the voltages E0
a, E

0
b, and

E0
c and the currents I0

a, I
0
b, and I0

c are obtained (note
that the relevant quantities are denoted by an apex).
It is clear that these values depend on the impedances
Za, Zb, Zc, and Zn shown in Fig. 5.23, as well as the
network parameters. In the postfault steady state, the
system in Fig. 5.23 is equivalent to both of those pre-
sented in Fig. 5.24.

Note that if we connect the three voltage sources
E0
a, E

0
b, and E0

c at the fault point (Fig. 5.24a), the three
currents in the considered section will actually be equal
to the three currents I0

a, I
0
b, and I 0

c injected at the fault
point by the three current sources shown in Fig. 5.24b.

a

b

c

n

Za
– Zb

–

Zn
–

Zc
–

Ea'
– Eb'

– Ec'
–

Ia'
– Ib'

– Ic'
–

Fig. 5.23 Connection of unsymmetrical (unbalanced)
impedances

Let us suppose that E0
a, E

0
b, and E

0
c are known quan-

tities. According to the superposition principle and the
Fortescue theorem, each of the three voltage sources
can be decomposed into three series generators (as
shown in Fig. 5.24b), and further decomposed into three
different circuits (as presented in Fig. 5.26).

The asymmetrical network of Fig. 5.25 has now
been decomposed into three symmetrical three-phase
ones (Fig. 5.26). In the first network, only the posi-
tive (direct) sequence set of sources E0

d is present, in
addition to those impressed by the generators of the
network. The second network only has the negative (in-
verse) sequence source E0

i, whereas the third only has
the zero (homopolar) sequence source E0

0. It is worth
noting that, because it is symmetrical, the starting net-
work only has direct-sequence internal emfs.

The three networks of Fig. 5.26 are symmetrical
(balanced), so they can be studied by means of three
equivalent single-phase circuits, as shown in Fig. 5.27.
Once all the quantities in the sequence networks have
been determined, the starting network voltages and cur-
rents can be calculated using (5.162) and (5.163).

Note that the three sequence networks only differ
from each other and the given network in the following
ways:

� The set of three emfs that simulate the set of
impedances Za, Zb, Zc, and Zn differ for each of the
three networks and differ from the emfs of the start-
ing network� In inverse and homopolar networks, there is no in-
ternal EMF (power system generators only provide
direct emf).

In view of the above, we can now transform the three
networks of Fig. 5.27 into their Thévenin equivalent
networks, as represented in Fig. 5.28.

The parameters in these single-phase Thévenin
equivalent networks are as follows: E is the volt-
age present before nonsymmetrical impedance insertion
(i.e., the prefault voltage) at the fault position; Zd, Zi,
and Z0 are the equivalent sequence impedances of the
network measured at the faulty bus. Voltage E is known
from the load-flow calculation. In the absence of fur-
ther information, it can be assumed to be equal to the
rated voltage En, or, conservatively, to the maximum
permissible operating voltage, which is often 1:1En. It
is evident that this assumption leads to the largest short-
circuit current values.

The six quantities E0
d, E

0
i, E

0
0, I

0
d, I

0
i, and I0

0 can be
determined once Za, Zb, Zc, and Zn are known. Three
vector equations are therefore needed (six scalars), in
addition to the three expressed by the Thévenin circuits



5.5 Unsymmetrical Fault Analysis 303
Section

5.5

n

Ea'
– Eb'

– Ec'
–

Ia'
–

Ib'
– Ic'

–

n

Ea'
– Eb'

– Ec'
–

Ia'
– Ib'

– Ic'
–

a) b)

Fig. 5.24a,b Equivalent circuits of the system shown in Fig. 5.23 after the fault in terms of equivalent ideal voltage
sources (a) and ideal current sources (b)

n

Ea'
– Eb'

– Ec'
–

Ia'
– Ib'

– Ic'
–

n

Ed'
–

Ei'
–

E0'
– E0'

– E0'
–

Ed'
–

Ei'
–

Ed'
–

Ei'
–

Ia'
– Ib'

– Ic'
–

α2

α2α

α

=

Fig. 5.25 Representation of the Fortescue transformation

n n n

Id'
–Id'

– Id'
– Ii'

– Ii'
– Ii'

– I0'
– I0'

– I0'
–

Ed'
– Ei'

–

Ed'
– Ei'

–
Ed'
– Ei'

–

α2

α2

α2

α
α

α α2α

= + +
E0'
–E0'

–E0'
–

Fig. 5.26 Representation of the Fortescue transformation: superposition of the three different circuits
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Id'
– Ii'

– I0'
–

Ed'
– Ei'

–+ + E0'
–

a

n

a

n

a

n

Fig. 5.27 Single-phase equivalent
networks of the systems represented
in Fig. 5.26

Id'
– Ii'

– I0'
–

Ed'
–E–

Zd
– Zi

– Z0
–

Ei'
–+ + E0'

–

Fig. 5.28 Single-
phase Thévenin
equivalent networks

(E D ZdId CEd; 0 D ZiI i CEi; 0 D Z0I0 CE0), which
depend on the particular nature of the fault.

Note that different emf systems are applied in the
three networks: direct, inverse, and homopolar, respec-
tively. Therefore, the reduction to single-phase circuits
described above leads to different parameters for the
equivalent circuits of the various elements of the net-
work.

Three-Phase Fault
Let us consider the general case depicted in Fig. 5.29a.
The system shown in Fig. 5.29a is obtained from
Fig. 5.20 by setting Za D Zb D Zc D Za. Due to the
symmetrical configuration of the system, E0

n is equal to
zero regardless of the value of Zn, so the circuits pre-
sented in Fig. 5.29a and b are equivalent.

In this symmetrical configuration, the only nonzero
current is the positive-sequence one. In phase a, the cur-

Z– Z– Z– Z– Z– Z–

Ea' = Ed'
– –

En' = 0
–

Ia'
–Ib'

–Ic'
–

a) b)

Zn
–

a

c

b

Ea' = Ed'
– –

En' = 0
–

Ia'
–Ib'

–Ic'
–

Zn
–

a

c

b

Fig. 5.29a,b Three-phase balanced fault

rent is

I0
a D I0

d D E0
d

Z
: (5.164)

The equivalent circuit for the three-phase fault is
provided in Fig. 5.30, and consists of the positive-
sequence Thévenin equivalent network for Fig. 5.25.

The fault current is therefore

I0
a D I0

d D E

Zd CZ
: (5.165)

In the case of a bolted fault, this becomes

I0
a D I0

d D E

Zd
: (5.166)
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Id'
–

Ed'
–E–

Zd
–

Fig. 5.30 Equiva-
lent circuit at the
positive sequence of
a three-phase fault

Line-to-Line Fault
Now consider the circuit presented in Fig. 5.31. In this
case, Za D 1, Zb D Zb D Z, Zn D 1.

The system of equations

8

ˆ

<

ˆ

:

I 0
a D 0

I 0
b C I 0

c D 0

E0
b �Z I 0

c D E0
c �Z I0

c

(5.167)

are obtained from Fig. 5.31. Upon applying Fortescue’s
current transformations (5.161), we find that I0

d D �I 0
i

and I0
0 D 0. Then, utilizing the second and third equa-

tions of (5.162) and (5.163), respectively, we obtain

Z– Z–Ec' 
– Eb' 

–

Ia'
–Ib'

–Ic'
–

a

c

b

Fig. 5.31 Line-to-line fault

Id'
– Ii'

– I0'
–

Ed'
–

E–

Zd
– Zi

–

2Z–

Z0
–

Ei'
– E0'

–

Fig. 5.32 Equivalent circuit of the
line-to-line fault

E0
d �E0

i D 2Z I0
d, so

8

ˆ

<

ˆ

:

I0
0 D 0

I0
i D �I 0

d

E0
d �E0

i D �2Z I0
d

(5.168)

Using (5.168), it is possible to infer the equivalent
circuit of the system, which is shown in Fig. 5.32. The
zero sequence is not involved in the fault.

Employing the circuit shown in Fig. 5.32, we can
derive the expressions

8

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

:

E0
0 D 0

I0
d D E

ZdCZiC2Z
D �I 0

i

E0
i D E Zi

ZdCZiC2Z

E0
d D E.ZiC2Z/

ZdCZiC2Z

(5.169)

Finally, by applying Fortescue’s transformations,
the line-to-line fault current is obtained as

I 0
b D �j

p
3E

Zd CZi C 2Z
(5.170)

Double Line-to-Ground Fault
The circuit of interest here is that reported in Fig. 5.33,
with Za D 1, Zb D Zc D 0, Zn D Z.

From Fig. 5.33, we can infer that

8

ˆ

<

ˆ

:

I0
a D 0

E0
b D E0

c

E0
b D Z.I0

c C I0
b/

(5.171)

If we employ the same procedure we adopted for the
line-to-line fault, i.e., we apply Fortescue’s transforma-
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Z–

Ec' = Eb'  
– –

Ia'
–Ib'

–Ic'
–

Ib' + Ic'
– –

a

c

b

Fig. 5.33 Double line-to-ground fault

tions to (5.171), we obtain the system

8

ˆ

<

ˆ

:

I0
d C I0

i C I 0
0 D 0

E0
i D E0

d

E0
0 D E0

d C 3Z I0
0

(5.172)

Figure 5.34 presents the equivalent circuit resulting
from (5.172); this equivalent circuit leads to the expres-
sions

8

ˆ

ˆ

ˆ

ˆ

ˆ

<

ˆ

ˆ

ˆ

ˆ

ˆ

:

I0
d D E

ZdCŒ.Z0C3Z/Zi�=.ZiCZ0C3Z/

I0
i D �I 0

d
Z0C3Z

ZiCZ0C3Z

E0
d D E �ZdI

0
d D E0

i

E0
0 D �Z0I

0
0

(5.173)

After some mathematical manipulation, we get

I0
b D �j

p
3E

Z0 �˛Zi

ZdZi CZdZ0 C ZiZ0
(5.174)

for a bolted fault.

Id'
– Ii'

– I'–

Ed'
–

E–

Zd
– Zi

–
3Z–Z0

–

Ei'
– E0'

–

Fig. 5.34 Equivalent circuit of the
double line-to-ground fault

Z–

Ea'
–

Ia'
–

Ib' = 0
–

Ic' = 0
–

a

c

b

Fig. 5.35 Line-to-ground fault

Line-to-Ground Fault
We now investigate the circuit depicted in Fig. 5.35,
with Za D Z, Zb D Zc D 1, Zn D 0.

Figure 5.35 leads to the expressions
8

ˆ

<

ˆ

:

E0
a D Z I0

a

I0
b D 0

I0
c D 0

(5.175)

Applying Fortescue’s transformations to (5.175)
yields

(

I0
d D I0

i D I0
0

E0
d CE0

i CE0
0 D 3Z I0

0

(5.176)

The equivalent circuit resulting from system (5.176)
is shown in Fig. 5.36. Note that the impedance 3Z is in
series with the direct, inverse, and homopolar circuit.

The expressions
8

ˆ

ˆ

<

ˆ

ˆ

:

I0
d D I 0

i D I0
0 D E

ZdCZiCZ0C3Z

E0
d D E �ZdI

0
d

E0
i D �Z iI

0
i

E0
0 D �Z0I

0
0

(5.177)
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Id'
– Ii'

– I0'
–

Ed'
–

E–

Zd
– Zi

–

3Z–

Z0
–

Ei'
– E0'

–

Fig. 5.36 Equivalent circuit of the
line-to-ground fault

are readily obtained from the circuit shown in Fig. 5.36.
Finally, the fault current for the line-to-ground fault is

I0
a D 3E

Zd C Zi C Z0 C 3Z
(5.178)

5.5.4 Direct, Inverse, and Homopolar
Sequence Impedances

This section provides the main guidelines for deter-
mining the direct, inverse, and homopolar sequence
impedances of the main power system elements. The
following simplifying assumptions are made:

� Transversal parameters are negligible� The equations are written using the per unit (pu)
method.

The pu values of the component parameters (e.g., the re-
actance Px of a generator or transformer, etc.), which are
provided by the manufacturer based on the rated voltage
Vb and the rated apparent power of the equipment Sb,
need to be converted to suitable base values of power,
voltage V 0

b, and apparent power S0
b for the various parts

of the system according to

Px0 D Px
�

Vb

V 0
b

�2 S0
b

Sb
: (5.179)

For generators, the equivalent circuits for direct, in-
verse, and homopolar sequences are shown in Fig. 5.37.

Note that:

� To a good approximation, zd can be represented by
x00
d, the direct-axis subtransient reactance (which is

Zd Zi Z0

E

Fig. 5.37 Equivalent circuit of a generator: direct, inverse,
and homopolar sequences

provided by the manufacturer and is typically in the
range 0:1�0:3 pu).� The inverse sequence zi � x00

d does not produce an
effective armature reaction.� z0 is given by the manufacturer. Any impedance that
is connected between the neutral point and the earth
is multiplied by 3 and inserted into the equivalent
circuit in series with Z0.

For power transformers, the inverse sequence is equal
to the direct sequence and—as shown in Fig. 5.38—can
be assumed to be equal to the short-circuit impedance
in pu, i.e.,

zcc D 0:01vcc% : (5.180)

In the case of a three-winding transformer, the
impedance of a particular winding can be calculated on
the basis of the short-circuit test measurements

z1 C z2 D vcc;p�s% � 0:01 (5.181)

z1 C z3 D vcc;p�t% � 0:01 (5.182)

z2 C z3 D vcc;s�t% � 0:01 (5.183)

z1 D 0:5.vcc;p�s% C vcc;p�t% � vcc;s�t%/� 0:01
(5.184)

z2 D 0:5.vcc;p�s% C vcc;s�t% � vcc;p�t%/� 0:01
(5.185)

z3 D 0:5.vcc;s�t% C vcc;p�t% � vcc;p�s%/� 0:01 ;
(5.186)

where vcc;p�s%; vcc;s�t%, and vcc;p�t% are the short-circuit
impedances measured in three cases: when winding 1 is
supplied, 2 is short-circuited, and 3 is open; when wind-
ing 1 is supplied, 3 is short-circuited, and 2 is open; and

p Zcc s
a) b)

p s

Fig. 5.38a,b Equivalent circuit of a transformer at the di-
rect (a) and inverse sequences (b)
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p Z1 Z2

Z3

s p s

tt

a) b)

Fig. 5.39 Equivalent circuit of a three-winding trans-
former at the direct (a) and inverse sequences (b)

when 2 is supplied, 3 is short-circuited, and 1 is open,
respectively. The equivalent circuit of a three-winding
transformer at the direct and inverse sequences is repre-
sented in Fig. 5.39b.

Finally, Figs. 5.40 and 5.41 show the homopo-
lar sequence impedances of the transformer and the
three-winding transformer for different groups and con-
nections of windings.

Any impedance connected between the neutral
point and the earth is multiplied by 3 and introduced
into the equivalent circuit in series to Z0 (or, for the
three-winding transformer, in series to Zp or Zs).

The equivalent circuits of a transmission line can be
approximated as shown in Fig. 5.42. The positive and
negative-sequence impedances Zd and Zi are equal. The

Case Connections Zero sequence circuit

a

b

c

d

e

P PQ Q
Z0

P PQ Q
Z0

Potential reference

P PQ Q
Z0

P PQ Q
Z0

P PQ Q
Z0

Fig. 5.40 Equivalent circuit of
a transformer at the homopolar
sequence (adapted from [5.6, 44])

zero-sequence impedance Z0 is typically 3 to 4 times
larger than Zd.

For three-phase and single-phase faults in a generic
network with given short-circuit power (Fig. 5.43), the
equivalent impedances are given by

zd D Enom

Icc;3
(5.187)

zd D zi (5.188)

z0 D 3
Enom

Icc;1
� 2zd ; (5.189)

where Icc;3 and Icc;1 are the values for balanced and line-
to-ground faults, respectively.

The short-circuit power for a three-phase fault is
calculated via

Pcc;3f D EnomIcc;3f ; (5.190)

while the short-circuit power for a single-phase fault is
obtained using

Pcc;1f D EnomIcc;1f : (5.191)

An infinite power bus can be assumed to be equivalent
to the bus of a network with infinite short-circuit cur-
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Case Connections Zero sequence circuit

a

b

c

P
P

S
S

T

Zp

Zt

Zs

P S

T

Zp

Zt

Zs

P S

T

Zp

Zt

Zs

P S

Potential reference

P S

T

T

T

Fig. 5.41 Equiv-
alent circuit of
a three-phase
transformer at
the homopolar
sequence (adapted
from [5.6, 44])

Zd = Zi Z0 = 3 ÷ 4 Zda p a p

a) b)

Fig. 5.42a,b Equivalent circuits of a transmission line:
(a) positive sequence = negative sequence, (b) zero se-
quence

Zd Zi Z0

Enom

a) b) c)

Fig. 5.43a–c Generic network with given short-circuit
power: (a) positive sequence, (b) negative sequence, and
(c) zero sequence

rent (for single-phase and three-phase faults). Also, we
can assume that a bus without generators is equivalent
to the bus of a network with null short-circuit current
(for single-phase and three-phase faults). Loads, unless
otherwise indicated, are neglected in the calculations.

5.5.5 Fault at Any Point in the Network

Consider the network depicted in Fig. 5.44. A sym-
metrical fault occurs at bus 3. We shall refer to the
equivalent single-phase network, neglecting the pres-
ence of loads (no current is absorbed).

According to Thévenin’s theorem, the linear part
of the network can be replaced with an ideal indepen-

j0.23
j0.8

j0.38

j0.35 j0.35

3

2

Zf = j0.15

1

Fig. 5.44 The
network considered;
there is a fault
at bus 3 (adapted
from [5.12])

dent generator with an emf E (no-load emf) and an
impedance Zth (the equivalent impedance with all emfs
short-circuited) in series, as shown in Fig. 5.45.

In the presence of loads, the voltage prior to the fault
is given by the steady-state solution. Otherwise, it is
approximated by the maximum permissible operating
voltage of the transmission network, 1:1 pu.

By neglecting the loads and the transversal parame-
ters of the network components, Zth can be obtained by
calculating the equivalent series and parallel impedances
and by star-delta transformations (Z33 in Fig. 5.45,which
is equal to j0.34, was obtained in this way).

The equivalent impedance Zth can also be deter-
mined by inverting the nodal admittance matrix of the
network to obtain the impedance matrix; Zth is the ele-
ment of the main diagonal of the impedance matrix that
corresponds to the fault node.
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–
+

Z33 = j0.32

3

I3(F) E

j0.15

Fig. 5.45 The network
following the application of
Thévenin’s theorem; there
is a fault at bus 3 (adapted
from [5.12])

i

Si Sk Zf

k

Fig. 5.46 Power system consisting of n buses; there is
a fault at bus k (adapted from [5.12])

Let us consider the bus of a power system consisting
of n buses, as shown in Fig. 5.46.

We now assume a symmetrical fault at bus k such
that the fault impedance is Zf.

The nodal voltages before the fault can be obtained
by calculating the load flow, and are represented by the
vector

E.0/D

2

6

6

6

6

6

6

4

E1.0/
:::

Ek.0/
:::

En.0/

3

7

7

7

7

7

7

5

: (5.192)

The voltage variations caused by the fault with
impedance Zf are equivalent to those caused by the
voltage Ek.0/ when all the other generators are short-
circuited.

The Thévenin equivalent circuit, as shown in
Fig. 5.47, can be obtained by short-circuiting all of the
generators and representing all of the loads and network
components by their respective impedances.

Although we have ignored loads so far (since the
steady-state currents are much lower than the short-
circuit ones), the loads at the various buses can be
accounted for by introducing a constant impedance. The

–
+

i

Zi Zk

Zf

k

Ik(F)

Eth = Ek (0)

Fig. 5.47 Thévenin equivalent network of a power system
consisting of n buses; there is a fault at bus k (adapted
from [5.12])

value of this impedance can be obtained by

ZiL D jEi.0/j2
SL

; (5.193)

SL being the power absorbed by the load before the
fault. Let us denote the fault-induced nodal voltage
variations by the vector

�E D

2

6

6

6

6

6

6

4

�E1
:::

�Ek
:::

�En

3

7

7

7

7

7

7

5

: (5.194)

The nodal voltages during the fault are therefore given
by the sum of the voltages before the fault and the vari-
ations due to the fault current, i.e.,
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E1.F/
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�E1
:::

�Ek
:::

�En
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7

7

7

7

7

7
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: (5.195)

In compact form,

E.F/D E.0/C�E : (5.196)

The voltages at the nodes are related to the current by
the expression

I D Y �E : (5.197)

In the Thévenin circuit shown in Fig. 5.47, the incoming
current at each node is zero except at node k, where it is
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considered positive if injected (so we consider it to be
negative).

Therefore, we get

2
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6

6

6

6
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:::
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:::
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(5.198)

which can be rewritten in compact form as

I.F/D Y ��E ; (5.199)

leading to

�E D Z � I.F/ ; (5.200)

where

Z D Y�1 ; (5.201)

which is known as the impedance matrix.
Therefore, from (5.196),

E.F/D E.0/CZ � I.F/ : (5.202)

In matrix form,
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(5.203)

This leads to

Ek.F/D Ek.0/� ZkkIk.F/ : (5.204)

We also know from Fig. 5.47 that

Ek.F/D ZfIk.F/ ; (5.205)

and that Ek.F/D 0 for a solid balanced fault (i.e., Zf D
0). Therefore,

Ik.F/D Ek.0/

Zkk C Zf
: (5.206)

Hence, for a fault at bus k, we only need the element
Zkk, which is the Thévenin equivalent impedance of the
network viewed from the fault location.

We also have that

Ek.F/D ZfIk.F/ : (5.207)

Substituting the previous expression for Ik into this
equation yields

Ei.F/D Ei.0/� Zik
Zkk C Zf

Ek.0/ : (5.208)

The knowledge of the nodal voltages during the fault
allows the fault current to be calculated for all of the
lines. The short-circuit current in the line that connects
buses i and j (where the current is defined to be positive
in the i!j direction) through impedance zij is given by

Iij.F/D Ei.F/�Ej.F/

zij
: (5.209)

Note that the knowledge of the impedance matrix al-
lows the fault current and the node voltage during the
fault to be readily evaluated for every node of the net-
work.

This method is simple and practical: all the calcu-
lations relevant to a specific fault are formulated with
respect to the fault bus using the impedance matrix Z
which can be calculated by inverting Y, although this
inversion is computationally prohibitive for large power
systems with many nodes. A more efficient method of
determining Z is to construct it by adding one element
of the network at a time.

5.5.6 Three-Phase Short Circuit
at a Synchronous Generator’s
Terminals

A synchronousmachine operating as a generator can be
studied by considering it as an active two-port network.
It is also linear when the working conditions are far
from saturation, as is usual during faults. The follow-
ing considerations are made for a round rotor machine,
but they can easily be extended to the case of a salient
pole machine.

The equivalent two-port equation of the alternator is

E �ZsI D V ; (5.210)
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where:

� E is the emf generated in the alternator by the
excitation current If (the voltage measured at the
machine’s terminal under no-load conditions)� V is the voltage measured at the machine’s terminal
when the machine supplies current I� Zs is the internal impedance of the machine, com-
monly termed the synchronous impedance, which is
the sum of two components: (i) the impedance of the
stator’s windings and (ii) the armature’s reaction.

For a given value of the excitation current and a given
current I flowing in the stator’s windings, the voltage V
at the machine’s terminals is different from the no-load
emf E. The difference

ZsI D E �V (5.211)

is the voltage drop due to the current I and its shift with
respect to V. This voltage drop is given by the two com-
ponents mentioned above:

(i) The drop in the impedance of the stator’s windings
.RlC jXl/I, where Rl and Xl are the resistance of the
stator’s windings and the leakage reactance, respec-
tively

(ii) The armature’s reaction, which is equal to jXrI for
a round rotor machine.

Therefore, it holds that

Zs D Rl C j.Xl CXr/ : (5.212)

The quantity

Xs D Xl CXr (5.213)

is the synchronous reactance of the machine.
Let us assume that a synchronous generator is sup-

plying an inductive load. In this case, we assume that
I lags E and V by 90ı (ignoring the circuit resistance):
the flux produced by the stator (the armature flux) has
the opposite polarity to the main flux ˚ , thus reduc-
ing the main flux. Consequently, the total emf induced
in the stator decreases. This phenomenon is called the
demagnetizing effect and it is represented in Figs. 5.48
and 5.49.

Let us assume that the synchronous generator is
supplying a capacitive load. In this case, we assume that
I leads E and V by 90ı (the excitation current is kept the
same as in the previous case): the flux produced by the
stator (armature flux) is in phase with the main flux ˚ ,
thus increasing the main flux. Consequently, the total
emf induced in the stator increases. This phenomenon
is known as the magnetizing effect and it is represented
in Figs. 5.50 and 5.51.

In order to simulate the alternator under transient
conditions, we make use of the EMTP-RV model pre-

N' S' N'
Stator

Rotor

N S N

(a)

(b)

Fig. 5.48 Armature reaction: the current I lags the voltage
by 90ı . Waveform (a) shows the main flux ˚ , while wave-
form (b) shows the armature flux (adapted from [5.1])

Φ

E

V

I

jXsI

Fig. 5.49 Phasor
diagram of the
alternator for an
inductive load

S' N' S'
Stator

Rotor

N S N

(a)

(b)

Fig. 5.50a,b Armature reaction: current I leads the volt-
age by 90ı. Waveform (a) shows the main flux ˚ , while
waveform (b) shows the armature flux (adapted from [5.1])

sented in [5.8, 45]. Park’s transformation is initially
used with saturation neglected to obtain linear relations
and apply superposition.

The magnetic circuits of the rotor windings are as-
sumed to be symmetric with respect to the direct axis,
which is the axis of the field created by the rotor. The
quadrature axis lags the direct one by 90ı.

A current in any winding produces a sinusoidal
magnetic field in the air gap. This field can be de-
composed along the direct and quadrature axes. The
effects of harmonics in the field distribution are negli-
gible for a correctly dimensioned machine. The effects
of hysteresis are neglected. Eddy currents are negligi-
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Φ
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jXsI

Fig. 5.51 Phasor diagram of the alternator for a capacitive
load

Stator
b-axis

Stator
a-axis

d-axis

q-axis

Stator
c-axis

f

d1

d2

θ

q1

q2

q3

Fig. 5.52 Schematic representation of the machine show-
ing the d-axis and q-axis (adapted from EMTP-RV help)

ble, except in the case of a solid rotor (cylindrical rotor)
machine, where they can be represented by a q-axis
winding.

The synchronous machine model consists of nine
windings:

� Three for the stator (one for each phase); these are
denoted by the indices a, b, and c, respectively.� Six for the rotor. Along the axis of the rotor field
(the direct axis), we have the excitation winding f
and a maximum of two damper windings: d1 and d2.
There are also a maximum of three damper wind-
ings, denoted q1, q2, and q3, along the quadrature
axis.

This machine is represented in Fig. 5.52.

Short-Circuit Currents with the Generator
Initially at No Load

Let us consider a three-phase synchronous generator
with the following parameters:

� Rated power: 1000MVA� Nominal frequency: 50Hz� Rated voltage (RMSLL (RMS line-to-line)): 20 kV� Winding (armature) resistance: 0:002 pu� Armature leakage reactance: 0:188 pu� Direct-axis synchronous reactance: xd D 2 pu� Quadrature-axis synchronous reactance: xq D 2 pu� Direct-axis transient reactance: x0
d D 0:4 pu� Quadrature-axis transient reactance: x0

q D 0:4 pu� Direct-axis short-circuit transient constant: T 0
d D 1 s� Quadrature-axis short-circuit transient constant:

T 0
q D 1 s.

It is initially assumed that the d-axis and q-axis sub-
transient reactances are negligible. As a consequence, if
we refer to the equivalent model in Fig. 5.52, only the
field winding is relevant along the d-axis, while only
one damper is considered along the q-axis (winding q1).

Let us assume that no-load steady-state condi-
tions apply. A three-phase short circuit occurs at the
machine’s terminals at t D 200ms. At tfault D 200ms,
a three-phase bolted short circuit occurs at the ma-
chine’s terminals. Figure 5.53 shows the currents in the
three stator windings during the fault. The subtransient
reactance is neglected. If the winding resistances are ne-
glected, the stator current lags the voltage by 90ı, as the
machine’s reactances are equivalent to a purely induc-
tive load. Therefore, at the instant that the short circuit
occurs, the current in phase a is at its natural zero cross-
ing, so this current has no unidirectional component—
only the symmetrical component. Initially, the current
reaches a peak value of approximately 100 kA, before
decreasing exponentially to reach its steady-state value.
The current in phase b reaches its maximum and the
current in phase c reaches its minimum at the instant
that the short circuit occurs, meaning that those currents
have unidirectional components, as shown in Fig. 5.53.

The envelope for the current in phase a is shown in
Fig. 5.54, and is given by

y.t/D p
2

��

1

x0
d

� 1

xd

�

e
� t

T0
d C 1

xd

�

Ibase ; (5.214)

where

Ibase D Anp
3Vn

D 28:9 kA : (5.215)
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Fig. 5.53 Phase
currents: three-
phase fault at
200ms (sub-
transient state
neglected)
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Fig. 5.54 The cur-
rent and the current
envelope in phase a
(subtransient state
neglected); 200ms
time shift
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Fig. 5.55a,b Flux
linkages along
(a) the d-axis and
(b) the q-axis
(subtransient state
neglected)

The envelope of the symmetrical component of the
short circuit current y.t/, in pu, is initially equal to

y.t D tfault/D 1

x0
d

: (5.216)

In the first few moments, the armature reaction is
weakened by the rapid variation of the total flux link-
age. At the beginning of the electromagnetic transient,
therefore, the armature reactance is not equal to the syn-
chronous reactance of the machine but to the transient
one (ignoring the subtransient state).

The steady-state value of the symmetrical compo-
nent (in pu) is given by

y.t ! 1/D 1

xd
: (5.217)

Upon substituting the values of the reactances into
(5.214), it becomes apparent that the peak value of
y.t/ for the configuration of interest is initially equal
to 102 kA, and it reaches 20:4 kA in the steady state.

The flux linkages along the d-axis and the q-axis are
shown in Fig. 5.55. Prior to short-circuit inception, the
flux along the d-axis is at a constant value dictated by

the excitation winding current. During the transient, it
decreases exponentially until it attains a low constant
value in the steady state. This is due to the demagne-
tizing effect of the short-circuit current, in agreement
with the phasor diagram of Fig. 5.49. Since the machine
operates under no-load conditions before the fault, the
total flux is equal to the d-axis flux, while the flux link-
age along the q-axis is null. The sudden variation in the
armature current leads to rapid variation of the q-axis
flux, which quickly reaches its peak value before de-
creasing exponentially to zero again.

It is worth noting that, besides the exponential de-
cay, the flux along each axis shows an oscillatory
component. This component oscillates at a frequency
of 50Hz with respect to the d-q frame because it is in-
duced by the unidirectional components of the currents
in phases b and c. These components generate a mag-
netic field that is stationary with respect to the stator
but appears to be a magnetic field rotating at 50Hz in
the d-q frame. This is confirmed by the detail shown in
Fig. 5.56. The amplitude of the oscillatory component
along the q-axis decays with the same time constant
as the unidirectional component of the stator winding
current. Similar considerations apply for the current
flowing in the q-axis damper winding iq1, as shown in
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Fig. 5.56a,b Flux
linkages along
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shown in detail (the
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Fig. 5.58 Phase
currents with the
subtransient state
considered

Fig. 5.57. According to the Faraday–Neumann–Lenz
law, the magnetic field generated by the current flowing
in the damper windings during the transient opposes the
initial changing magnetic field. The current if that flows
in the rotor field winding is also reported in Fig. 5.57.
Before the fault, if is set to 2494A. The sudden varia-
tion in the current in the stator windings induces an emf
in the rotor field winding, which causes an increase of
the currents in both the field and damper windings, as
shown in Fig. 5.57. Just as for the damper windings,
the magnetic field created by the current induced in
the field winding opposes the initial changing magnetic
field. Similar to the flux linkage and iq1, the oscillatory
component of if is generated by the unidirectional com-
ponent of the stator winding current. In the steady state,
as the flux linkage is constant with respect to the ro-
tor frame of reference, the value of the rotor current if
returns to its previous value, 2494A.

Let us now consider the effects of the damper wind-
ings on the direct axis and a second damper on the
q-axis. The d-axis and q-axis subtransient reactances
are x00

d D x00
q D 0:3 pu, and the short-circuit subtransient

constant is T 00
d D 0:03 s.

Figure 5.58 shows the currents in the three stator
windings during the fault. The current waveforms in the
three stator windings are similar to those in the previous
case in which the subtransient state was neglected, but
the initial current peaks are larger.

The envelope of the current in phase a is shown in
Fig. 5.59 and is given by the expression

ys.t/D p
2

��

1

x00
d

� 1

x0
d

�

e
� t

T00
d

C
�

1

x0
d

� 1

xd

�

e
� t

T0
d C 1

xd

�

Ibase :

(5.218)

The armature reaction during the subtransient state
is lower than those in the transient and steady states. As
a consequence, the initial value of the current is higher
than that given by (5.214).

Short-Circuit Currents in the Loaded Generator
In this final comparison, we consider the case in which
the generator is supplying a load before the fault occurs.
Figure 5.60 shows the current in phase a when the ma-
chine is under no-load and on-load conditions. In the
latter case, the current is not null before the fault. The
peak value is similar to that calculated for the machine
under no-load conditions, but the final steady-state cur-
rent amplitude is slightly larger.

It is interesting to observe the variation in the
flux linkage—particularly that along the q-axis (see
Fig. 5.61)—during the transient. Unlike the case shown
in Fig. 5.55, the flux is not null before fault inception,
but the steady-state value after the fault is zero due to
the demagnetizing effect of the short-circuit current.
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5.6 Stability

A wide variety of dynamic phenomena occur in elec-
tric power systems. These phenomena are often called
transients. Transients have various physical origins and
timescales. Ignoring small variations in the operating
conditions (which are always present), a transient cor-
responds to a significant perturbation of the steady state
of a system. During the transient, several other pertur-
bations may occur due to control and protective actions.

5.6.1 Transient Phenomena

Listed in order of the fastest to the slowest, transients in
power systems are usually categorized into:

� Propagating electromagnetic transients that affect
lines, transformers, and other connected compo-
nents. These transients are caused by lightning or
switching maneuvers, and have typical time hori-
zons of between 10�7 and 10�3 s (corresponding to
frequencies ranging from 10MHz to kHz).� Electromagnetic transients in rotating machine
windings that are caused by disturbances, switch-

ing maneuvers, or interactions between machines
(time horizon: 10�3�10�1 s; frequency: a few kHz
to 10Hz).� Electromechanical transients, namely rotor swings
in synchronous machines and motors. These orig-
inate in the same way as for the two types of
transients defined above, as well as from voltage
and frequency control (0:1�10 s; 10�0:1Hz).� Non-electrodynamic transients, including mechan-
ical phenomena, thermodynamic phenomena, and
their interactions with the control systems of power
plants (10�104 s, 0:1Hz–0:1mHz).

Obviously, real events can be very complex and often
involve dynamics associated with all four groups listed
above. For example, when lightning strikes a power line,
it produces traveling surges that propagate along the line.
The overvoltage may cause a fault, which may cause
transients in the synchronousmachines, leading to inter-
ventions by relays. Also, protective operations can cause
frequency transients that may require interventions from
power-plant governors and control systems.
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5.6.2 Definition of Stability

For given operating conditions, the power system sta-
bility is the ability of the system to regain the state of
operating equilibrium after being subjected to a distur-
bance, with most system variables bounded such that
practically the entire system remains intact. As a power
system is a nonlinear system, its behavior after any dis-
turbance depends on the type and magnitude of the
disturbance, its consequences, and the initial operat-
ing point. Even though the system does not reach the
same steady-state operating equilibrium as that prior
to the disturbance, the system is considered stable if
the final operating equilibrium after the perturbation
is an acceptable steady state, meaning that further in-
tervention through protective or control actions can be
avoided.

To introduce this analysis, it is useful to first pro-
vide a brief overview of the different operating states
of power systems as well as a classification of power-
system stability studies.

5.6.3 States of Operation

There are typically considered to be five possible states
of operation, as shown in Fig. 5.62.

This classification refers to three sets of equations
that describe the dynamic phenomena: one differential
and two algebraic (generally nonlinear) equations cor-
responding to equality constraints, which represent the
balance between the generation and the load demand;
and inequality constraints, which represent the operat-
ing limits.

The normal secure state is a system operating con-
dition that is able to satisfy both the equality and
inequality constraints with adequate reserve margins for
both transmission and generation taking into account
the reasonable stresses to which the system may be sub-

Normal
Load tracking, economic dispatch Secure

Reduction in
reserve margins

Restorative
resynchronization

Alert
Preventive control

Insecure

System splitting
Load loss

Violations in
equality constraints

In extremis Emergency

System not intact System intact

Fig. 5.62 Classification of power
system states (adapted from [5.46,
47])

jected. For example, the N-1 security criterion implies
that a system in its normal state can withstand a single
contingency (i.e., the loss of a line, a transformer, or
a generator) and that the new steady state still satisfies
all the equality and inequality constraints.

The alert state characterizes a system operating con-
dition that satisfies both the equality and inequality
constraints but the security level is considered to be in-
sufficient. This implies that the system is vulnerable; in
other words, some of the inequality constraints will be
violated in the event of some reasonable contingencies.
To bring the system to a normal state, some preventive
control actions should be taken.

The emergency state characterizes a system oper-
ating condition in which at least one of the inequality
constraints is violated but the system is still intact (i.e.,
all the equality constraints are met). Emergency correc-
tive actions should be initiated to restore the system to
the alert state. If these measures are not taken in time or
are ineffective, the system will break down and reach
the in extremis state in which both equality and in-
equality constraints are violated. The in extremis state
corresponds to a system failure characterized by a loss
of system integrity involving uncontrolled islanding and
the uncontrolled loss of large blocks of loads.

The restorative state describes a system that is sep-
arated into areas that may or may not be energized, and
in which restorative actions are carried out to bring the
system to either an alert or a normal state.

5.6.4 Classification of Power System
Stability

The traditional classification of power system stability
is summarized in Fig. 5.63.

A common cause of instability phenomena is an ex-
cessive imbalance of active and reactive power in the
system, either locally or globally.
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Rotor Angle Stability
Rotor angle stability refers to the balance of the torques
in the rotors of the synchronous generators. This bal-
ance is achieved when the mechanical power provided
by the prime mover (e.g., the hydro and steam tur-
bines) meets the load fed by the alternator. If there
is an imbalance, the rotors of the generators will act
as an energy buffer and the kinetic energy stored in
them will decrease or increase. Rotor angle stability
refers to the ability of a synchronous machine in the
power system to maintain synchronism after a distur-
bance and regain a steady-state condition characterized
by a constant speed without long-lasting oscillations. If
the disturbance is local and substantial, such as a fault
in a line close to a generator, the generator can fall out
of step, as it is accelerated during the fault. A protec-
tion will promptly trip the generator in order to avoid
machine damage. This kind of dynamic phenomenon
is called transient instability, and typically develops
within a couple of seconds. On the other hand, small-
disturbance (or small-signal) stability instead refers to
the ability of the power system to maintain synchronism
and regain a steady-state condition after disturbances
so small that linearization of the system equations is
acceptable for the analysis. Transient instability is as-
sociated with insufficient synchronizing torque, whilst
small-disturbance problems are associated with insuffi-
cient damping of oscillations.

Frequency Stability
Frequency stability issues are associated with global
power imbalances due to the difference between the
total power fed into the system by the prime movers
and the power consumed by the loads, including losses.
The imbalance is compensated for by the kinetic en-
ergy stored in the rotors of the machines, resulting in
a frequency deviation. If the imbalance is limited, the
frequency is controlled by the governors of the prime
movers. If the imbalance is too large, the amplitude of
the frequency deviation can prompt interventions from

protections that disconnect loads and generators. The
time horizon of frequency stability issues ranges from
a few seconds (short-term instability) up to several min-
utes (long-term instability).

Voltage Stability
Voltage stability refers to the ability of a power system
to maintain steady voltages at all buses after a small
or large disturbance. Voltage problems are often lo-
cal and caused by the dynamic responses of loads to
disturbance. They are called voltage instabilities, volt-
age collapses, and load instabilities. Depending on the
timescale, voltage stability issues are classified as ei-
ther short-term (a couple of seconds) or long-term
(tens of seconds to minutes). Short-term phenomena are
associated with the dynamic responses of fast-acting
components (such as induction motors, electronically
controlled loads, and HVDC converters) to perturba-
tions. Long-term phenomena are due to the actions of
slow-acting equipment, such as step-changing trans-
formers, thermostatically controlled loads, and gener-
ator current limiters. As explained above, generators
(i.e., synchronous machines) are strongly linked to an-
gular instabilities, and it is sometimes said that they are
the driving force for this instability.

5.6.5 P–ı Curves of Synchronous Machines

Before discussing how to study rotor angle stability, we
first recall some concepts relating to the operation of
a synchronous machine under steady-state and transient
conditions.

Selection of the Machine Model
Let us ignore the presence of automatic voltage regu-
lators (AVRs). When the stator current varies for any
reason (e.g., a sudden load variation or short circuit),
the excitation and damper circuits tend to oppose the
consequent variation in the flux. Specifically, some cur-
rents start to circulate in these circuits, producing a flux
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Table 5.4 Typical parameter values for large generators (adapted from [5.11])

Parameter Round rotor Salient pole rotor
200MVA 600MVA 1500MVA 150MVA 230MVA

Xd 1.65 2.00 2.20 0.91 0.93
Xq 1.59 1.85 2.10 0.66 0.69
X0
d 0.23 0.39 0.44 0.3 0.3

X0
q 0.38 0.52 0.64 – –

X00
d 0.17 0.28 0.28 0.24 0.25

X00
q 0.17 0.32 0.32 0.27 0.27

T 0
d 0.83 0.85 1.21 1.10 3.30

T 0
q 0.42 0.58 0.47 – –

T 00
d 0.023 0.028 0.030 0.05 0.02

T 00
q 0.023 0.058 0.049 0.06 0.02

Parameter Round rotor Salient pole rotor
200MVA 600MVA 1500MVA 150MVA 230MVA

Xd 1.65 2.00 2.20 0.91 0.93
Xq 1.59 1.85 2.10 0.66 0.69
X0
d 0.23 0.39 0.44 0.3 0.3

X0
q 0.38 0.52 0.64 – –

X00
d 0.17 0.28 0.28 0.24 0.25

X00
q 0.17 0.32 0.32 0.27 0.27

T 0
d 0.83 0.85 1.21 1.10 3.30

T 0
q 0.42 0.58 0.47 – –

T 00
d 0.023 0.028 0.030 0.05 0.02

T 00
q 0.023 0.058 0.049 0.06 0.02

that instantaneously opposes the mentioned flux vari-
ation. It is possible to distinguish two different states:
the subtransient state, which persists until all of the cur-
rents in the damper windings have been extinguished,
and the subsequent transient state, which ends when the
current in the excitation circuit eventually vanishes. The
durations of these subtransient and transient states are
related to the time constants of the damper and excita-
tion windings, respectively. Accordingly, it is possible
to identify the subtransient and transient reactances as
they are the reactances of the machine during these
two different states. Although the detailed illustration
of the synchronous machine model provided by Park is
beyond the scope of this chapter, it is worth mention-
ing that each of these two reactances—subtransient and
transient—can be split into two components along the
d-axis and the q-axis.

A comparison of typical values of the time con-
stants of alternators (Table 5.4) with the period of the
oscillations (0:5�1 s) suggests that the transient model
of a synchronous machine should be assumed (the flux
is kept constant by the currents induced in the rotor
circuits—mainly in the excitation winding—since the
currents induced in the damping circuits cease in the
subtransient state).

At this point, we feel that it would be helpful to re-
mind the reader of several important points.

In the steady state:

� In a salient pole generator, the large air gap along
the q-axis causes the q-axis reactance Xq to be lower
than the d-axis reactance Xd; i.e., Xq < Xd� In a round-rotor generator, Xq � Xd.

During a transient state:

� In a salient pole generator, once the subtransient
state has ended, there are no induced currents along
the q-axis. Thus, the flux adopts its rated value, so
the transient q-axis reactance X0

q D Xq. Also, X0
q D

Xq is larger than the transient d-axis reactance X0
d;

i.e., Xq > X0
d.� In a round-rotor generator (where currents can be

induced in the rotor’s iron as well as in the damp-
ing circuits during transients), once the subtransient
state has ended, the currents induced in the exci-
tation circuit along the d-axis have an appreciable
effect, meaning that X0

q > X0
d.

Salient Pole Synchronous Machines:
Vector Diagram and P–ı Curves
in Steady-State and Transient Conditions

The vector diagrams of a salient pole synchronous
machine in steady-state and transient conditions are
presented in Table 5.5, which also lists the relevant
equations for convenience. These equations can be used
to infer the expressions for the P–ı curves. It follows
from the vector diagrams and the equations reported in
Table 5.5 that the expression for the active power as
a function of the rotor electrical angle for a three-phase
machine in the steady state is

P D 3VI cos' D 3
EV

Xd
sin ıC 3

2

Xd �Xq

XdXq
V2 sin 2ı ;

(5.219)

while the expression for a salient rotor machine in
a transient state is

P0 D 3V 0I0 cos'

D 3
E0V 0

X0
d

sin ı0 C 3

2

X0
d �Xq

X0
dXq

V 02 sin 2ı0 : (5.220)

To reinforce these ideas, we now present a quantitative
example of a round-rotor synchronous generator that is
characterized by the following reactance values:

� xd D 1:2 pu� x0
d D 0:25 pu� x0
q D xq D 0:7 pu.
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Table 5.5 Vector diagrams of a salient pole synchronous machine in steady-state and transient conditions (adapted
from [5.11])
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Let us assume that the generator is connected to an in-
finite power bus with a voltage v D 1 pu, and that it
is supplying an active power p D 0:8 pu and a reac-
tive power q D 0:2 pu through an external reactance of
x D 0:2 pu.

p D ev

xd C x
sin ıC .xd C x/� .xq C x/

2.xd C x/.xq C x/
v 2 sin 2ı

D 1:2 sin ıC 0:2 sin 2ı

p0 D e0v
xd C x

sin ıC .x0
d C x/� .xq C x/

2.x0
d C x/.xq C x/

v 2 sin 2ı

D 2:5 sin ı� 0:55 sin 2ı

The two curves are shown in Fig. 5.64. Changing
the active and reactive power initially supplied to the
infinite power bus from the values p D 0:8 pu and q D
0:2 pu, respectively, results in the same steady-state P–ı
curve as that shown in the figure but a different transient
P–ı curve. We shall come back to this observation later.

Round-Rotor Synchronous Machines:
Vector Diagram and P–ı Curves
in Steady-State and Transient Conditions

The vector diagrams for a round-rotor synchronous
machine in steady-state and transient conditions are
presented in Table 5.6, along with the relevant equa-
tions for convenience. These equations can be used to
infer the expressions for the P–ı curves.

It follows from the vector diagrams and the equa-
tions reported in Table 5.5 that the expression for the

P
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Fig. 5.64 P–ı curves for a salient pole synchronous ma-
chine in steady-state and transient conditions (adapted
from [5.11])

active power as a function of the rotor electrical an-
gle for a three-phase round-rotor machine in the steady
state is

P D 3
EV

X
sin ı ; (5.221)

while the expression for a round-rotor machine in the
transient state is

P0 D 3
E0
qV

0

X0
d

sin ı� 3
E0
dV

0

X0
d

cos ı

C 3

2

X0
d �X0

q

X0
dX

0
q

V 02 sin 2ı : (5.222)
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Table 5.6 Vector diagrams of round-rotor synchronous machines in steady-state and transient conditions (adapted
from [5.11])
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Fig. 5.65 P–ı curves for a round-rotor synchronous ma-
chine in steady-state and transient conditions

To demonstrate these ideas, we now present a quanti-
tative example of a round-rotor synchronous generator
that is characterized by the following reactance values:

� xd D xq D 1:2 pu� x0
d D 0:25 pu� x0
q D 0:3 pu.

Also, let us assume that the generator is connected
to an infinite power bus with a voltage v D 1 pu, and
that it supplies an active power p D 0:8 pu and a reac-
tive power q D 0:2 pu through an external reactance of

x D 0:2 pu. The transient and static characteristics, il-
lustrated in Fig. 5.65, are

p D ev

xd C x
sin ı D 1:2 sin ı

p0 D e0
qv

xd C x
sin ı� e0

dv

xd C x
cos ı

C .x0
d C x/� .x0

q C x/

2.x0
d C x/.x0

q C x/
v 2 sin 2ı

D 2:35 sin ı� 0:85 cos ı� 0:11 sin 2ı :

We can get various curves for this machine de-
pending on the assumptions made. For instance, if we
assume that x0

q D xq, the transient characteristics be-
comes (Fig. 5.66)

p0 D e0
qv

xd C x
sin ıC

�

x0
d C x

�� .xq C x/

2
�

x0
d C x

�

.xq C x/
v 2 sin 2ı

D 2:35 sin ı� 0:75 sin 2ı :

On the other hand, if we assume that x0
q D x0

d
(i.e., isotropy), the transient characteristics becomes
(Fig. 5.67)

p0 D e0
qv

0

x0
d

sin ı� e0
dv

0

x0
d

cos ı

e0
d D e0 cos˛
e0
q D e0 sin˛

p0 D e0v 0

x0
d

sin.ı�˛/
p0 D 2:35 sin ı� cos ı D 2:6 sin.ı� 22:9ı/ :
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Fig. 5.66 P–ı curves for a round-rotor synchronous ma-
chine in steady-state and transient conditions assuming
x0
q D xq

For illustrative purposes, Fig. 5.68 presents the three
P–ı curves obtained in transient conditions based on the
assumptions specified above.

Note that all of the P–ı characteristics presented in
this section were obtained using a MATLAB file that
can be found in the chapter’s supplementary material.

Salient Pole Synchronous Machines: Effect of
Varying the Initial Steady-State Operating
Conditions on the (P–ı) Curves Obtained
in Steady-State and Transient Conditions

Let us consider a generator with the following reac-
tances:

� xd D 1:2 pu� x0
d D 0:25 pu� xq D x0

q D 0:7 pu.

The generator has a no-load excitation emf e D 1:7 pu
that is connected to an infinite power bus with a voltage
v D 1 pu through a reactance x D 0:2 pu.

Let us consider three initial conditions:

� ı D 20ı!p D 0:5; q D 0:4� ı D 40ı!p D 1:0; q D 0:1� ı D 60ı!p D 1:2; q D �0:4.

In pu, the expressions for active and reactive power are

p D ev

xd C x
sin ıC v 2

2

xd � xq
xd C xd C 2x

sin 2ı

q D ev

xd C x
cos ı� v 2

 

sin2 ı

xq C x
C cos2 ı

xd C x

!

:
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Transient characteristic
2.35 sin δ
–0.75 sin 2δ
Static characteristic

Fig. 5.67 P–ı curves obtained in steady-state and transient
conditions for a round-rotor synchronous machine assum-
ing x0

q D x0
d (i.e., isotropy)
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x'q = 0.3
x'q = xq

x'q = x'd

α

Fig. 5.68 Comparison of the P–ı curves obtained in tran-
sient conditions for a round-rotor synchronous machine
assuming that x0

q D 0:3, x0
q D xq, or x0

q D x0
d (i.e., isotropy)

In the steady state, the magnitude of E remains
constant, as do V and all of the reactances. There-
fore, applying a different initial active power P, and
thus a different ı, does not change the steady-state P–ı
curve. Apart from ı, the quantities that differ in the
new initial state are the current and its power factor;
however, changes to these quantities do not alter the
steady-state curve. However, the vector diagram does
change if we start from new steady-state operating con-
ditions, as ı, I, and E (which simply rotates) change.
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Fig. 5.69 P–ı curves obtained in steady-state and tran-
sient conditions for a salient pole synchronous machine
with three different initial steady-state operating condi-
tions
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Fig. 5.70 (a) Steady-state and (b) transient vector dia-
grams for different initial operating conditions, marked in
gray (adapted from [5.11])

In the transient state, changing the initial values
of the current and the power factor alters the voltage
drops at the transient reactances and changes the tran-
sient emf, meaning that the P–ı characteristic in the
transient state varies depending on the initial operating
conditions. Thus, three different initial steady-state op-
erating conditions yield three different transient curves,
as shown in Fig. 5.69. The relevant vector diagrams are
shown in Fig. 5.70.

Round-Rotor Synchronous Machines: Effect of
Varying the Initial Steady-State Operating
Conditions on the (P–ı) Curves Obtained
in Steady-State and Transient Conditions

Let us consider a generator with the following reac-
tances:

� xd D 1:2 pu� x0
d D x0

q D 0:25 pu.

This generator has a no-load excitation emf e D 1:7 pu,
which is connected to an infinite power bus with a volt-
age v D 1 through a reactance x D 0:2 pu.

Let us consider three initial conditions:

� ı D 20ı ! p D 0:5 pu; q D 0:4 pu� ı D 40ı ! p D 1:0 pu; q D 0:1 pu� ı D 60ı ! p D 1:2 pu; q D � 0:4 pu.

In pu, the expressions for the active and reactive power
are

p D ev

xd C x
sin ı

q D ev

xd C x
cos ı� v 2

xd C x
:

The same considerations that were relevant to the
salient pole machine also apply to a round-rotor ma-
chine, so again three different initial steady-state op-
erating conditions yield just one steady-state curve but
three different transient curves, as shown in Fig. 5.71.
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Transient – δ (t = 0) = 40°
Transient – δ (t = 0) = 60°

Fig. 5.71 P–ı curves obtained in steady-state and transient
conditions for a round-rotor synchronous machine with
three different initial steady-state operating conditions
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xe

Vn  0°

Infinite bus

Fig. 5.72 Synchronous machine connected to an infinite
power bus

5.6.6 Rotor Angle Stability

Classical Methods
We now review the classical method of analyzing a sim-
ple system consisting of a synchronous machine con-
nected to an infinite power bus, as shown in Fig. 5.72.

The following simplifications are made [5.49]:

� The synchronous machine is modeled as a constant
emf E

0
behind the transient reactance x0, and the an-

gle ı of the emf is assumed to coincide with the
difference between the rotor electrical angle and!0t
as illustrated in Fig. 5.73� The resistances of lines, transformers, and the syn-
chronous machine are ignored� Voltage and currents are assumed to be symmetrical
(i.e., positive sequence)� The angular velocity is close to nominal� Static models are used for lines� The mechanical power Pm (the power from the
prime mover) is constant during the transient stud-
ied.

Swing Equation
In the following, a subscript m denotes a mechanical
quantity while a subscript e denotes an electrical quan-
tity.

The differential equation that describes the rotor dy-
namics is

J
d2�m
dt2

D Tm � Te ; (5.223)

where:

J D total moment of inertia (kgm2)
�m D mechanical angle of the rotor (rad)
Tm D mechanical torque from turbine (Nm)
Te D electrical torque on the rotor (Nm).

Multiplying (5.223) by the mechanical angular speed
!m yields

J!m
d2�m
dt2

D Pm �Pe ; (5.224)

where:

Pm D Tm!m Dmechanicalpoweractingon the rotor (W)
Pe D Te!m D electrical power acting on the rotor (W).

We can express the angular acceleration via the elec-
trical angle instead by inserting �m D .�e/=p� �e0=p
(where p is the number of pairs of poles on the machine)
into (5.224), which gives

1

p
!mJ

d2�e
dt2

D Pm �Pe : (5.225)

It is now convenient to introduce the inertia constant H
(in s), defined as

H D
1
2J!

2
m0

S
; (5.226)

where !m0 is the rated mechanical angular speed and S
is the MVA rating of the machine.

Using (5.226), and noting that d2�e=dt2 D d2ı=dt2

(where ı D �e �!0t� �e0), (5.225) becomes

2H

!0

d2ı

dt2
D Ppu

m �Ppu
e ; (5.227)

where !0 indicates the rated electrical angular speed
.!0 D p!m0/

2, and a superscript pu indicates that the
electrical power and mechanical power are expressed
in pu with respect to the rating of the synchronous ma-
chine. In the case of a synchronous machine connected
to an infinite power bus, we can write (omitting the su-
perscript pu for simplicity)

Pe D Pe.ı; Pı/D Ps.ı/CPd. Pı/ ; (5.228)

where Ps is the synchronizing power, i.e., making refer-
ence to Fig. 5.74,

Ps.ı/D E0Vn

x0 C xe
sin.ı/ ; (5.229)

and Pd is the damping power, with

Pd. Pı/D D Pı : (5.230)

Pd is due to the currents in the rotor circuits, and tends
to damp out the oscillations.

Taking x1 D ı and x2 D dı=dt to be the state vari-
ables, (5.227) can be expressed in the state form as

(

Px1 D x2
Px2 D !0

2H

�

Ppu
m �Ppu

e

�

:
(5.231)
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Fig. 5.73a,b
Definitions of the
quantities used to
derive the swing
equations. The
alternator of interest
is shown in (a),
while the infinite
power machine is
depicted in (b)

xex'

Vn  0°E'  δ

Fig. 5.74 Simple circuit representation of a generator in
the transient state

The vector x D Œx1x2�> is the state vector of the system;
the equilibrium points (EPs) for the system of equations
are given by Px D 0, i.e.,

x1 D arcsin
�

Pm

Pmax

�

x2 D 0 ; (5.232)

where Pmax D E0Vn=.x0 C xe/.
For the power angle curve shown in Fig. 5.75, there

are two values of ı for each value of Pm (when Pm <
Pmax), i.e., two EPs: ıs and ıu.

After linearizing (5.231) and introducing a small de-
viation (�x1;�x2) from an EP, we can write

�

�Px1
�Px2

�

D
�

0 1
�!0

H k �!0
H D

�

�
�

�x1
�x2

�

; (5.233)

where k D Pmax cos.ıe/ and ıe is the angle at equilib-
rium (ıs or ıu).

The eigenvalues of the linearized system are given
by

�D �1

2

!0

2H
D˙

s

!2
0D

2

16H2
� !0

2H
k : (5.234)

If k is positive, both eigenvalues have negative real
parts. If k is negative, one of the eigenvalues is positive

Ps

Pmax

Pm

0
� δδs δu

�
2

Fig. 5.75 Power angle curve; note that there are two values
of ı for each value of Pm

real. Therefore, ıs is a stable EP and ıu is an unstable
EP. The criterion for stability is algebraic and given by

dPs

dı
> 0 : (5.235)

IfD is small and k > 0, the eigenvalues are complex and
are obtained via

�D �� ˙ j!p; (5.236)

where

� D 1

2

!0

2H
�D and !p D

s

!0

2H
� k� !2

0D
2

16H2
:

The two EPs (ıs and ıu) become closer to each other
as Pm increases. The maximum power supplied by the
generator is equal to Pmax and occurs at ı� D  =2.
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Fig. 5.76a,b Loci of eigenvalues in
the s plane (a) at the SEP and (b) at
the UEP

The condition for stability can also be stated as

ıs < ı
� : (5.237)

The loci of eigenvalues in the s plane as Pm is varied are
shown in Fig. 5.76.

At the SEP (state equilibrium point), the eigenval-
ues are initially complex and split into two real values.
One of them reaches origin as Pm is increased to Pmax

(when k D 0), while the other eigenvalue approaches
�D!0=.2H/.

At the UEP (unstable equilibrium point), both
eigenvalues are real. As Pm increases, both move to-
wards the origin. At Pm D Pmax, one of the values is 0
while the other is �D!0=.2H/.

There is no equilibrium when Pm > Pmax.

Equal Area Criterion
Quite often, we are not interested in the exact behav-
ior of the solution to (5.227), only whether the system
is stable after a given contingency. By applying the
equal area criterion described below, it is possible to
investigate the stability of the system in Fig. 5.76 fol-
lowing various disturbances using simple calculations.
As our interest is focused on the dynamics during the
first swing, the damping can be neglected, i.e., D D 0.
A necessary but not sufficient condition for stability is
that there is a moment in time tm during this swing when
Pı.tm/D 0. The corresponding angle is ım.

The stability criterion is obtained by manipulat-
ing (5.227) and applying the condition Pı.tm/D 0. Mul-
tiplying (5.227) by Pı on both sides yields

Pı d
2ı

dt2
D !0

2H
Pa

Pı ; (5.238)

which can be written as

ı
1

2

d

dt

�

dı

dt

�2

D d

dt

0

B

@

!0

2H

ı
Z

ıi

Padı

1

C

A ; (5.239)

where Pa D Pm �Pe.

Equation (5.239) can be integrated to give

dı

dt
D

v

u

u

u

t

!0

H

ı
Z

ıi

PadıC c ; (5.240)

where c is an integration constant with a value of 0 since
Pı D 0 when ı D ıi (ıi is the pre-disturbance rotor an-
gle).

Thus, a necessary condition for stability is that there
is an angle ım such that

ı
Z

ıi

Padı D 0 ; (5.241)

i.e., there is an angle ım such that the area below the
accelerating power Pa in the ı–P diagram between ıi
and ım vanishes. In other words,

ı�
Z

ı0

Padı D
ı�
Z

ı0

.Pm �Pe/dı D 0 : (5.242)

A graphical interpretation of this formula is shown in
Fig. 5.77. This is the equal area criterion. The two ar-
eas represent the fictitious kinetic energies absorbed/
released and then released/absorbed by the rotor.

Heffron–Phillips Model of a Generator
Connected to an Infinite Power Bus

The Heffron–Phillips model is a linear model that takes
into account the actions of the voltage control and the
exciter [5.50]. This model justifies and illustrates the
use of power system stabilizers (PSS).

The rotor angle dynamics in pu can be written as

dı

dt
D !0.!pu � 1/ (5.243)

2H
d!pu

dt
D Tm � Ts �D!pu ; (5.244)

where !pu D !=!0, D is the damping coefficient, and
Tm and Ts are the mechanical and the synchronizing
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Fig. 5.77 Graphical interpretation of the equal area crite-
rion

torques, respectively. Assuming that !pu � 1 pu, we can
write

Ts D jE0j jV1j
x0 C xe

sin ı ; (5.245)

where E0 is the transient internal voltage, V1 is the volt-
age at the infinite power bus (the bus of the network to
which many generators are connected), x0 is the tran-
sient reactance of the alternator, and xe is the reactance
of the link between the alternator and the infinite power
bus. For small variations, the linearized approximation
of (5.245) is

�Ts D k1�ıC k2�jE0j ; (5.246)

where

k1 D
�

@Ts
@ı

�

0

D jE0
0j jV1j

x0 C xe
cos ı0 (5.247)

k2 D
�

@Ts
@ı

�

0
D jV1j

x0 C xe
sin ı0 : (5.248)

In order to account for the variation of jE0j with
respect to both �Ef (which is proportional to the vari-
ation of the excitation voltage) and to �ı, the equation
relevant to the flux decay of the excitation winding is
included as

vf D rfif C d�f
dt

; (5.249)

where vf is the excitation voltage, if is the excitation
current, and �f is the flux linkage. Equation (5.249) can
be written at the stator side as

jEfj D jEj CT 0
0
djE0j
dt

: (5.250)

Here, T 0
0 D Lf=rf, where rf is the resistance and Lf is the

self-inductance of the excitation winding.
As a first approximation, we can write

jEj � jV1j cos ı
jE0j � jV1j cos ı � Qx

Qx0 ; (5.251)

where Qx0 D x0 Cxe and Qx D xsCxe (xs is the synchronous
reactance).

From (5.251),

jEj D 1

k3
jE0j C

�

1� 1

k3

�

jV1j cos ı ; (5.252)

where

k3 D Qx0

Qx : (5.253)

Inserting (5.252) into (5.250) gives

k3T
0
0
djE0j
dt

C jE0j D k3 jEfj C .1� k3/ jV1j cos ı :
(5.254)

Introducing the Laplace transform for small variations
leads to

.sk3T
0
0 C 1/�jE0j D k3� jEfj � k4k3�ı ; (5.255)

where

k4 D
�

1

k3
� 1

�

jV1j sin ı : (5.256)

The relevant block diagram is shown in Fig. 5.78.
As shown in Fig. 5.78, the feedback loop arises be-

cause of the link between �jE0j and �ı. When the
exciter and voltage regulator are included, �

ˇ

ˇE0
f

ˇ

ˇ de-
pends on the output voltage at the generator terminals
jVtj through the excitation system.

When the excitation voltage is constant .�jEfj D
0/, the field flux variations�jE0j are only caused by the
feedback of �ı through the coefficient k4. This repre-
sents the demagnetizing effect of the armature reaction.

The change in air-gap torque due to the field flux
variations caused by rotor angle changes (indicated as
�T 0

s in the block diagram) is given by
ˇ

ˇ

ˇ

ˇ

�T 0
s

�ı

ˇ

ˇ

ˇ

ˇ

�jEfjD0

D k2k3k4
1C sk3T 0

0

; (5.257)

where the constants k2, k3, and k4 are usually positive.
The contributions of �jE0j to the synchronizing torque
�T 00

s and the damping torque �Td depend on the oscil-
lating frequency as follows:
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Fig. 5.78 Block
diagram of an
alternator with
damping and flux
decay accounted for

(1) In the steady state and at very low oscillating fre-
quencies (i.e., s D j! ! 0),

�T 0
s D � k2k3k4�ı : (5.258)

The variation in the field flux due to �ı feedback
introduces a negative synchronizing torque compo-
nent. The system becomes monotonically unstable
when this exceeds k1�ı (i.e., T 00

s ). The steady-state
stability limit is reached when

k2k3k4 D k1 : (5.259)

(2) At oscillating frequencies 	1=.k3T 0
0/,

�T 0
s D �k2k3k4�ı

j!k3T 0
0

: (5.260)

Equation (5.260) can be written as

�T 0
s D j

k2k4�ı

!T 0
0

: (5.261)

Thus, the component of the air-gap torque due to
�jE0j leads �ı by 90ı, or is in phase with �!.
Hence, �jE0j results in a positive damping compo-
nent that is added to �Td.

(3) At a typical machine oscillating frequency of about
1Hz, �jE0j results in a positive damping torque
component and a negative synchronizing torque
component. The net effect is to slightly reduce the
synchronizing torque component and increase the
damping torque component.
k4 is generally positive, although there are a few
cases in which it may be negative, such as for a hy-
draulic generator without damper windings that is
operating with a light load and is connected by a line
with a relatively high resistance to reactance ratio to
a larger system.

A simple model of the voltage control system and ex-
citer is shown in Fig. 5.79.

For small variations, we can write

� jVtj D ks�ıC k6�jE0j ; (5.262)

where ks D j@ jVtj=@ıj0 and k6 D j@ jVtj=@jE0jj0.

∆Vref

+

–
∆ |VE|

∆|Ef|kE

1 + sTE

Fig. 5.79 Simple
model of the voltage
control system and
exciter

k6 is positive whereas k5 can be positive or negative
(it is negative under heavy loading conditions and with
high external impedance).

The block scheme of Fig. 5.80 is obtained by
including the block scheme of Fig. 5.79 in that of
Fig. 5.78.

The stability criterion is given by

k5kE C k4 > 0 ; (5.263)

so when k5 < 0, (5.263) limits the value of kE. In order
to maintain a high value of kE in the steady state, a PSS
is adopted.

A simple PSS scheme is shown in Fig. 5.81.

Multi-Machine Stability Studies
The equal area criterion cannot be used directly in
systems with three or more machines. When a multi-
machine system operates under electromechanical tran-
sient conditions,machine oscillations occur in the trans-
mission system connecting the machines. In this case,
we introduce the following assumptions to formulate
the so-called classical model:

1. The mechanical power input of each machine re-
mains constant throughout the swing computation

2. The damping power is negligible
3. Each machine can be represented by a constant tran-

sient reactance in series with a constant transient
internal voltage

4. The mechanical rotor angle of each machine co-
incides with ı, the electrical phase angle of the
internal voltage

5. All loads can be considered shunt impedances to
ground, with values that are governed by the pre-
vailing conditions immediately prior to the transient
condition.
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Fig. 5.80 Block diagram of an alternator with the damping, flux decay, voltage control system, and exciter considered
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Fig. 5.81 Simple PSS scheme, where KPSS is the gain, TW
is the washout time constant, and the other time constants
(T1, T2, T3, and T4) are those of the two stage lead-lag
block for phase compensation

The system conditions before the fault and the network
configuration both during and after the fault must be
known in any transient stability study. Consequently, in
the multi-machine case, two preliminary steps are per-
formed:

� The steady-state pre-fault conditions for the system
are calculated using a power flow code� The pre-fault network representation is determined
and then modified to account for the fault and post-
fault conditions.

We know the active power, reactive power, and voltage
values at each generator terminal and load bus for the
preliminary steps. The transient internal voltage of each
generator is then calculated using

E
0 D V t C jx0I ; (5.264)

where V t is the corresponding terminal voltage and I is
the output current. Each load is converted into a con-
stant admittance to ground and its bus using

YL D PL � jQL

V2
L

; (5.265)

where PL C jQL is the load and VL is the magnitude of
the corresponding bus voltage.

The bus admittance matrix used for the pre-fault
power flow calculation is now augmented to include the
transient reactance of each generator and the shunt ad-
mittance of each load, as illustrated in Fig. 5.82.

Boundary of augmented network

Transmission
network

E'1
E'2 E'3

1
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YL4

YL5

+
–
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+
–

x'1

x'2

x'3

Fig. 5.82 Model of augmented network nodal analysis

The injected currents are zero at all buses except
for the internal buses of the generators. In the second
preliminary step, the bus admittance matrix is modified
to correspond to the faulted and post-fault conditions.
Since only the internal buses of the generator have
injections, all other buses can be eliminated by Kron re-
duction. The power injected into the network from each
generator is calculated using the corresponding power
angle equation. For example, in Fig. 5.82, the power
supplied by generator 1 is given by

Pl1 D E0
1
2G11 CE0

1E
0
2Y12 cos.ı12 �#12/

CE0
1E

0
3Y13 cos.ı13 �#13/ ; (5.266)

where ı12 D ı1 � ı2, Y12 D Y12ej#12 , and Y13 D Y13ej#13 .
Similar equations can be written for Pl2 and Pl3 us-

ing the Yi5 elements of the 3� 3 bus admittance matrix.
The Pli expressions are used in the swing equations

2Hi

!0

@2ıi

@t2
D Pmi �Pei i D 1; 2; 3 ; (5.267)

which represent the motion of each rotor during and af-
ter the fault. The solution depends on the location and
the duration of the fault and the Ybus that results from
the removal of the faulted line.
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Fig. 5.83 Scheme of a load connected to an infinite bus
through a line

5.6.7 Voltage Stability

Just as the single machine to infinite bus system is used
to describe some basic properties of angular stability,
some fundamental aspects of voltage stability can be
described by referring to the simple system shown in
Fig. 5.83, where a load with active power P and reactive
power Q is supplied through a line with longitudinal
impedance z (shunt capacitance is neglected) from a bus
with constant voltage v0 (infinite bus).

In steady-state and balanced conditions, this simple
system is expressed by

i D v 0 � v

z
(5.268)

P� jQ D v�i ; (5.269)

where v� indicates the conjugate of the voltage phasor.
Replacing i in (5.269) with (5.268) yields the equa-

tion

P� jQ D v�v0 � v 2

z
; (5.270)

which can be rearranged by introducing the line resis-
tance r, the reactance x, and the angle � (the difference
between the angles of v0 and v ),

.rC jx/.P� jQ/C v 2 D vv0.cos# C j sin#/ :
(5.271)
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Fig. 5.84 Feasibility condition when
the resistance is ignored

Equating the real and imaginary parts leads to

rPC xQC v 2 D vv0 cos#

xP� rQ D vv0 sin# : (5.272)

The angle � can be eliminated by squaring both sides
and adding the two equations, to give

v 4 C .r2 C x2/.P2 CQ2/C 2.rPC xQ/v 2 D v 2v 2
0 :

(5.273)

Dividing by jv j2 results in the typical equation used in
the Distflow method [5.51] to calculate the steady-state
operating conditions in a radial distribution network,

v 2 D v 2
0 � .r2 C x2/i2 � 2.rPC xQ/ : (5.274)

By neglecting the effects of voltage variations on both
P and Q, (5.273) can be written as a quadratic equation
in the variable u D v 2,

u2 � �v 2
0 � 2.rPC xQ/uC .r2 C x2/.P2 CQ2/

D 0 :

(5.275)

Equation (5.275) only has feasible solutions (i.e., solu-
tions that are real numbers) if the discriminant is larger
than or equal to 0, i.e.,

v 4
0 � 4.rPC xQ/v 2

0 � 4.xP� rQ/2 � 0; (5.276)

which can also be used as a stability index.
If r can be ignored, (5.275) can be rewritten as

Ou2 C .2 OQ� 1/OuC OP2 C OQ2 D 0 ; (5.277)

where Ou D u=v 2
0 , OP D xP=v 2

0 , and OQ D xQ=v 2
0 .

The solutions to (5.277) are

Ou D 1

2
� OQ˙

s

�

1

2
� OQ

�2

� OP2 � OQ2 ; (5.278)
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factor PF

with the feasibility condition

OP2 C OQ 
 1

4
: (5.279)

The feasibility condition is depicted in Fig. 5.84. Below
the curve there are two real solutions; on the curve there
is a single solution; and above the curve there are no real
solutions.

In the case of a constant power factor (i.e., OQ D
OP tan ' with tan ' constant), the feasibility condition
(5.279) becomes

OP2 C OP tan ' � 1

4

 0 : (5.280)
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Fig. 5.86 QV curve for OP D 0:1

When OP � 0 (load consumption), the critical conditions
are OPmax D cos'=Œ2.1C sin '/�, OQmax D sin'=Œ2.1C
sin '/�, and Oucr D 1=Œ2.1C sin'/�.

For constant power factor values, the curves pre-
sented in Fig. 5.85 are obtained. These show the vari-
ation of v=v0 as a function of OP � 0 based on (5.278).
Such curves are often called nose curves or power volt-
age (PV) curves. Just as for the case considered in
Fig. 5.84, three cases can be distinguished regarding the
number of possible operating points: (a) there are two
solutions when OP is less than the tip of the nose; (b)
there is one solution at the tip of the nose; and (c) there
are no solutions for larger values of OP.

In case (a), the upper solution corresponds to high
voltage and low current while the lower one corre-
sponds to low voltage and high current. The upper
solution is obviously of particular interest since it re-
duces the power loss.

The power factor has a significant influence on the
nose curve (as shown in Fig. 5.85), and therefore on
the voltage stability limit. OPmax decreases as the reactive
power drawn by the load increases.

If OP is assumed to be constant, applying (5.277)
yields theQVcurve, which shows the amount of reactive
power that must be provided to the network with a given
load to obtain a predefined voltage level. Figure 5.86
shows this curve for OPD 0:1. The voltage sensitivity fac-
tor dv=dQ can be used as a stability criterion. Since we
usually expect the voltage to increase when the adsorp-
tion of reactive power from the bus decreases, stability is
obtained when dv=dQ is negative. This condition is met
for voltages higher than 0:6 pu in Fig. 5.86.

In three dimensions, (5.277) defines an infinite
paraboloid, as illustrated by Fig. 5.87.

The relationship between the load power and volt-
age variations depends on the timescale considered. At
short timescales of a few seconds, the physical pro-
cesses associated with the load device determine the
characteristics, whereas various control actions must be
considered at longer timescales.
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lateral views whereas (c) depicts the top view

One generic model often used for short timescales
is the exponential

PL D PL0

�

V

V0

�kp

; (5.281)

where PL0 is the active power absorbed when the volt-
age is equal to the rated value V0. A similar expression,
albeit usually with a different exponent value, can be
used for the reactive power.

At longer timescales, the control actions that are ap-
plied to keep the load power constant are typically those
of the thermostatically controlled load and those of the
variable tap changers of distribution transformers.

Figure 5.88 shows the load characteristic (with
kp D 1:75) plotted together with two different nose
curves. The solid one is the unity power factor curve
of Fig. 5.85; the dotted nose curve refers to the case in
which the reactance doubles due to a fault.

Load control is achieved by increasing the load ad-
mittance in order to increase the load power. Indeed,
one of the definitions of voltage stability is that an in-
crease in load admittance results in an increase in load
power.

At point A in Fig. 5.88, an increase in load admit-
tance shifts the load curve to the right and then increases
the load power. Thus, the system is voltage stable ac-
cording to the definition above. If a disturbance occurs,
the equivalent network impedance increases dramati-
cally and the nose curve shifts to the dotted one. The
new operating point will be point B. The load controller
will try to restore the load power to the previous value

|v|/v0

1.2

1.0

0.8

0.6

0.4

0.2

0.80.60.40.2 P^

After 
a fault

Original system

Load characteristic

A

B

Fig. 5.88 The load characteristic crosses the nose curve
at point A before and at point B after a network fault that
doubles the equivalent reactance

represented by crossing point A. The controller will in-
crease the load admittance, decreasing the voltage and
shifting the operating point to the tip of the nose. The
power cannot be restored to the original value since the
tip of the nose curve is to the left of the vertical curve.
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With the operating point at the tip of the nose, increas-
ing the load admittance further causes a decrease in
power because the voltage drop is larger than the in-

crease in current. This situation is clearly unstable and
the system will collapse. Note that this description does
not consider the actions of undervoltage protections.

5.7 Power System Control

In this section, we largely focus on frequency con-
trol. We will refer to the basic scheme shown in
Fig. 5.89, which comprises a generating unit equipped
with a turbine-alternator group connected to the grid.
However, this scheme is becoming less common in real
power systems due to the increasing utilization of re-
newable energy from solar (mainly photovoltaics) and
wind technologies, as these types of generators are
usually connected to the network and make use of in-
verters.

Frequency control is performed due to power qual-
ity considerations and requirements (some loads and
components of power plants such as induction motors,
steam, gas, and hydro turbines may be significantly af-
fected by frequency deviations of a few Hz) and to
maintain the global equilibrium in the network between
the power produced by the power stations and the power
consumed by the loads. The disconnection of a gener-
ating unit, a line trip, or an increased load decrease the
frequency, while the disconnection of a load or a sudden
increase in the power produced increases the frequency.
Within this context, each mismatch is initially com-
pensated for mainly by the kinetic energy stored in
the rotors of the synchronous generators and induction
motors. However, this kinetic energy is limited, so fre-
quency deviations need to be promptly compensated
through appropriate frequency control actions.

In the scheme shown in Fig. 5.89, a load increase
(decrease) corresponds to a decrease (increase) in the
alternator angular velocity that needs to be compen-
sated for through appropriate action of the speed gover-
nor (Reg), which opens (closes) the turbine valve. The
speed governor control system may require some other
input signals (b) in addition to the angular velocity.

The frequency regulation and the available reserve
of a system are designed such that the frequency does
not shift outside predefined limits even when the largest

Valve

Pi

Turbine
Ω

Gen. Load

Reg.
b

Fig. 5.89 Basic scheme of a speed governor

disturbances that can be reasonably expected occur
(e.g., the largest generator in the system trips).

5.7.1 Generation Reserve

As the energy stored in the rotating masses is fairly
small, a power reserve must always be available to en-
sure that the balance between the power provided by
the turbines and the power requested by the electrical
system is maintained. In this respect, during the sys-
tem planning stage, it is useful to distinguish between
normal operation and a disturbance as reasons for uti-
lizing the reserve. Power imbalances due to incorrect
load forecasts and random load variations are both com-
pensated for using the normal operation reserve. On the
other hand, typical disturbances are plant outages or
line trips.

The reserves are categorized according to the time
needed to activate them:

� The spinning reserve is provided by the margins be-
tween the current power output and the maximum
and minimum limits of a generating unit. This re-
serve can be activated in a few seconds, and is used
during primary frequency control.� The supplementary reserve is employed to restore
the spinning reserve when it has been used in the
event of a large perturbation, and it is often acti-
vated by automatic generation control (AGC) after
tens of seconds. Thus, it is significantly slower to
activate than primary frequency control; indeed, it is
designed not to interact with it. This phase is known
as secondary frequency control.� The back-up reserve is a slow reserve that can be
activated within a couple of hours to restore a faster
reserve when it has been used. This phase is known
as tertiary frequency control.

Figure 5.90 illustrates the concepts of primary, sec-
ondary, and tertiary frequency control using an example
of a large perturbation in the network of continental
Europe. The entire system is involved during primary
control; secondary control action is expected to be lim-
ited to the affected area only; whilst the rescheduling
associated with tertiary control is applied to just a few
power stations.
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Fig. 5.90a,b Primary, secondary, and tertiary frequency control: (a) general scheme and (b) example showing the acti-
vation of each control phase after a large perturbation in the European network [5.52]

5.7.2 Dynamics of the Generators

After a disturbance in a large power system, the fre-
quency varies across the system. For typical distur-
bances, however, the frequencies of the different ma-
chines can be regarded as being close to an average
system frequency defined by a center of inertia (COI).
A model that is valid for reasonable frequency devia-
tions is described below.

We start with the swing equation (torque version) in
pu,

P!i D 1

2Hi
.Tmi � Tei/ : (5.282)

The initial condition for (5.282) is the pre-disturbance
frequency, which is assumed equal to the rated fre-
quency !i.t0/D !0. The angular frequency deviation

�!i is given by

�!i D !i �!0 ; (5.283)

which, in SI units, yields

2HiSni
!0

� P!i D !0

!i
.Pmi �Pei/ ; (5.284)

where, for each unit i, Sn is the rated power, H is the
constant of inertia, and Pm and Pe are the mechanical
and electrical power, respectively. If we assume that it
is a highly meshed system, all generating units can be
assumed to be connected to the same bus. The COI fre-
quency can be defined as

! D
P

i HiSni!i
P

i HiSni
: (5.285)
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All generating units can be considered to be aggregated
into a single unit

� P! D !2
0

2HSn!
.Pm �Pe/ ; (5.286)

where:

Sn DP

i Sni is the total rating, i.e., the sum of the power
ratings of the generators

H DP

i HiSni=
P

i Sni is the total constant of inertia
Pm DP

i Pmi is the total mechanical power
Pe DP

i Pei is the total electrical power.

By assuming that ! D !0 on the right-hand side,
a linear approximation of (5.286),

� P! D !0

2HSn
.Pm �Pe/ ; (5.287)

can be obtained. Equation (5.284) can also be expressed
in terms of frequency as

�Pf D f0
2HSn

.Pm �Pe/ : (5.288)

After a disturbance, we can write

�Pf D f0
2HSn

.�Pm ��Pload/ ; (5.289)

where �Pm and �Pload denote the variations in the to-
tal mechanical and electrical power outputs (taking into
account the variations in the system power losses) with
respect to the respective steady-state values before the
perturbation.

Equation (5.289) can be represented by the block
diagram shown in Fig. 5.91, where s is the Laplace vari-
able.

5.7.3 Frequency Dependence of the Load

The aggregated system load is clearly frequency de-
pendent. This has a stabilizing effect on the system
frequency f . In addition to a component that depends
on f , large rotating motors provide a contribution that
depends on the time derivative Pf (known as the rate of
change of the frequency, ROCOF) due to the change in

∆P f
load∆f

+
+

DL

2W0

f0
s

Fig. 5.92 Model used for the frequency-dependent behav-
ior of the aggregated load

the kinetic energy stored in the rotating masses of the
motor. Both of these frequency dependences are incor-
porated into the load model

�Pf
load D DL�f C g.�Pf / : (5.290)

The function g.�Pf / can be derived by observing that
the kinetic energy of rotating masses can be expressed
by

W.f /D 1

2
J.2 f /2 (5.291)

and that�W can be approximated by

�W D 2W0

f0
�f ; (5.292)

where W0 D J=2.2 f0/2. Hence,

g.�Pf /D 2W0

f0
�Pf : (5.293)

The values of W0 and DL are highly dependent on the
composition of the load and can vary over time. Typical
values of the constantDL are such that the load variation
is between 0 and 2% of the frequency variation.

A model of the loads is provided in Fig. 5.92.

5.7.4 Dynamic Response of an Uncontrolled
Power System

The model generated by combining the models used for
the system inertia and the load is shown in Fig. 5.93.

Figure 5.94 shows the typical stable response of the
frequency over time following an increasing or decreas-
ing disturbance �PL.

The stabilizing effect of the frequency dependence
of the load is generally too small to maintain the fre-
quency within reasonable bounds.
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Fig. 5.94 Typical behavior of the frequency in the system
shown in Fig. 5.93 after a perturbation

5.7.5 Control Structure for Frequency
Control

The automatic control system consists of two main
parts: primary control and secondary control, as shown
in Fig. 5.95. Primary control refers to control actions
that are performed locally (at the power plant) based
on the set points for frequency and power. In primary

Load shedding

Tie-line power
flows and frequency

AGC Grid

Secondary
control loop

Generation
scheduling Set point

definition

Governor

Valves
or gates

Turbine
controller

Turbine Generator

Primary control loop Fig. 5.95 Structure of the frequency
control system

frequency control, the goal is to quickly return the
frequency to acceptable values. However, even after pri-
mary control has acted, some of the frequency error will
remain. Moreover, all of the generators must contribute
to primary control, irrespective of the location of the
disturbance.

In secondary frequency control (also called AGC
or load frequency control), the power set points of the
generators are adjusted in order to compensate for the
frequency error remaining after the primary control has
acted. Moreover, for large systems consisting of several
control areas, the secondary control returns the power
flows in the tie lines between the areas to the scheduled
value.

Underfrequency load shedding is a form of system
protection that acts on timescales of less than a second.
As this scheme is only applicable when there is a loss
of load across entire regions, it must only be activated
when necessary to save the system from a blackout.

Dynamic Characteristics of Primary Control
The action of the governor for the generic unit i can be
described by

.f0 � f /
1

Ri
C �

Pset
m0;i �Pset

m;i

�D 0 ; (5.294)
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Fig. 5.96 Scheme of the turbine control loop

where Ri is the speed droop (in Hz=MW), which typi-
cally ranges from 4% to 8%.

Assuming an integral turbine power controller, we
obtain the scheme depicted in Fig. 5.96.

If the dynamics of the turbine are neglected, we get

�Pm;i.s/D 1

1CTts

�

�Pset
m0;i.s/C�Pset

m;i.s/


; (5.295)

where the time constant Tt D 1=Kt is small compared to
the frequency dynamics of the system.

By defining

1

R
D
X

i

1

Ri
; (5.296)

we get

�Pset
m;i D � 1

R
�f ; (5.297)

where �Pset
m DP

i�Pset
m;i and �f is the frequency vari-

ation of the COI.
The models for the turbine control and the governor

can be inserted into the model derived in the previous
section, as shown in Fig. 5.97.
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We now analyze the effect of a disturbance in the
system above. Both a loss of generation and a loss
of load can be simulated by imposing a positive or
negative step input on the variable �PL. For obvious
reasons, a change in the set value of the system fre-
quency f0 is not considered here.

From the block diagram shown in Fig. 5.100, the
transfer function between �PL and �f .�Pset

m0 D 0/ is

�f .s/D � 1C sTt
h

1
R CDL.1C sTt/

C
�

2W0
Sn

C 2H
	

Sn
f0
s.1C sTt/

i

�PL.s/ :

(5.298)

The step response for �PL.s/D�PL=s is illustrated in
Fig. 5.98.

The frequency deviation in the steady state is

�f1 D lim
s!0
.s�fs/D � �PL

1
R CDL

: (5.299)
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In real systems, the turbine controller time constant Tt
is much smaller than the time constant of the frequency
dynamics TM presented in Fig. 5.94, so

TM D 2W0

Sn
C 2H : (5.300)

Transfer function (5.298) can be approximated as

�f .s/D � 1

1C Sn
f0
TM

1
1
R CDL

s

�PL.s/
1
R CDL

: (5.301)

The equivalent time constant for a step response is

Teq D TM
Sn
f0

1
1
R CDL

: (5.302)

Dynamic Model of a Two-Area System
In practice, a large interconnected power system is al-
ways divided into various control blocks or areas. For
a simplified analysis, a system with two areas can be
represented by two single bus systems with a tie-line
between them, as shown in Fig. 5.99.

If we assume that jV1j and jV2j are constant and ig-
nore the power loss in the tie-line, the power exchange
P12 over the tie-line is

P12 D jV1jjV2j
x

sin.�1 � �2/ ; (5.303)

where x is the equivalent reactance of the tie line and �1
and �2 are the voltage angles.

For small deviations, we obtain

�P12 D @P12

@�1

ˇ

ˇ

ˇ

ˇ

0

��1 C @P12

@�2

ˇ

ˇ

ˇ

ˇ

0

��2

D jV1jjV2j
x

cos
�

�01 � �02
�

.��1 ���2/
(5.304)

or

�P12 D PT.��1 ���2/ (5.305)

with

PT D jV1jjV2j
x

cos
�

�01 � �02
�

: (5.306)

Using this model, the block diagram of the power sys-
tem can be extended as shown in Fig. 5.100.

We now study the behavior after a load change in
area 1, where area 1 is considered to be much smaller
than area 2, which can be regarded as an infinite bus. As
�f2 D 0, ��2 D 0, so

�P12 D 2 PT

Z

�f1dt : (5.307)

Without any generator setpoint changes (i.e., �Pset
m0;1 D

0), the transfer functions for a change of �PL;1.s/ are

�f1.s/D � s
h

2 PT C
�

DL1
1

R1.1CsTt1/

	

s

C
�

TM1Sn1
f0

	

s2
i

�PL;1.s/

(5.308)

�T12 D 2 PT

s
�f1.s/ (5.309)

�T12.s/D � 2 PT
h

2 PT C
�

DL1
1

R1.1CsTt1/

	

s

C
�

TM1Sn1
f0

	

s2
i

�PL;2.s/ :

(5.310)

The step response for�PL;1.s/D�PL;1=s is shown
in Fig. 5.101.

The steady-state frequency deviation is

�f1 D lim
s!0

s�f1.s/D 0 ; (5.311)

and the steady-state deviation of the tie-line power is

�P121 D lim
s!0

s�P12.s/D�PL;1 : (5.312)

The infinite bus brings the frequency deviation�f1 back
to 0. This is achieved by increasing P21 such that the
load variation �PL;1 is fully compensated for.

While this is beneficial for the system frequency in
area 1, unscheduled and persistent energy exchange has
arisen between the two areas.

Automatic Generation Control
Following the application of primary frequency control
after a disturbance, a static frequency error will gener-
ally persist unless additional control actions are taken.
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Fig. 5.100 Dynamic model of a two-area system
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Fig. 5.101 Step response of the two-area system model

Furthermore, primary frequency control may change
the scheduled interchanges between different areas in
an interconnected system. The restoration of both the

frequency and the power interchanges to their pre-
disturbance values is accomplished through the AGC.

In an N-area system, there are N AGCi controllers,
one for each area i. Each implements a proportional in-
tegral (PI) controller, i.e.,

�PAGCi D �
�

CPi C 1

sTNi

�

�ei ; (5.313)

with CPi typically ranging between 0.1 and 1 and TNi
between 30 and 200 s, implying that AGC reacts much
more slowly than primary frequency control.

The error�ei is termed the area control error (ACE)
for area i, and

ACEi D
X

j2˝i

�

Pij �P0
ij

�CBi.fi � f0/ ; (5.314)
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where Pij is the power transfer from area i to area j and
P0
ij is the corresponding scheduled value. Defining

�Pi D
X

j2˝i

�

Pij �P0
ij

�

; (5.315)

where the summation includes all of the areas j directly
connected to area i, ACEi can be written as

ACEi D�Pi CBi.fi � f0/ : (5.316)

The constant Bi is called the frequency bias factor
(MW=Hz). It is assumed that the frequency references
are the same in all areas. The goal is to bring all ACEi

values to 0.
The variables are thus�Pi and f , i.e., there are N C

1 variables in total, which are uniquely defined by N

linear equations (ACEi D 0) and

X

i

�Pi D 0 : (5.317)

Selection of Frequency Bias Factors
Let us consider a two-area system. The load is increased
by�PL in area 2. If the power in the tie-line is to be kept
constant, the generation in area 2 must be increased by
�PL after the AGC has reacted. Before the AGC has
reacted, we have a frequency deviation of �f in both
areas, which means that for area 1,

�f D �R1�P12 ; (5.318)

and for area 2,

�f D �R2.�PL ��P12/ ; (5.319)

and �P12 D�P21. The two ACEs can now be written
as

ACE1 D�P12 CB1�f D�P12 CB1.�R1�T12/

D�P12.1�B1R1/ (5.320)

and

ACE2 D�P21 CB2�f

D�P21 CB2Œ�R2.�PL ��P12/�

D�P12.1�B2R2/�B2R2�PL : (5.321)
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Fig. 5.104 Model of a two-area system with AGC

In this case, it is desirable that the AGC controller for
area 1 should not react. If we set B1 D 1=R1, we can see
from (5.320) that ACE1 D 0. If B2 D 1=R2 is chosen,
the ACE in area 2 becomes

ACE2 D ��PL : (5.322)

This means that only controller 2 reacts to a load per-
turbation �PL in the same area.

In the multi-area case, this corresponds to selecting
Bi D 1=Ri for all areas, which is known as noninterac-
tive control. However, for the controller described by
(5.313), all positive values of Bi will guarantee that all
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Fig. 5.105 Step response of a two-area system model with
AGC I

the ACEi tend to 0. The application of noninteractive
control results in reduced control effort and costs.

Dynamic Characteristics of AGC
We now include the AGC control in both the single-area
and two-area models.

Single-Area System
AGC only acts to restore the nominal system frequency,
as illustrated in Fig. 5.102, where Psched indicates the
scheduled value of the power output of the genera-
tors. Figure 5.103 shows how the system frequency
response is brought back to the rated value after a load
increase.

Two-Area System
A model of a two-area system with AGC is shown in
Fig. 5.104.

If area 1 is assumed to be much smaller than area
2, the step response of the system for a load increase

f (Hz)
50.1

50.0

49.9

49.8

80604020 t (s)

80604020 t (s)

ΔPL,1

ΔPAGC,1
ΔT21

of �PL;1 is shown in Fig. 5.105. Due to the action of
AGC, the perturbation in area 1 is fully compensated
for by the generators in the same area (area 1) after the
transients have decayed.

5.8 Propagation of Electromagnetic Transients Along Transmission Lines

In steady-state operating conditions, the wavelength
of the sinusoidal currents and voltages is large com-
pared with the physical dimensions of the network.
Therefore, for steady-state analysis, a lumped element
representation of transmission lines is generally ade-
quate. However, for transient analysis, this is no longer
the case, and the travel time of the electromagnetic
waves must be taken into account.

For example, in the case of insulation coordina-
tion analysis against overvoltages (particularly those
due to lightning), we need to account for the fact
that voltages and currents induced by lightning strikes
have non-negligible frequency contents above 1MHz.
If the travel time of the electromagnetic field within the
boundaries of the region of interest cannot be neglected
with respect to the period over which electromagnetic
quantities vary, then the lumped element model must
be replaced in order to accurately represent electro-
magnetic field propagation along the line. Although the
electric field cannot be expressed as the gradient of
a scalar potential in our analysis of the electromagnetic
field along lossless transmission lines, we can assume
a transverse electromagnetic mode (TEM) of propa-
gation (i.e., no component of the electric field or the
magnetic field in the direction of propagation), so the
rotor of the electric field is null in each plane orthog-

onal to the direction of propagation. This means that
the integrals of the electric field in these planes can be
expressed as potential differences. For lossy lines, and
assuming a quasi-transverse electromagnetic mode of
propagation, we can still apply the useful concepts of
phase-to-ground and line-to-line voltages. In the quasi-
TEM approximation, it is assumed that the electric and
magnetic field components along the line are non-null
but small enough to make the rotor of the electric field
practically null in the plane orthogonal to the line.

Research into electromagnetic transients along
transmission lines and relevant phenomena has devel-
oped impressively since the introduction of the Elec-
tromagnetic Transients Program [5.8] developed by
Herman Dommel in the 1970s, and there have been var-
ious textbooks devoted to this subject [5.27, 28, 53, 54].
In this section, we limit our discussion to a brief sum-
mary of the basic concepts.

5.8.1 Traveling Waves in a Lossless Line

In order to introduce the equations describing the re-
sponse of a transmission line to a transient, we consider
a single line conductor that has ground return and is
at a constant height above the ground (Fig. 5.106).
The developments that follow are somewhat inspired
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Fig. 5.106 A single line-conductor section and the path of
integration of the electric field that passes through the line

by [5.55], except that we consider a voltage source at
one of the line terminations rather than an overhead line
excited by an external electromagnetic field. The fol-
lowing approach can also be applied to a line consisting
of two straight conductors that are parallel to each other.

Let us assume a triplet of Cartesian orthogonal axes
x, y, and z, where the x-axis is parallel to the axis of the
line conductor that lies in the x–z plane. The line height
is z D h. The current in the line conductor is assumed to
be positive if it is directed along the positive x-axis. Let
us consider a closed path  that passes through the line
and the ground (which lies in the x–yplane),with vertical
sections perpendicular to the ground. Let the path  be
oriented according to the y-axis and the right-hand rule.
The integral of the electric field along  is given by

I



Edl D
h
Z

0

Ez.x1; 0; z; t/dzC
x2
Z

x1

Ex.x; 0; h; t/dx

�
h
Z

0

Ez.x2; 0; z; t/dz�
x2
Z

x1

Ex.x; 0; 0; t/dx :

(5.323)

If the conductors are ideal (i.e., both the line and the
ground have infinite conductivity), the electric field
components along x are null, so

I



Edl D
h
Z

0

Ez.x1; 0; z; t/dz�
h
Z

0

Ez.x2; 0; z; t/dz :
(5.324)

Assuming TEM propagation, the integrals of the elec-
tric field in the y–z plane can be expressed as differences
in scalar potentials. Therefore, assuming that the poten-
tial is zero at the ground, the integral of E along  can

be written as
I



Edl D u.x2; t/� u.x1; t/ : (5.325)

The law of electromagnetic induction
I



Edl D � @

@t

Z

S

BdS ; (5.326)

where B is the magnetic flux density and S is any sur-
face with  as a contour, gives

u.x2; t/� u.x1; t/D � @

@t

x2
Z

x1

h
Z

0

By.x; 0; z; t/dxdz :

(5.327)

By taking x2 D x1 C�x, where �x is small, we can
write

x2
Z

x1

h
Z

0

By.x; 0; z; t/dxdz D
h
Z

0

By.x1; 0; z; t/dz�x ;

(5.328)

where

h
Z

0

By.x1; 0; z; t/dz D L0i.x1; t/ ; (5.329)

in which L0 is the line inductance pu length.
We can then write

u.x1 C�x; t/� u.x1; t/D � @

@t
ŒL0i.x1; t/�x� :(5.330)

Dividing by �x and assuming that the line is nonde-
formable, we get

u.x1 C�x; t/� u.x1; t/

�x
D �L0 @i.x1; t/

@t
: (5.331)

By taking the limit as �x approaches zero, we obtain
the first telegrapher’s equation,

@u.x1; t/

@x
D �L0 @i.x1; t/

@t
: (5.332)

Let us now consider a cylindrical surface surrounding
the �x section of the line conductor (Fig. 5.107). We
denote the base surfaces orthogonal to the plane y–z at
x1 and x2 as S1 and S2, respectively, and label the lateral
surface as Sl.

The flux of the current density through the cylindri-
cal surface has three components, i.e.,

I

JdS D �
Z

S1

JxdSC
Z

Sl

JdSC
Z

S2

JxdS : (5.333)
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Fig. 5.107 A single line-conductor section and the surface
of integration of the current density

If the insulating medium surrounding the conductor is
ideal (i.e., it has null conductivity), the radial compo-
nent of the current density is null, so

I

JdS D �
Z

S1

JxdSC
Z

S2

JxdS : (5.334)

The fluxes of the current density through S1 and S2 are
the line currents at x1 and x2; therefore,

I

JdS D i.x2; t/� i.x1; t/ : (5.335)

The law of charge conservation

I

S

JdS D � @

@t

Z

	S

�d	 ; (5.336)

where � is the charge density and 	S is the volume with
S as a boundary, gives

i.x2; t/� i.x1; t/D � @

@t
ŒC0u.x1; t/�x� ; (5.337)

where C0 is the line capacitance pu length. By taking
x2 D x1 C�x, where �x is small, we can write

i.x1 C�x; t/� i.x1; t/

�x
D �C0 @u.x1; t/

@t
: (5.338)

Taking the limit as �x approaches zero, we obtain the
second telegrapher’s equation

@i.x1; t/

@x
D �C0 @u.x1; t/

@t
: (5.339)

Rewriting the two telegrapher’s equations with refer-
ence to a generic abscissa x yields

@u.x; t/

@x
CL0 @i.x; t/

@t
D 0 (5.340)

@i.x; t/

@x
CC0 @u.x; t/

@t
D 0 : (5.341)

By differentiating the first wave equation with re-
spect to x and the second with respect to t and using
substitution, we obtain

@2u.x; t/

@x2
D L0C0 @

2i.x; t/

@t2
: (5.342)

Differentiating the first wave equation with respect to t
and the second with respect to x and using substitution,
we get an analogous equation for the current,

@2i.x; t/

@x2
D L0C0 @

2u.x; t/

@t2
: (5.343)

Both of these equations have the form of the 1-D (one-
dimensional) wave equation

@2f .x; t/

@x2
D 1

v 2

@2f .x; t/

@t2
; (5.344)

where v is the speed of the wave in the direction of
propagation.

Therefore, the telegrapher’s equations describe the
propagation of the voltage and the current along a trans-
mission line. It is worth noting that the propagation
speed, given by

v D 1p
L0C0 ; (5.345)

for a lossless line is practically equal to the speed of
light. In fact, for a single line conductor of radius R and
height h above the perfectly conducting ground,

L0 D �0

2 
ln

�

2h

R

�

(5.346)

C0 � 2 "0
ln.2h=R/

: (5.347)

Inserting this into (5.345) gives

v D 1p
�0"0

: (5.348)

According to D’Alembert, the solution to the 1-D wave
equation is

f .x; t/D f1.x� v t/C f2.xC v t/ ; (5.349)
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where f1 is a forward-traveling wave (i.e., a wave trav-
eling in the positive x direction) while f2 is a backward-
traveling wave (i.e., a wave traveling in the negative x
direction).

It is easy to verify that (5.349) is a solution of
(5.344) by observing that

@f1.x� v t/

@t
D �v @f1.x� v t/

@x
@f2.xC v t/

@t
D v

@f2.xC v t/

@x
: (5.350)

We then find that the solution of the wave equation for
the voltage takes the form

u.x; t/D u1.x� v t/C u2.xC v t/ ; (5.351)

and that there is an analogous equation for the current,

i.x; t/D i1.x� v t/C i2.xC v t/ : (5.352)

These two solutions are not independent; in fact, the re-
lationship between forward and backward voltage and
current waves can be shown (via substitution and dif-
ferentiation) to be

i1.x/D u1.x/

Z0

i2.x/D �u2.x/

Z0
; (5.353)

where Z0 is the surge impedance of the line, given by

Z0 D
r

L0

C0 : (5.354)

Substituting (5.346) and (5.347) into (5.354) yields

Z0 D 60 ln

�

2h

R

�

(5.355)

for a single lossless line conductor.
It is worth noting that u1.�) with � D x� v t repre-

sents a forward-traveling wave, because � assumes the
same value at x0 and time t0 as it does at x0 C v�t and
time t0 + �t, and that an observer traveling forward at
speed v would see the same voltage value.

A forward-traveling voltage wave is shown
schematically in Fig. 5.108.

The same approach can be adopted for backward-
traveling waves.

Note that it is changes in charge density that travel
at the propagation speed v , not the charges themselves.

v

u1 (ξ0)

P0

Time t0

v

u1 (ξ0)

P
Time t0 + ∆t

Fig. 5.108 Schematic of a forward-traveling voltage wave
(adapted from [5.36])

In the absence of an external electromagnetic field
coupled with the transmission lines, the traveling volt-
age and current waves depend on the boundary condi-
tions at the line terminations (i.e., energizations, surge
impedance discontinuities, loads, etc.).

Figure 5.109 presents four simple cases involving
traveling waves: forward-traveling waves at the top and
backward-traveling waves at the bottom with different
polarities. According to (5.353), forward-traveling volt-
age and current waves have the same polarity, while
backward-traveling voltage and current waves have op-
posite polarities.

5.8.2 Reflection and Transmission
Coefficients

We now consider a discontinuity in the surge impedance
of the line. Such a discontinuity may occur where there
is a change in geometric size or a junction of a cable
line with an overhead line that has bare conductors, or
where there is a busbar with several lines connected,
or where lumped devices are connected (e.g., a load or
a transformer or a surge-protection device). When the
traveling waves reach such a discontinuity, reflection
and transmission (or refraction) processes occur due to
the principle of energy conservation, and new voltage
and current waves start to travel away from that point.

If the point of discontinuity M connects two lines
L1 and L2 with different surge impedances Z1 and Z2,
a pair of incident voltage and current waves vi and ii
from L1 give rise to a pair of transmitted waves vt and it
that travel forward along L2 as well as a pair of reflected
waves vr and ir that travel backward along L1.

The voltage and the current at the point of disconti-
nuity must obey the equations (see also Fig. 5.110)

ui C ur D ut (5.356)

ii C ir D it : (5.357)

If we define the transmission coefficient 	v as the
ratio of vt to vi and the reflection coefficient �v as the
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Fig. 5.109a–d Schematic of four
combinations of forward- and
backward-traveling voltage and
current waves: (a) positive forward-
traveling waves, (b) negative
forward-traveling waves, (c) neg-
ative backward-traveling current
wave, (d) positive backward-traveling
current wave (adapted from [5.28])
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Fig. 5.110 Voltage waves reflected and transmitted at
a point of discontinuity in the surge impedance (adapted
from [5.36]

ratio of vr to vi, (5.356) yields

1C �v D 	v : (5.358)

Analogously, we can define the transmission coefficient
	i as the ratio of it to ii and the reflection coefficient �i
as the ratio of ir to ii.

Inserting (5.353) into (5.357) gives

ui
Z1

� ur
Z1

D ut
Z2
: (5.359)

By adding and subtracting each member of (5.356) and
(5.359), we obtain

ut D 2Z2
Z1 C Z2

ui (5.360)

ur D Z2 �Z1
Z2 C Z1

ui : (5.361)

Therefore, the transmission coefficient 	v is

	v D 2Z2
Z1 C Z2

; (5.362)

while the reflection coefficient �v is

�v D Z2 �Z1
Z1 C Z2

: (5.363)

Analogously, the transmission coefficient 	i is

	i D 2Z1
Z1 C Z2

; (5.364)

and the reflection coefficient �i is

�i D Z1 �Z2
Z2 C Z1

: (5.365)

Line terminations are line discontinuities that give rise
to surge wave reflections. For an ideal lossless line that
is terminated on a resistive lumped device, these reflec-
tions can easily be explained using reflection and trans-
mission coefficients, as they are constant and scalar in
this case. The reflections at a short-circuited end and
at an open end can be considered a particular case of
resistive termination, as illustrated below.

The surge response at a generic line termination can
be calculated via Thévenin’s theorem so long as reflec-
tions at the far termination of a line of finite length do
not influence phenomena at the termination of interest
within the considered observation time.

The system corresponding to (5.356), (5.357),
and (5.353), i.e.,

8

ˆ

<

ˆ

:

ui C ur D ut
ii C ir D it

ui D Z1ii
ur D �Z1ir ;

(5.366)

yields

2vi �Z1it D ut ; (5.367)

which is the equation of a Thévenin equivalent cir-
cuit with a no-load voltage of 2vi and an equivalent
impedance of Z1.
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Analogously, system (5.366) can also be solved for
the incident current,

2ii � ut
Z1

D it : (5.368)

This corresponds to a Norton equivalent circuit with
a short-circuit current of 2ii and an equivalent conduc-
tance of 1/Z1.

Reflections at an Open Termination
An incident voltage wave undergoes complete reflec-
tion at an open termination. Superposition of the inci-
dent wave on a reflected wave of the same amplitude
and polarity produces voltage doubling at the line ter-
mination. On the other hand, the incident current wave
is canceled out by a reflected wave of equal and op-
posite amplitude, thereby resulting in a null current
overall at the open end. The amplitudes and polarities
of the reflected voltage and current waves can be de-
duced by considering the boundary conditions and the
energy balance at the line termination. Voltage dou-
bling can be viewed as a consequence of the increase
in electric energy associated with the cancellation of
the current at the line termination, as well as the as-
sociated magnetic energy. The same results can be
deduced by noting that an open end can be considered
a termination on a device with a very large equiva-
lent resistance. The surge impedance seen by the surge
waves is therefore very large. By taking the limits of
(5.361) and (5.365) as Z2 approaches infinity, we ob-
tain �v D 1 and �i D �1. Ultimately, we have vt D 2vi,
vr D vi, it D 0, and ir D �ii at an open end. The ef-
fect of incident and reflected wave superposition at an
open line end in the case of stepwise incident volt-
age and current waves is presented schematically in
Fig. 5.111.

For a surge waveform of limited duration, superpo-
sition of the incident and reflected voltage waves only
occurs close to the open end, and the ultimate effect of
the reflection is a voltage with a mirrored waveform that
propagates in the opposite direction. The case of a tri-
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–ur/Z1

a) b)

Fig. 5.111a,b Incident and reflected voltage waves (a) and
current waves (b) at the open end of a transmission line
(adapted from [5.36])
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Fig. 5.112a–c A triangular voltage (a) before, (b) during,
and (c) after reflection at the open end of a line (adapted
from [5.36])

angular wave is presented in Fig. 5.112, which shows
the diagram of the incident wave (ABC, propagating to
the right) in Fig. 5.112a, the superposition of the dia-
gram of the incident wave (ADM) on the wave C0B0DM
(the mirror image of the wave CBDM with respect to
the straight line m), which gives rise to wave AFG in
Fig. 5.112b, and the mirrored wave C0B0A0 propagating
to the left in Fig. 5.112c.

Reflections at a Short-Circuited End
Another extreme case is a short-circuited end. An iden-
tical approach to that used for an open end can be
applied for a short-circuited end, but with the behav-
ior of the voltage and current waves swapped. An
incident voltage wave undergoes complete but nega-
tive reflection, resulting in a null voltage overall at the
short-circuited end, while the current amplitude dou-
bles. The amplitudes and polarities of the reflected
voltage and current waves can be deduced by consid-
ering the boundary conditions and the energy balance
at the line termination, as well as by noting that a short-
circuited end can be considered a termination on a de-
vice with very low resistance. Thus, by taking the limits
of (5.361) and (5.365) as Z2 approaches zero, we ob-
tain �v D �1 and �i D 1. Ultimately, we have vt D 0,
vr D �vi, it D 2ii, and ir D 0 at the short-circuited end.
The effect of superposing the incident and reflected
waves at a short-circuited line end in the case of step-
wise incident voltage and current waves is presented
schematically in Fig. 5.113.
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Fig. 5.113a,b Incident and reflected voltage waves (a) and
current waves (b) at the short-circuited end of a transmis-
sion line (adapted from [5.36])

Reflections at an Inductive Termination
Reflection at an inductive termination is similar to that
at an open circuit immediately after the arrival of the
incident wave, but ultimately resembles reflection at
a short circuit. The voltages (in pu with respect to
the amplitude of the voltage source) at three points
along a 60 km line with a step voltage source at x D 0
and a 25mH inductance at x D 60 km are depicted in
Fig. 5.114. Figure 5.115 reports the voltage profiles
along the line at three different times. The results pre-
sented in this and subsequent sections are obtained
using a finite-difference time-domain solution of the
telegrapher’s equations, and using Bergeron’s lines to
solve the boundary conditions.

The waveform of the inductive terminal voltage can
be justified by substituting the Laplace transform of the
inductor constitutive equation

ut.s/D Lsit.s/ (5.369)

into the Laplace transformation of (5.367), with

u.s/D E

s
: (5.370)
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Fig. 5.114 Voltage waveforms along a 60 km line in the
case of an inductive termination

0 10 20 30 40 50 60
Length x (km)

0

0.5

1.0

1.5

2.0

Voltage (pu)

t = 0.25 ms
t = 0.30 ms
t = 0.35 ms

Fig. 5.115 Voltage profiles along a 60 km line at different
times in the case of an inductive termination

This leads to

ut.s/D E
2T

1C Ts
(5.371)

it.s/D E

Z1

2

s.1C Ts/
(5.372)

where

T D L

Z1
; (5.373)

which correspond to

ut.t/D 2Ee� t
T (5.374)

it.t/D 2E

Z1

�

1� e� t
T

	

: (5.375)

Reflections at a Capacitive Termination
Reflection at a capacitive termination is similar to that
at a short circuit immediately after the arrival of the
incident wave, but ultimately resembles reflection at
an open circuit. The voltages (in pu with respect to
the amplitude of the voltage source) at three points
along a 60 km line with a step voltage source at x D 0
and a 100 nF capacitance at x D 60 km are presented
in Fig. 5.116. Figure 5.117 shows the voltage profiles
along the line at three different times.

The waveform of the capacitive terminal voltage
can be justified by substituting the Laplace transform
of the capacitor constitutive equation

ut.s/D 1

Cs
it.s/ (5.376)
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Fig. 5.116 Voltage profiles along a 60 km line at different
times in the case of a capacitive termination
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Fig. 5.117 Voltage waveforms along a 60 km line in the
case of a capacitive termination

into the Laplace transformation of (5.367) and using
(5.370), thus obtaining

ut.s/D E
2

s.1CTs/
(5.377)

it.s/D E
2C

1C Ts
(5.378)

where

T D CZ1 : (5.379)

Finally, antitransforming these equations yields

ut.t/D 2E
�

1� e� t
T

	

(5.380)

it.t/D 2E

T
e� t

T : (5.381)

5.8.3 Multiple Reflections in a Line
of Finite Length

In a line of finite length, the voltage and the current at
a point along the line are obtained by superposing the
waves traveling in both directions—the incident wave
and the waves that have been reflected at the line ends.
If one of the terminations is connected to an ideal volt-
age source, the voltage at that terminal will always be
equal to the voltage impressed by the generator, mean-
ing that any reflected wave that moves backward from
the opposite end will be canceled out by the new re-
flection at the generator. In other words, the reflection
coefficient at the generator side is equal to �1. In this
section, we consider multiple reflections along the line
in the extreme cases of open and short-circuited ends,
as well as two cases of multiple reflection along a line
with a resistive termination.

Open End
Figure 5.118 presents the case of a single conductor line
of finite length d with one termination (A) connected
to a DC voltage source and the other termination (M)
kept open. The voltage reflection coefficients are 1 at A
and �1 at M. Therefore, the voltage is doubled at the
open end and restored to the impressed voltage value
E at the source. Due to the backward voltage wave re-
flected by the open end, the voltage along the line is
2E so long as the doubling effect is canceled out by the

d

kd

A

A

B
E

M

M

vIV = E

ρA = –1

vI
r = E

vi = E

vII = –E

vIII = –E

ρM = 1

a)

b)

Fig. 5.118 (a) The schematic depicts a single line conduc-
tor of finite length d with a DC voltage source at the left
end (A) and an open right end (M), while the schematic
in (b) shows the effect of multiple reflections on the voltage
at the point a distance kd along the line from the powered
end (adapted from [5.36])
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Fig. 5.119 (a) Voltages and (b) currents at different points along a 60 km line with a step voltage source at x D 0 and
an open end at x D 60 km. Voltage/current values are in pu with respect to the incident voltage/current wave amplitude

forward voltage wave from the source, as illustrated in
Fig. 5.119 for the terminal ends and the middle point of
a 60 km line. The figure also shows the currents at the
same points along the line; the waveform can be justi-
fied by observing that the current reflection coefficients
are �1 at the open end and 1 at the receiving end. The
voltage and current waveforms along the line present
oscillatory components that persist due to the assumed
absence of dissipative elements along the line and at the
line ends.

Short-Circuited End
Figure 5.120 presents the case of a single line conductor
of finite length d with one termination (A) connected
to a DC voltage source and the other termination (M)
short-circuited. The voltage reflection coefficients are
�1 at both ends. Therefore, the voltage is canceled at

d

kd

A

A

B

E

M

M

vIV = E

ρA = –1

vI
r = –E

vi = E

vII = E

vIII = –E

ρM = –1

a)

b) Fig. 5.120 (a) The schematic depicts
a single line conductor of finite
length d with a DC voltage source at
the left end (A) and a short-circuited
right end (M), while the schematic
in (b) shows the effect of multiple
reflections on the voltage at a point
a distance kd along the line from the
powered end (adapted from [5.36])

the short-circuited end and restored to the impressed
voltage value E at the source. The voltage along the
line is E so long as it is not canceled out by the back-
ward voltage wave reflected at the short-circuited end,
as illustrated in Fig. 5.121 for the terminal ends and the
middle point of a 60 km line. The figure also shows the
current at the same points; the waveform can be justi-
fied by observing that the current reflection coefficient
is 1 at both ends.

Resistive End
Figure 5.122 presents the case of a single line con-
ductor with one termination (A) connected to a DC
voltage source and the other termination (M) feeding
a resistance R. The diagram showing the reflected volt-
age waves refers to the case where R is equal to 3Z (Z
is the surge impedance of the line), which—according
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Fig. 5.121 (a) Voltages and (b) currents at different points along a 60 km line with a step voltage source at x D 0 and
a short-circuited end at x D 60 km. Voltage/current values are in pu with respect to the incident voltage/current wave
amplitude
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Fig. 5.122 (a) The schematic depicts
a single line conductor of finite
length d with a DC voltage source
at the left end (A) and a resistance R
(which is three times larger than the
surge impedance of the line, Z) at the
right end (M), while the schematic
in (b) shows the effect of multiple
reflections of the voltage at a point
along the line (adapted from [5.36])

to (5.363)—gives a voltage reflection coefficient of
0.5 at M. The voltage coefficient is �1 at A, just as
in the previous cases. The backward-traveling voltage
waves increase the voltages along the line, whereas the
forward-traveling ones reflected by the source reduce
them. The voltages along the line, and in particular
the voltage at M (see Fig. 5.123), show an oscillatory
trend with an overshoot with respect to the steady-state
value. It is worth noting that the oscillations are not
persistent as they are damped by the energy dissipation
in R.

Figure 5.124 presents a case study that is simi-
lar to the previous one but with R equal to one-third
of the surge impedance of the line Z, which gives—
according to (5.363)—a voltage reflection coefficient of
�0:5 at M. In this case, the backward-traveling voltage

waves reduce the voltages along the line, whereas the
forward-traveling ones reflected by the source increase
them (due to the voltage reflection coefficient of �1 at
A). The voltages along the line, and in particular the
voltage at M (see Fig. 5.125), show an increasing ape-
riodic trend towards the steady-state value.

Sinusoidal Source
We now consider the case of a transmission line en-
ergized by an ideal 50Hz sinusoidal voltage source.
The voltages in the figures presented in this section are
expressed in pu with respect to the amplitude of the
voltage source, while the currents are given with re-
spect to the amplitude of the incident current wave (i.e.,
the ratio of the voltage source amplitude to the surge
impedance of the line).
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Fig. 5.123 (a) Voltages and (b) currents at different points along a 60 km line with a step voltage source at x D 0 and
a resistance that is three times the surge impedance at x D 60 km. Voltage/current values are in pu with respect to the
incident voltage/current wave amplitude
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Fig. 5.124 (a) The schematic depicts
a single line conductor of finite
length d with a DC voltage source at
the left end (A) an a resistance R that
is one-third the surge impedance of
the line (Z) at the right end (M), while
the schematic in (b) shows the effect
of multiple reflections of the voltage
at a point along the line (adapted
from [5.36])

Figures 5.126 and 5.127 present the voltage pro-
files along a 6000 km transmission line 1ms before and
1ms after the incident voltage wave reaches the non-
energized termination. Different resistive terminations
are considered; in particular, the receiving end is as-
sumed to be connected to a resistance R that is equal to
the surge impedance Z0, three times Z0, or one-third of
Z0. The voltage profiles before the arrival of the wave
at the receiving end are the same, but they differ af-
ter the wave has been reflected. It is worth noting that
the incident voltage amplitude varies sinusoidally along
the line length with a period of 6000km, which is the
wavelength of a signal at 50Hz traveling at the speed of
light.

Figures 5.128 and 5.129 show the same comparison
as Fig. 5.127, but they present the results obtained for

lines 600 and 60 km long, respectively. Note that the in-
cident voltage wave amplitude still varies sinusoidally
in these two figures, but that the variation is less promi-
nent.

Figure 5.130 compares the above three cases with
different line lengths in terms of the voltage and current
waveforms obtained at the two ends of the line. The re-
sistive termination is assumed to have a resistance equal
to the surge impedance of the line. Under these condi-
tions, neither voltage nor current reflection takes place,
and the line is often said to bematched. The voltage and
current waves (in pu) coincide. When the line length is
equal to the wavelength, the voltage waveforms at the
line ends coincide, except for the delay with which the
receiving end is energized. For shorter lines, a displace-
ment between the waveforms can be observed.
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Fig. 5.125 (a) Voltages and (b) currents at different points along a 60 km line with a step voltage source at x D 0 and
a resistance that is one-third of the surge impedance at x D 60 km. Voltage/current values are in pu with respect to the
incident voltage/current wave amplitude
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Fig. 5.126 Voltage profile along a 6000 km line 19ms after
energization by a 50Hz sinusoidal voltage source con-
nected at x D 0. Voltage values are given in pu with respect
to the source voltage amplitude

A comparison between the voltage waveforms ob-
tained at the receiving end when different resistive
terminations are present is provided in Fig. 5.131. It
can be observed that the speed of the transition between
the transient and the steady-state responses of the line
increases as the line shortens and the termination resis-
tance increases.

Comparisons between the current waveforms ob-
tained at the sending and receiving line terminations
when different resistive terminations are present are re-
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Fig. 5.127 Voltage profile along a 6000 km line 21ms after
energization by a 50Hz sinusoidal voltage source con-
nected at x D 0. The other termination at x D 6000 km is
resistive; cases where this resistance R is equal to, larger
than, or lower than the surge impedance Z0 of the line are
considered. Voltage values are given in pu with respect to
the source voltage amplitude

ported in Figs. 5.132 and 5.133, respectively. In contrast
to the voltage waveform, which only changes at the re-
ceiving end depending on the resistance of the resistive
termination, it should be noted that the current at the
sending end can vary too. In particular, for line lengths
of 600 and 60 km, the current waveform is modified by
the backward-reflected current waves.
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Fig. 5.128 Voltage profile along a 600 km line 2:1ms after
energization by a 50Hz sinusoidal voltage source con-
nected at x D 0. The other termination at x D 600 km is
resistive; cases where this resistance R is equal to, larger
than, or lower than the surge impedance Z0 of the line are
considered. Voltage values are given in pu with respect to
the source voltage amplitude
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Fig. 5.129 Voltage profile along a 60 km line 0:21ms after
energization by a 50Hz sinusoidal voltage source con-
nected at x D 0. The other termination at x D 60 km is
resistive; cases where this resistance R is equal to, larger
than, or lower than the surge impedance Z0 of the line are
considered. Voltage values are given in pu with respect to
the source voltage amplitude
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Fig. 5.130a–c Voltage and current waveforms at the send-
ing and receiving ends of a transmission line, where the
sending end is connected to a 50Hz sinusoidal voltage
source and the receiving end is connected to a resistance R
that is equal to the surge impedance Z0 of the line. Values
are given in pu with respect to the source voltage ampli-
tude E and E=Z0. Line lengths: (a) 6000 km, (b) 600 km,
(c) 60 km
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Fig. 5.131a–c Voltage waveforms at the receiving end of
a transmission line, where the sending end is connected to
a 50Hz sinusoidal voltage source and the receiving end is
connected to a resistance R that is equal to, larger than, or
lower than the surge impedance Z0 of the line. Values are
given in pu with respect to the source voltage amplitude.
Line lengths: (a) 6000 km, (b) 600 km, and (c) 60 km
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Fig. 5.132a–c Current waveforms at the sending end of
a transmission line, where the sending end is connected to
a 50Hz sinusoidal voltage source and the receiving end is
connected to a resistance R that is equal to, larger than, or
lower than the surge impedance Z0 of the line. Values are
in pu with respect to the amplitude of the incident current
wave. Line length: (a) 6000 km, (b) 600 km, and (c) 60 km
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Fig. 5.133a–c Current waveforms at the receiving end of
a transmission line, where the sending end is connected to
a 50Hz sinusoidal voltage source and the receiving end is
connected to a resistance R that is equal to, larger than, or
lower than the surge impedance Z0 of the line. Values are
in pu with respect to the amplitude of the incident current
wave. Line length: (a) 6000 km, (b) 600 km, and (c) 60 km
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5.9 Electric Power Systems of the Future: Smart Grids

Electric power systems are continually evolving.
Drivers of this evolution over the last few decades in-
clude the liberalization and development of competitive
electricity markets, the increasingly widespread use of
HVDC links to improve transmission capabilities and
enhance interconnection, the growth in renewable en-
ergy sources (RESs), and the integration of distributed
generation (DG). In the future, the expected large-scale
adoption of electric vehicles and electric transporta-
tion technologies will lead to further power system
development. Such development may include the im-
plementation of a global power grid [5.56].

5.9.1 Evolution of Power Systems Towards
Increased Deployment of Renewable
Energy Resources

In this section, we focus on DG. There are many rea-
sons for using DG in power systems, but the two main
motivations are the introduction of the open electricity
market and environmental requirements [5.57].

In Italy, the amount of power generated by RESs
has increased considerably since the mid-2000s. Fig-
ure 5.134 shows how the power produced by each type
of electric power plant has evolved in Italy since 1963.
This graph is largely representative of those of many
other countries in Europe too. From 2004 to 2013, the
share of the total power generated in Italy that is con-
tributed by RES plants increased from 26% to 39%, and
this share reached 45% in 2017 (Fig. 5.135).

Since many RES technologies (photovoltaic units
and several types of wind turbines in particular) are
used in conjunction with power electronic convert-
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ers [5.58, 59], the characteristics and fast dynamics of
these devices tend to modify the behavior of the power
system, especially during large perturbances.

The trends expected for Italy over the next decade
are also expected to occur for Europe in general. Fig-
ure 5.136 shows the European targets for 2030 in
relation to the transition to a zero-carbon economy, as
well as the ambitions for 2050. This framework was
adopted by the European Council in October 2014, and
the targets for renewables and energy efficiency were
revised in 2018.

The key targets for 2030 are:

� Cuts of at least 40% in greenhouse gas emissions
with respect to 1990 levels� A renewable energy share of at least 32%� An improvement in energy efficiency of at least
32:5%.

The compositions of power systems in the future will
also be influenced by the actions of transmission sys-
tem operators (TSOs). Both Terna and ENTSO-E (the
Italian TSO and the European network of TSOs, re-
spectively) have set out possible future scenarios for
the evolution of power systems up to 2040 [5.52,
61]. ENTSO-E forecasts that by 2040, between 65%
and 81% of the electricity demand in the European
Union (EU) will be met by renewable energy sources.
Ensuring that this scenario is feasible and guarantee-
ing the economic sustainability and reliability of the
electricity supply will require the implementation of
technical solutions for storage system development and
the strengthening of interconnections between states.
Such measures should make it possible to exploit up to

http://www.terna.it
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150TWh of energy produced from nonprogrammable
sources that would otherwise remain unused. In this re-
gard, the EU has announced a thousand billion euro
investment plan that aims to convert all conventional
generation units to renewables ones by 2050 [5.62].
Unity across borders will be crucial to achieving clean
energy production [5.63]. The European electric grid is
the largest synchronous grid in the world, and the level
of interconnectivity among European countries is ex-
pected to grow significantly over the next few decades
in order to improve cross-border energy exchange.

The intermittent nature of the output from renewable
energy sources (e.g., wind and solar) necessitates suffi-
cient backup generation to meet the demand for electric-
ity [5.64]. This is even more important if wind and solar
generate 100% of the required energy on average. The
need for backup generation can, however, be reduced
through the utilization of storage systems and/or grid
extensions. Interconnections can improve grid stability

and reduce energy prices, so huge investments aimed at
strengthening transmission line capabilities in order to
create aEuropean supergrid are expected. TheEUhas set
an interconnection target of at least 10%by 2020 in order
to encourage EU countries to link their installed elec-
tricity production capacities [5.63]. Thismeans that each
nation should have sufficient transmission lines to al-
low at least 10% of the electricity produced by its power
plants to be transported across its borders to neighboring
countries at any time. The level of interconnection is also
expected to rise to 15% by 2030 [5.65].

5.9.2 Power System Structure:
Why We Need Smart(er) Grids

We discussed the structure of a power system in
Sect. 5.1. Historically, generators were connected di-
rectly at the transmission level, and power flows were
unidirectional from the transmission level towards the

http://www.terna.it
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loads connected at lower voltage levels. However,
power systems have changed in structure over the last
few decades to allow the deployment of a large number
of RESs. The increasing penetration of RESs and DG
into power systems has totally changed the power flows
in these systems, as many generating units are now con-
nected directly at the subtransmission and distribution
levels, meaning that distribution grids have been trans-
formed from passive to active networks.

The impact of renewable generation on electric
power systems presents a challenge to transmission and
distribution systems operators [5.66], and has resulted
in a need for smarter grids for the reasons listed below.

High Variability in the Amount of Power
Produced by RESs

This characteristic of RESs requires:

� Smarter management of the grid� Extensive information and communications tech-
nology (ICT) deployment (e.g., metering, cosimu-
lation tools, . . . )� Deployment of storage systems.

Penetration of RESs
The increasingly widespread adoption of RESs poses
problems:

� Generators are often used in conjunctionwith power
electronic converters, which degrades system stabil-
ity due to a lack of inertia� Power quality issues arise.

Integration of Electric Vehicles
The expected increase in electric vehicle utilization im-
plies that:

� Network transformers must be upgraded in terms of
size and capability� The possibility of supporting the network with vehi-
cle-to-grid (V2G) applications should be explored.

Inverted Power Flows
The inverted power flows that result from the inclusion
of RESs in power systems are problematic because:

� The lines were not designed for bidirectional flows� Voltage profiles along the distribution feeders are al-
tered� Protection failures may occur.

5.9.3 The Definition of a Smart Grid

The reasons mentioned above have led to the introduc-
tion of the concept of a smart grid. There are various
definitions of a smart grid; we report a few of them be-
low:

1. European Technology Platform on SmartGrids:
“A SmartGrid is an electricity network that can
intelligently integrate the actions of all users con-
nected to it—generators, consumers and those that
do both—in order to efficiently deliver sustainable,
economic and secure electricity supplies.”

2. US Department of Energy: “A smart grid uses dig-
ital technology to improve reliability, security, and
efficiency (both economic and energy) of the electric
system from large generation, through the delivery
systems to electricity consumers and a growing num-
ber of distributed-generation and storage resources.”

3. Department of Energy and Climate Change, UK:
“A smart grid uses sensing, embedded processing
and digital communications to enable the electric-
ity grid to be observable (able to be measured and
visualized), controllable (able to manipulated and
optimized), automated (able to adapt and self-heal),
fully integrated (fully interoperable with existing
systems and with the capacity to incorporate a di-
verse set of energy sources).”

4. Electric Power Research Institute, USA. This insti-
tute is developing the IntelliGridSM initiative, which
is laying the technical foundations for smart grids.
According to the Electric Power Research Institute,
a smart grid is a “power systemmade up of numerous
automated transmission and distribution systems,
all operating in a coordinated, efficient and reliable
manner;” “a power system that handles emergency
conditions with self-healing actions and is respon-
sive to energy-market and utility business-enterprise
needs;” and “a power system that serves millions of
customers and has an intelligent communications in-
frastructure enabling the timely, secure and adapt-
able information flow needed to provide reliable and
economic power to the evolving digital economy.”

5. Eurelectric: “A smart grid is an electricity net-
work that can intelligently integrate the behavior
and actions of all users connected to it—generators,
consumers and those that do both—in order to ef-
ficiently ensure sustainable, economic and secure
electricity supply. As such, a smart grid, involving
a combination of software and hardware allowing
more efficient power routing and enabling con-
sumers to manage their demand, is an important part
of the solution for the future.”

5.9.4 Growth in the Utilization of ICT
in Power Systems

The increasing use of ICT is an important characteristic
of the development of power systems, as illustrated in
Fig. 5.137. In transmission and distribution networks,
the adoption of DG, together with electricity market
procedures and the expected sudden growth in elec-
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tric vehicle deployment, is leading or will lead to more
complex interactions among system components. Thus,
in the future, it will be necessary to apply the most
advanced ICT solutions to power system operation to
ensure that reliability and performance targets are met.
EnhancingMV and LV distribution network observabil-
ity using both direct (smart metering) and indirect (state
estimation [5.67], pseudomeasures [5.68], and load and
production forecasts) methods can lay the groundwork
for the development of new services and value-added
functionalities [5.69].

The development of new tools that can be used
to model the dynamic behavior of power systems
and communications networks should facilitate the
increased application of new ICT-based monitoring,
control, and protection approaches in electric power
grids [5.70, 71]. The expected key requirements of
a ITC–power system cosimulation platform are easy
configuration, good operating system compatibility, an
ability to interconnect with external thirty-party pro-
grams/systems, a hardware-in-the-loop (HIL) capabil-
ity, time synchronization, the ability to adjust the level
of detail of the model (in both power and communica-
tions modeling), the interoperability needed to import
models, and scalability.

5.9.5 Microgrids

The implementation of active distribution network tech-
nologies is leading to the formulation of new system
concepts. The microgrid paradigm is perhaps the most
promising novel network type [5.64]. A microgrid con-
sists of a group of interconnected distributed energy
resources such as microturbines, fuel cells, and pho-
tovoltaic arrays together with storage devices (i.e.,
flywheels, energy capacitors, and batteries) and con-
trollable loads. Such systems offer considerable scope

for control and autonomous operation. They are in-
terconnected to the distribution network but have the
ability to voluntary perform connection and discon-
nection maneuvers, meaning that they can smoothly
and reliably switch between grid-connected and island
modes (Fig. 5.138).

5.9.6 Energy Communities

Mechanisms enabling energy transactions between
neighbors are becoming feasible in several countries.
These mechanisms provide an incentive to install DG
units (especially those based on RESs), which will
encourage power generation that exceeds the local
load, thus allowing the power demands of users con-
nected nearby to the same distribution network to be
exploited. As an example, on December 2018, the Euro-
pean Union approved the first part of a comprehensive
legislative package entitled Clean Energy for All Eu-
ropeans (CEP) [5.74]. This EU directive establishes
appropriate legal frameworks for energy communities.
A local energy community (LEC) can be defined as a set
of end-users with local generation and storage units that
cooperate to achieve common goals, in particular the
minimum energy procurement costs and the efficient
use of renewable resources [5.75].

Figure 5.139 illustrates the concepts of self-
consumption, collective self-consumption, and the
LEC [5.73]. Collective self-consumption, which builds
on the well-established idea of self-consumption, in-
volves cooperation between renewable energy self-con-
sumers located in the same building or apartment block.
In the figure, the LEC consists of a set of residential
or small industrial sites, each acting as a prosumer,
and it generally includes generation and battery energy
storage units as well as loads. The LEC operates on
an internal LV distribution network connected to the
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external utility grid, and the prosumers use the avail-
able energy resources cooperatively. Specific schedul-
ing procedures are generally needed to fully exploit
the available resources and the flexibility of the system
(see, for example, [5.76] and references therein). Tech-
nologies such as demand response appear to be more
easily applicable in LECs than by the utility. Local en-

ergy communities may also incorporate aggregators for
electric vehicles [5.77].

Additional Information and Exercises
Additional information and supplementary exercises re-
lating to this chapter can be found at https://go.sn.pub/
SHb_PowerSystems_Nucci_PowerSystemsAnalysis.
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One of the most striking features in the devel-
opment of rotating electrical machines has been
the steady increase in their output. This marked
increase was made possible by a combination of
several factors, of which the most important in-
clude improvements in the magnetic properties
of the sheet steel used for core material, as well
as the development of insulating materials capa-
ble of withstanding relatively high temperatures,
and better provision for cooling. This chapter is
divided into two parts: Synchronous Machines and
Induction Motors. For both types of machines con-
siderations about insulating materials, cooling and
construction are presented with a focus on the
main aspects involved, as well as about their per-
formance under different conditions of operation.
Special emphasis was given to international stan-
dards. The effect of machine dimensions on the
rating of synchronous and induction machines is
included, as well as other design parameters. The
application of variable frequency drives on in-
duction motor speed control is highlighted. Some
advanced technologies in synchronous generators
and motors such as: superconducting generators
and motors; permanent magnet motors; switched
reluctance motors and line start permanent mag-
net motors, as well as those related to die cast
copper and linear induction motors are pre-
sented.
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6.1 Synchronous Machines

A synchronous machine may be constructed with a sta-
tionary armature and a rotating field, or a rotating arma-
ture and a stationary field. The former has been widely
used because the armature winding is more complex
than the field winding, and it is constructed more easily
in a fixed structure. Besides that, the armature winding
handles the load power of the machine, while the field
winding consumes a small percentage (0:5�2%) of the
rated load power. Thus, if the synchronousmachine was
constructed with a rotating armature, it would require
slip rings and brushes to deliver energy to the load. This
would cause a fast wear of the brushes and sparking on
the slip rings, that could cause short-circuits. This type
of construction may be found in small machines.

6.1.1 Construction Features

When synchronous generators are driven by steam/gas
turbines they are referred to as a turbogenerator, and
when they are driven by water turbines as a hydro-
generator. Steam/gas turbines are high-speed units and
these turbogenerators are built as cylindrical-rotor (also
called round-rotor or nonsalient-pole rotor or turbine
generators) machines. On the other hand, hydrogenera-
tors are salient-pole machines, since hydraulic turbines
run at low/medium speeds. When synchronous mo-
tors are required for high-speed operation, they are
designed, similar to turbogenerators, as nonsalient-pole
machines.

The armature core of both cylindrical-rotor and
salient-pole machines is made of insulated steel lamina-
tions, in order to minimize eddy current and hysteresis
losses. The core is mounted onto the frame through
spring bars. The core is slotted and the coils/bars mak-
ing the winding are placed in the slots around the
periphery of the stator to provide better heat dissipa-
tion. The chief characteristics of the AC windings are
defined by such features as: the number of circuits in
parallel per phase, which may be one or more; the con-
nections between phases, usually in star formation for
generators and in delta formation for motors; the num-
ber of coil layers per slot, that may be either one or two,
but with the two-layer type predominating; the angular
spread of conductors belonging to a given phase belt;
the pitch factor of the coils comprising the winding and
the arrangement of the end connections. For the field
winding a series connection is regularly used.

The field winding is arranged to produce as many
pairs of poles as may be needed. The number of poles
will depend upon the speed at which the machine
should operate, which in turn depends upon the driven

machine or prime mover, and the desired frequency of
the system to be supplied, in the case of generators.
The field winding is fed by direct current by an exciter
through a pair of brushes and slip-rings, except for the
case of turbogenerators, that usually have a brushless
exciter, i.e., an exciter without brushes and slip-rings.

When the number of poles is small, such as two,
four, or sometimes six, as in the case of cylindrical-rotor
machines, the generator is typically driven by steam
or gas-turbine prime movers. The field winding is dis-
tributed in slots cut in the round surface of the rotor and
retained, against large centrifugal forces, in the slots by
wedges and in the end connections by retaining rings.
Normally two thirds of the rotor periphery is slotted to
accommodate the field winding and the remaining one
third unslotted portion acts as poles. Rotors of cylindri-
cal machines are constructed of solid steel forgings or
of thick steel disks suitably bolted together. Figure 6.1
shows the rotor magnetic flux linking rotor and stator
across the airgap of the cylindrical-rotor machine.

When the number of poles is larger, each pole is
separate and distinct, forming a salient-pole structure,
attached to the rotor. The winding on each pole is a con-
centrated coil wound closely around the pole. The field
winding is then made up of a number of concentrated
coils. The flux distribution is controlled by shaping the
face of the pole, so that the airgap is a minimum at
the pole center and increases toward the tips, thus help-
ing to produce the desired sinusoidal flux distribution.
Successive poles are wound in opposite directions so
that the poles are alternately magnetically north and
south. The terminals of the field winding are brought to

Air gap

Generator
field

Stator

Fig. 6.1 Cylindrical machine: Rotor magnetic flux linking
the rotor and stator
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Fig. 6.2 Cross-sectional view of
a salient-pole synchronous machine

two collector rings attached to, but insulated from the
shaft.

The rotor of salient-pole machines consists of a steel
spider to which poles of laminated steel, carrying the
field winding, are keyed or bolted. Generally rectangu-
lar or round pole constructions are used for such type of
alternators. Generators driven by water wheel turbines
are of either horizontal or vertical shaft type. Genera-
tors of lower power ratings with fairly higher speeds are
built with a horizontal shaft and the generators of higher
power ratings and lower speeds are built with a vertical
shaft design. Three types of construction are used for
vertical shaft generators:

(i) Umbrella type where the thrust bearing and a sin-
gle guide bearing are mounted below the rotor.

(ii) Semi-Umbrella type, similar to the Umbrella type,
but with an additional guide bearing mounted
above the rotor.

(iii) Suspended type with a thrust and one guide bear-
ing mounted above the rotor and another guide
bearing mounted below the rotor.

Most salient-pole machines have an additional
winding in the rotor, called the damper-winding (also
known as an amortisseur), made of copper bars embed-
ded in the head of the pole, and short-circuited at both
ends by short-circuiting rings similar to end rings as in
the case of squirrel cage rotors. In case of synchronous
motors and compensators its purpose is to start the mo-
tor or compensator as an induction motor, and take it
unloaded to almost synchronous speed, when the rotor
is pulled in synchronism by the synchronous torque.

This structure, usually, includes all synchronous hy-
drogenerators. A cross-sectional view of a salient-pole
machine is shown in Fig. 6.2.

Bearings are used to prevent friction between parts
during relative movement. They fall into two primary
categories: anti-friction or rolling element bearings and
hydrodynamic journal (fluid film) bearings. There are
applications where rolling bearings are the best choice.
Smaller generators and motors commonly use rolling
bearings.

In the case of large rotating machines the machine’s
shaft is most commonly isolated from the stationary
equipment through the use of journal bearings, that are
filled with lubricant in order to to maintain low friction
and as a consequence minimize wear of the surfaces.
To inspect the journal bearings, that are generally split,
rotor removal is not required. Journal bearing fatigue
damage is usually visible at an early stage and allows
for better diagnostics of failure modes so that correc-
tive action can be taken to prevent recurrence. For these
reasons, special care must be taken when selecting and
implementing a lubrication system and special vibra-
tion monitoring techniques must be applied. The most
important aspects of the health and longevity of a jour-
nal bearing are proper selection, proper installation,
proper lubrication, and the alternating hydrodynamic
loads imposed on the bearing surface by relative shaft-
to-bearing vibration. While split rolling element bear-
ings are also available they are costly and not common
in large machines.

The proper alignment of turbo-units and hydro-units
is critical to trouble free operation. Amisalignment can-
not only cause the premature failure of bearings, but
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through excessive vibration, can cause wear and stress
on other machine components as well. Unscheduled
outages caused by misalignment can be avoided if the
machinery is initially aligned correctly.

6.1.2 Cooling and Insulation

Cooling
Losses in electrical machines appear in the form of
heat. Heat is transferred from one machine part to an-
other and to the surrounding medium by conduction,
radiation and convection. Since the losses are produced
mainly in the active parts of the machine, i.e., in the iron
that carries the flux and in the conductors which carry
the currents, the heat appears mainly in these machine
parts. The result is an increase in temperature of the iron
and copper above that of the surroundings. Cooling of
the machine is necessary in order to keep the tempera-
ture rises of the iron and copper within the prescribed
limits (Table 6.1).

The cooling systemmay be of two types: indirect and
direct. In the indirect cooling system thewindings arenot
in direct contact with the cooling medium, that is blown
along the airgap, through ducts in the core and over the
surface of the windings. In the direct cooling system the
coolant in a closed circuit passes directly in contact with
the windings. IEC and National Electrical Manufactur-
ers Association standards describe the cooling systems
in detail [6.1, 2].

a) Cylindrical (Round)—Rotor Machines.

a.1) Indirect Cooling. The indirect cooling system
may be of two types: open-circuit and closed-circuit.
In an open-circuit cooling system a machine is cooled
by the in-take of cold air, which passes through the
machine and is expelled into the atmosphere. To pre-
vent clogging of the machine with dust, that the air
always contains, a filter is mounted at the air in-take.
The closed-circuit cooling system is one in which the
air or hydrogen passes through the machine becomes
heated, then it passes through a cooler returning to the
machine. In the indirect cooling system the windings
are not in direct contact with the cooling medium (air
or hydrogen), which is, usually, fed into the generator
by fans at both sides of the rotor, i.e., the windings are
cooled by flowing air or hydrogen over their surfaces
and through the core.

The output equation of a generator in MVA (ap-
parent power) is S D CD2Ln (Sect. 6.1.20, Apparent
Nominal Power: Output Equation), where C is the
output coefficient in MVA s=m3; D is the inner stator
diameter in meters; L is the axial length of the core in
meters and n is the speed in rps (rotation per second). In

the case of cylindrical-rotor machines the effect of the
high speed n is to reduce the amount of active material,
i.e., the generator size (D2L), much below that required
in a slow speed machine of the same capacity, thereby
greatly reducing the area available for direct radiation.

If the rotating speed n is constant, an increase of gen-
erator capacity can be attained by increasing the output
coefficient C or the generator size or both. A larger sta-
tor and consequently rotor diameter, and active length
greatly increase thewindage losses. For instance, the sur-
face friction loss, that represents a significant portion of
thewindage losses, rises as the fourth power of the diam-
eter, and linearly with an increasing active length. Thus
to reduce windage losses the most important parameter
to consider is a reduction in the rotor diameter. Besides
that, the diameter must be kept as small enough as pos-
sible to keep the peripheral speed v of the rotor within
safe limits (v D  Drn), where Dr is the rotor diameter
in meters, n is the rotating speed in rps, and v is in m=s,
so that for large capacity machines the axial length must
be considerable. This adds to the difficulty of cooling the
central portion of the core with air, that is too far from
the end of the rotor where fans are installed. Indirect air-
cooled generators have been built up to 400MVA.

All of these considerations point to the necessity
of completely enclosing the machine in order to per-
mit the use of hydrogen instead of air to carry away
the heat, for larger size machines than those which use
air cooling. The hydrogen density is about 1=14 that
of air, for the same pressure and temperature, thus re-
ducing windage loss and noise; its heat conductivity is
around 6.7 times greater than that of air, that implies
in a heat transfer coefficient of 1.5 times that of air,
so more readily taking up and giving up heat. The hy-
drogen is maintained at a pressure above atmospheric
in order to avoid the penetration of air and forming an
explosive mixture inside the machine, which is totally
closed. At 3:45 kPa its rating can be increased by about
30% above its air-cooled rating. An additional pressure
increase from 3:45 to 103:5 kPa and a further increase
to 207 kPa allows the machine rating to be increased
additionally by 15 and 25% for the same temperature
rise, respectively. The gas coolers are located inside the
generator casing. Indirect hydrogen-cooled generators
(Fig. 6.3) have been built up to 600MVA.

a.2) Direct Cooling. To further increase the capacity of
cylindrical-rotor machines, in relation to those obtained
using indirect hydrogen-cooling, it is necessary to use
an effective direct winding cooling system in which the
stator and rotors windings are designed with internal
ducts for the circulation of the coolant directly in con-
tact with the windings. Direct cooling permits a specific
electric load (Sect. 6.1.20, Apparent Nominal Power:
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of an indirect
hydrogen-cooled
generator [6.3]

Output Equation), i.e., and the armature current to be
increased, while maintaining the limits of temperature
rise. Hydrogen has been used, by some manufacturers,
for rotor and stator winding cooling.

Figure 6.4 shows the cross-section of a rotor slot in
a direct cooled cylindrical-rotor machine, where hydro-
gen enters the subslot in an axial direction, bringing it in
direct contact with the copper conductors, thus reducing
the thermal drop through the insulation.

However, for machines larger than 800MW, in
general, the volume of hydrogen required to cool the

Wedge

Creepage 
block

Turn 
insulation

Slot 
insulation

Cooper 
winding

Sub slot

Fig. 6.4 Rotor slot
in a direct hydrogen
cooled cylindrical
machine

machine may be so large that its use results in a great
increase in machine cost. Thus, due to its excellent heat
conductivity being about 60 times that of air and 40
times of that of hydrogen for the same pressure, highly
purified water has been used for direct stator winding
cooling, allowing a further increase in machine capac-
ity, and lower costs when compared with direct stator
hydrogen-cooled machines. Besides that, the duct area
for water is smaller than for hydrogen, allowing more
space for the conductors in the slot, giving a greater
conductor cross section and as consequence a decrease
in its resistance and lower losses, for the same arma-
ture current. Water may also be used for cooling the
rotor winding, instead of hydrogen, to increase the out-
put available from the same frame size. In this latter
case the water-pipes have to be designed to support the
centrifugal force and the internal pressure.

To take advantage of the good performance of wa-
ter and hydrogen as a cooling medium, a 1350MW
round-rotor generator was constructed with the stator
and rotor windings cooled by water and the steel sheet
core cooled by hydrogen.

b) Salient-Pole Machines. These are characterized
by low speed, large diameter and small axial length
compared to cylindrical-rotor machines. In addition to
the large areas available for direct radiation, there is
the fanning action of the rotor. Even so, it is still nec-
essary to subdivide the core by providing ventilating
ducts to allow the flow of cooling radially through the
core. In general, hydrogenerators are air-cooled where
the air circulates through a heat exchanger in a closed
circuit. Direct water cooling of hydrogenerators sta-
tor windings, where water is passed through the stator
conductors has been applied to machines larger than
500MW, while the rotor may be cooled by air.

Insulation
Electrical insulation is a combination of materials de-
signed to perform the functions needed in electric
equipment. They can be divided into two main cat-
egories: groundwall and conductor insulation [6.4].
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Table 6.1 Thermal classes of insulating materials

Numerical
classification
(ıC)

Previous
designation
(class)

Hottest spot
permitted
(ıC)

Permitted
average
winding
temperaturea

(ıC)
90 Y 90 NA
105 A 105 NA
130 B 130 120
155 F 155 140
180 H 180 165

Numerical
classification
(ıC)

Previous
designation
(class)

Hottest spot
permitted
(ıC)

Permitted
average
winding
temperaturea

(ıC)
90 Y 90 NA
105 A 105 NA
130 B 130 120
155 F 155 140
180 H 180 165

a Temperature determined by resistance measurement (NA =
not available)

A groundwall insulation separates those components
that may not be in contact with each order, i.e., sepa-
ration of the coil from the grounded stator core of the
machine. Conductor insulation separates the wires and
turns of a coil. Organizations like ANSI/IEEE (Amer-
ican National Standards Institute/Institute of Electrical
and Electronic Engineers) and IEC have produced ther-
mal classifications of materials for rotating electrical
machines. A table adapted from IEC 60034-1 [6.5] and
IEC 60085 [6.6] is shown in Table 6.1. A brief descrip-
tion of materials for each insulating class is presented
in Table 6.2.

Table 6.2 Description of material for each insulating class

Numerical
classification
(ıC)

Material description

90 Materials or combinations of materials such as
cotton, silk, paper, cellulose, and similar mate-
rials when neither impregnated nor immersed
in a liquid electrical insulating material

105 Materials or combinations of materials such
as cotton, silk, paper, and similar materials
when either impregnated or coated or when
immersed in a liquid electrical insulating
material

130 Materials or combinations of materials such
as mica, asbestos, fiberglass, used as suitable
bindings substances

155 Materials or combinations of materials such
as mica, asbestos, fiberglass, and similar inor-
ganic materials suitably bonded with organic
(varnishes or resins) or synthetic inorganic
thermo-setting resins of two types: epoxy
mica and polyester mica

180 Materials or combinations of materials such
as mica, asbestos, fiberglass, and similar inor-
ganic materials in built-up form with binding
substances composed of silicone resins, or
materials with equivalent properties

Numerical
classification
(ıC)

Material description

90 Materials or combinations of materials such as
cotton, silk, paper, cellulose, and similar mate-
rials when neither impregnated nor immersed
in a liquid electrical insulating material

105 Materials or combinations of materials such
as cotton, silk, paper, and similar materials
when either impregnated or coated or when
immersed in a liquid electrical insulating
material

130 Materials or combinations of materials such
as mica, asbestos, fiberglass, used as suitable
bindings substances

155 Materials or combinations of materials such
as mica, asbestos, fiberglass, and similar inor-
ganic materials suitably bonded with organic
(varnishes or resins) or synthetic inorganic
thermo-setting resins of two types: epoxy
mica and polyester mica

180 Materials or combinations of materials such
as mica, asbestos, fiberglass, and similar inor-
ganic materials in built-up form with binding
substances composed of silicone resins, or
materials with equivalent properties

Copper strand

Strand 
insulation

Turn insulation

Groundwall 
insulation

Semiconductive
coating

Fig. 6.5 Cross section showing the stator winding insula-
tion components

a) Stator Winding Insulation. The basic stator wind-
ing insulation components are shown in Fig. 6.5, with:

a) Strand insulation—to reduce the skin effect of cop-
per strands

b) Turn insulation—to prevent electrical shorts be-
tween turns

c) Groundwall insulation—to prevent ground faults
from high potential and

d) Semiconductive coating—to prevent partial dis-
charge of the coil or bar surface.

These insulation components together ensure that
an electrical short does not occur, that the heat from the
conductor losses are transmitted to a heat sink, and that
the conductor does not vibrate in spite of the magnetic
force.

Besides the insulation components above, on the
coil or bar surface there is a special coat made of sili-
con carbide having a voltage dependent resistance. This
coat is applied to the parts of the coil or bar that come
out from the slots. In such a way, a uniform spread of
electric potential is obtained thus avoiding partial dis-
charges at exits from the slots.

b) Rotor Winding Insulation. Turn insulation (in
both cylindrical-rotor and salient-pole machines) and
groundwall insulation (in cylindrical-rotor machines) in
a rotor can be relatively thin since the voltage in a rotor
is much lower than in a stator.

For salient-pole machines rated at less than a few
megawatts a magnetic wire, instead of a copper wire,
is wrapped around the pole. A magnet wire is tech-
nically just an insulated copper wire which is coated
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with an enamel insulation. This feature makes it ideal
for winding coils where every millimeter is considered
important. Thin insulated material helps to make more
turns in a small area in machines. Common copper wire
is insulated with thicker material which can require
more area for more turns. Insulating washers and strips
are placed between the magnetic wire and the field pole
laminations to act as the ground insulation.

c) Life Expectancy of Electric Equipment. Apart
from accidental electrical and mechanical failures, the
life expectancy of an electrical apparatus is limited by
the temperature of its insulation: The higher the temper-
ature, the shorter its life. A rule of thumb (based upon
the Arrhenius equation of chemical reaction time versus
temperature) adapted to approximate the relationship
between insulation life and operating temperature states
that if the operating temperature is raised by 10 ıC,
the thermal life expectancy of the insulation system is
reduced by one half, and conversely if the operating
temperature is reduced by 10 ıC, the thermal life of
the insulation system is approximately doubled. Thus if
a machine has a normal life expectancy of thirty years at
a constant temperature of 105 ıC, it will have a service
life of only seven and a half years at 125 ıC. This ex-
plains why sometimes a machine is specified for class F
insulation, but operates as class B.

The factors that contribute most to the deterioration
of insulators are (1) heat, (2) humidity, (3) vibration,
(4) acidity, (5) oxidation, and (6) time. Because of these
factors, the state of the insulation changes gradually; it
slowly begins to crystallize and the transformation takes
place more rapidly as the temperature rises.

In crystallizing, organic insulators become hard and
brittle. Eventually, the slightest shock or mechanical
vibration will cause them to break. Under normal con-
ditions of operation, most organic insulators have a life
expectancy of 8�10 years provided that their tempera-
ture does not exceed 100 ıC. On the other hand, some
synthetic polymers can withstand temperatures as high
as 200 ıC for the same length of time.

Low temperatures are just as harmful as high tem-
peratures are, because the insulation tends to freeze and
crack. Special synthetic organic insulators have been
developed, which retain their flexibility at temperatures
as low as �60 ıC.

6.1.3 Armature Windings

This section summarizes single and double-layer, as
well as integral and fractional slot armature windings.
More extensive information can be found in refer-
ences [6.4, 7, 8].

Armature windings comprise a set of coils/bars em-
bedded in slots, uniformly spaced round the armature
periphery. The main characteristics of alternating cur-
rent windings are: the types of coils; the number of
phases; the connections between phases; the number of
coil layers per slot; the pitch of the individual coils com-
prising the winding; the number of circuits in parallel;
and the arrangement of the end connections.

The types of stator coils include random-wound
coils, form-wound coils and form-wound bars (called
Roebel bars):

a) Random-wound coils consist of round, insulated
copper conductors that are wound continuously
through slots in the stator core to form a coil.
A cross-section of the coil shows that turns are ran-
domly distributed and can be in close proximity to
a number of other turns. Throughout the axial length
of the coil, wires can migrate during manufacturing
and take new positions with respect to other coils.
Random windings are typically used for machines
less than 1500 kW, where the size of the stator and
the minimum wire thickness usually do not allow
form-wound coils.

b) Form-wound multiturn coils are preformed coils
consisting of a continuous loop of magnetic wire
shaped into a coil. Individual turns are arranged in
precise locations with respect to each other. That is,
turn one is always next to turn two, turn two is al-
ways next to turn three, and so on. The coils are
shaped in a forming machine to the final configu-
ration that they will occupy in the stator. They are
used in generators rated up to 50�100MVA and in
most large motors.

c) Form-wound Roebel bars are used in large gen-
erators as the form-wound multiturn coil is large
enough so that there are difficulties in inserting
both legs of the coil in the narrow slots in the
stator core without risking mechanical damage to
the coil during the insertion process. Thus, most
large generators are not made from multi-turn coils,
but rather from half-turn coils, often referred to
as Roebel bars. With a Roebel bar construction,
only one half of a coil is inserted into the slot at
a time, which is considerably easier than inserting
two sides of a coil in two slots simultaneously.

The EMFs are induced in armature coils/bars due to
relative motion between them and the flux density
wave in the airgap established by the field windings. In
a three-phase AC machine the armature coils/bars are
symmetrically connected to form a set of three balanced
phases (equal EMF magnitudes with a relative phase
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Fig. 6.6a,b Double-layer winding:
(a) two coil sides per slot (b) eight coil
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displacement of 2 =3 rad). When the armature winding
carries current, it establishes the same number of alter-
nating (north-south) poles for which it is wound.

The active coil-side length in which the EMF is
induced equals the armature length (over which the
flux density is established). The pitch of a coil is the
space angle (electrical) between its two sides and must
equal an integral number of slots. The coil pitch may
be full (equal to one pole pitch or 180ı E) or short-
pitch (chorded) coils may be used. The pitch of a coil
could be expressed in terms of its angular span or in
terms of slots. The slots/pole must be an integral num-
ber for a full-pitch coil.

Practically there are two types of windings,
viz. single-layer and two-layer (or double-layer). In
a single-layer winding each coil side of a coil occupies
the whole slot, thus the number of coils is half the num-
ber of slots. In a double-layer winding one coil side of
a coil occupies the upper position in one slot and the
second coil side occupies the lower position in a slot
displaced from the first coil-side by the coil-span. In
a double-layer winding each slot is occupied by two
coil-sides, one placed on top of the other, referred to as
top and bottom coil sides. The number of coils is equal
to the number of slots.

(Nomenclature: m D number of phases; p D num-
ber of poles; Q D number of slots (must be divisible
by 3 in a three-phase AC machine); Q=p D slots per
pole, i.e., pole pitch in terms of slots (is noninteger
for fractional-slot winding); � D .180p/=Q ı E D an-
gle between midpoint of adjacent slots or slot pitch;
q D Q=.mp/D number of slots per phase and pole and
� D q� D phase belt or phase spread angle in ı E.)

Single-layer Windings
Single-layer windings for a three-phase machine re-
quires an overhang designated to allow the end con-
nections to be placed in separate plans. They may be

classified into two main categories, i.e., unbifurcated (or
half-coiled) and bifurcated (whole-coiled). In the for-
mer type the coils comprising a phase group in adjacent
pole pitches are concentric. The individual coils may
have a span greater or less than a pole pitch but the
average coil-span equals one pole-pitch. This kind of
arrangement is provided to avoid crossing of two coils
under one phase-group. In a bifurcated winding, each
coil group is split into two sets of concentric coils and
the return coil-sides are shared with those of another
group. This kind of arrangement is only possible when
q is even.

For accommodating the windings for all the three-
phases, the overhang must be arranged in two or three
planes. The jointing of individual conductors to form
the finished coil is usually done by electrical resistance
welding and each turn must after joining be suitably in-
sulated over the butt joint. This procedure is expensive
which accounts for the decline in the use of single-
layer in favour of double-layer windings. Single-layer
windings are, therefore, rarely used in modern machine
practice except in small sizes. Machines are of course
still found in use with single-layer windings.

Double-layer Windings
Double-layer windings usually lead to simpler end con-
nections and to a machine which is more economical
to manufacture and are found in all machines except
small motors below 10 hp in size. The number of coils
is the same as the number of slots. They fall into two
main classes depending upon the value of q: integral
slot winding when q is an integer and fractional-slot
winding, when q is a fractional number. To meet the
requirement of symmetry among phases, the number
of slots/phase (Q=m) must be a whole number. In
Fig. 6.6a there are two coil sides per slot while in
Fig. 6.6b there are eight coil sides per slot. For placing
double-layer windings, usually open slots are used.
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1 2 3 4

A1 A2

Fig. 6.7 Detailed double-
layer lap winding diagram for
phase A for 3-phase armature
having 24 slots, 4 poles,
phase spread 60ı

a) Integral-Slot Winding. Here q is an integer. The
winding arrangement is further illustrated through an
example. Let q D 2, p D 4, Q=p D 6, � D 60ı E, full-
pitch coils, double-layer, lap winding.

The winding diagram for one phase is shown in
Fig. 6.7. The first set of phase-group coils (coil-group
1) lying under one pole-pair NS (North and South) are
connected in series (finish end of the first coil is con-
nected to the start of the next coil lying to the right of
the first). The second coil-group of the phase lies under
S–N poles and must therefore be connected in reverse to
the first coil-group for additive EMF. Note that alternate
coil-groups are reverse connected and that the winding
appears like a bifurcated one. Observe that coil-sides ly-
ing in any given slots pertain to the same phase. All the
coil-groups of the phase could be connected in series or
in series-parallel.

In practice, however, it is common to use chorded
or short-pitched coils. This type of arrangement offers
certain inherent advantages such as reduction in the
amount of copper needed for end connections. Further-
more, certain harmonics present in the EMF wave are
greatly suppressed. The effect of coil chording on the
EMF generated is shown in Sect. 6.1.4.

b) Fractional-Slot Winding. These windings have
fractional values for the slots per pole (Q=p) and num-
ber of slots per phase and pole (q). Advantages of
fractional-slot windings when compared with integral
slot windings are:

a) Great freedom of choice with respect to the number
of slots.

b) Possibility to reach a suitable magnetic flux density
with the given dimensions.

c) Multiple alternatives for short-pitching.
d) If the number of slots is predetermined, the

fractional-slot winding can be applied to a wider

range of numbers of poles than the integral slot
winding.

e) The segment structures of large machines are better
controlled by using fractional-slot windings.

f) Reduction of high-frequency slot harmonics, and
as consequence this winding reduces the high-
frequency harmonics in the EMF and MMF wave-
forms.

Fractional-slotting is practicable only with double-layer
windings. While q is a noninteger in a fractional-slot
winding, mQ0, i.e., the total number of slots, must be
divisible by 3, i.e., the total slots per phase must be an
integer in order to obtain a symmetrical 3-phase wind-
ing. The pole pitch,mQ0=p, is also fractional, so that the
coil-span cannot be of full-pitch. The coil-span chosen
is less than the full-pitch because of the inherent advan-
tages of chording.

A winding constituting a basic unit under a pole-
pair (N and S) is repeated for any number of pole pairs
when q is integral. In order to obtain the basic unit for
fractional-slot winding, q D Q=.mp/ is reduced to the
irreducible fraction, as shown

q D Q

mp
D Q0

p0 D aC b

p0 : (6.1)

For a fractional-slot winding:

a) The basic unit of the winding has p0 poles.
b) Each phase has within p0 poles Q0 D qp0 slots.
c) All phases have within p0 poles, mQ0 slots.
d) Each phase has within p0 poles p0 � b coil groups

with a coils and b coil groups with aC 1 coils.
e) The maximum possible number of parallel circuits

is p=p0.

In a double-layer winding, the phase-grouping of coil-
sides for the top layer is repeated in the bottom layer
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Fig. 6.8 Layout of three-phase
double-layer fractional-slot winding

with corresponding coil-sides being located one coil-
span away. Therefore, all that is needed is to establish
the phase-grouping of the top layer of coil-sides. An
example of a fractional-slot winding for a three-phase,
10 pole machine with 108 slots is as follows

q D 108

3� 10
D 18

5
D 3C 3

5
:

Then, p0 D 5 makes the basic unit of this winding. Each
phase has in the 5 poles Q0 D 18 slots. All three-phases
have in the 5 polesmQ0 D 3�18 D 54 slots. Each phase
has in the 5 poles p0 � b D 5� 3 D 2 coil groups with
a D 3 coils and b D 3 coil groups with aC 1 D 4 coils.
The groupings could be 4,4,3,4,3 coils and the basic
unit would cover 5 pole-pitches. This allows one circuit
with both units in series or two parallel circuits only.

The angle between two consecutive slots of the sta-
tor is

� D 180� 10

108
ı E D 16

2

3
ı E :

Figure 6.8 shows the layout of the winding for the basic
unit of five poles (note that this need not be even). The
sequence of slot groups (4,4,3,4,3) is determined to give
the greatest symmetry in the winding.

Though the fractional-slot winding may appear to
be somewhat complicated, it can be easily manufac-
tured. The number of armature slots chosen is not an
integral multiple of the number of poles. Consequently
one may choose a particular number of slots for which
the notching gear is available. This results in savings on
machine tools. This flexibility can be effectively used
where the number of poles (machine speed) varies over
a wide range as in the case of synchronous machines.

As already said the high-frequency harmonics
caused by slotting are considerably reduced by the
use of fractional-slot winding. As the poles move past
a slotted armature, the flux/pole fluctuates (does not
move) as the slot-teeth pattern facing a pole repeats.
This causes induction (static) of EMF harmonics of
high frequency. If Q=p (slots per pole) is integral, the
disposition of armature slots relative to pole simulta-
neously repeats (in time phase) at every pole so that
the harmonics in phase-groups of a given phase are in

phase. Nonintegral Q=p causes the harmonics in phase-
group to become out-of-phase thereby reducing their
strength in the phase voltage.

6.1.4 Basic Concepts

The frequency f can be expressed in terms of revolu-
tions per minute of the rotor and the number of poles.

Frequency, Speed and Angle Relations
In one complete revolution of the rotor, the EMF in-
duced in the coil has one complete cycle. If the rotor
rotates at n revolutions per minute, the EMF frequency
in cycles per second will be f D n=60, that is the num-
ber of revolutions per second. This applies to a 2 pole
machine. If the number of poles is p instead of 2, it still
holds that the EMF goes through a complete cycle when
the coil passes two poles of the machine and therefore
the frequency is

f D p

2

n

60
D pn

120
Hz : (6.2)

Hydraulic turbines operate at a relatively low speed and
a great number of poles are necessary for obtaining
a frequency of 50 or 60Hz. Therefore, hydrogenera-
tors have salient-poles. On the other hand, gas, oil, and
nuclear turbines operate at high speeds and it is only
necessary to have 2 or 4 poles for obtaining a fre-
quency of 50 or 60Hz. Therefore, these machines have
nonsalient-poles. Multiplying f by 2 ,

! D 2 f D p

2
2 

n

60
D p

2
!m : (6.3)

Where ! specifies angular velocity in terms of fre-
quency, and this velocity is called the electrical angular
speed, while !m is the mechanical angular velocity.
When a machine has more than two poles it is conve-
nient to focus the analysis of the machine on a unique
pair of poles because the electric, magnetic and me-
chanic conditions associated with another pair of poles
are repetitions of those that occur on the pair of poles
under consideration. For this reason it is convenient to
express angles in electrical degrees (or radians electri-
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Positive direction of emf
(conductor a under
influence of N-pole)
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Axis of field (at the
instant considered)

θ
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ω
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–F

Axis of coil aa'
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Rotor

S

α = ωt

Fig. 6.9 Cylindrical-rotor syn-
chronous machine

cal) instead of using mechanical units. Thus,

�e D p

2
�m ; (6.4)

where �e is the angle in electrical units and �m is the
angle in mechanical units.

Electromotive Force of a Concentrated
Full-Pitch Armature Coil

The cross-sectional view of a 2 pole cylindrical-rotor
AC synchronous machine is shown in Fig. 6.9.

The distribution of the field MMF and flux density
in the airgap of Fig. 6.9, for nonsalient and salient-pole
machines, is not sinusoidal, but is periodic, symmetrical
in successive half loops. Single-value functions that do
not include infinite discontinuities, in accordance with
Fourier’s theorem, can be resolved into a fundamental
sine wave and a series of odd harmonics.

The field winding on the rotor is assumed, for the
time being, to produce a sinusoidal space wave of flux
density Bf at the stator surface, given by

Bf D Bp sin � ; (6.5)

where Bp is peak flux density at the rotor pole center
and � is measured in electrical radians from the rotor
pole axis. The airgap field flux per pole is the integral
of the field flux density over the pole area, where L is
the active coil-side length (axial stator length) and r is
the inner radius of the armature at the airgap; thus for
a two pole machine


f D
 C˛
Z

’

Bp sin �Lrd� D 2BpLr cos˛ : (6.6)

Because the pole area is 2=P times that of a two pole
machine of the same length and diameter, for a P pole

machine


f D 2

p
2BpLr cos˛ D˚f cos!t : (6.7)

As the pole pitch is 	 D  D=P, where D is the inner
stator diameter, the amplitude of the flux is given by

˚f D 2

 
	LBp (6.8)

and the instantaneous EMF induced in the coil aa0 of
N turns is given by Faraday’s law,

e D �d�

dt
D !N˚f sin!t�N

d˚f

dt
cos!t : (6.9)

In steady state conditions the value of ˚f is constant,
and the second term is zero. Thus, the only EMF in-
duced in the coil is due to the first term, called the speed
voltage.

Electromotive Force of a Full-Pitch Distributed
Armature Winding

The winding of phase a in the machine of Fig. 6.10 has
three coils (110, 220 and 330), that are placed in three
slot-pairs distributed in space with an angular separa-
tion of � electrical degree. The phase belt or phase band
may be defined as the group of adjacent slots belong-
ing to one phase under one pole, and the angle � D q�
(ı E) occupied by each phase winding along the ar-
mature periphery per pole is the phase belt angle and
q is the number of slots per pole and per phase, i.e.,
q D Q=.mp/ (Sect. 6.1.3). Such a winding is referred
to as a distributed winding. As the machine is always
wound with identical coils, the rms (root mean square)
value (E) of the sinusoidal EMFs induced in coils 110,
220 and 330 are equal, but the EMFs have a progressive
time phase difference � because the coils are uniformly
distributed in space.
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Fig. 6.10 Synchronous machine with distributed winding

The coils, in Fig. 6.10, are series connected to yield
the resultant phase voltage Ea, which is the phasor sum
of the coil EMFs. The number of EMF phasors n is
equal to the number of slots where the coils of one
phase are distributed divided by two, i.e., equal to q.
Because of distribution, the rms resultant phase voltage
is less than the arithmetic sum of the rms coil volt-
ages. This reduction ratio called the distribution factor
(also breadth factor), where the index 1 is for the fun-
damental frequency, and is given by

kd1 D sin q�
2

q sin �

2

: (6.10)

The rms value E of the armature fundamental EMF in-
duced per phase with N turns in series per phase of
a three-phase winding is given by

E1 D 4:44fNkd1˚f1 V : (6.11)

The amplitude of the fundamental flux per pole is

˚f1 D 2

 
B1	L : (6.12)

The windings of each phase are a combination of coils
connected in series, forming a number of coil groups,
that are distributed in parallel paths. For instance, if
there are four coil groups connected in series, where
Nc is the number of turns of each coil, the total number

of turns in (6.11) is N D 4Nc, but if the four coil groups
are connected in two parallel paths N D 2Nc.

The distribution of the fieldMMF and field flux den-
sity in the airgap are not sinusoidal, being in the case of
cylindrical-rotor machines represented approximately
by a single trapezoidal section, in which the field MMF
has a constant maximum value in the central region
of the pole and decreases linearly in the slotted region
at each side to zero at the position C =2 and � =2
electrical radians, while in the case of salient-pole ma-
chines the MMF distribution is rectangular. Because of
symmetry the MMF and flux density waves, in both
machines, are symmetrical about the direct-axis. As
these waves are periodic, symmetrical in successive half
loops, single-value functions that do not include infinite
discontinuities and in accordance with Fourier’s theo-
rem, they can be resolved into a fundamental sine wave
and a series of odd harmonics. The angle of displace-
ment between two adjacent slots for a field harmonic of
the h order is equal to h� , and the distribution factor for
the h-th harmonic becomes

kdh D sin qh�
2

q sin h�
2

: (6.13)

For the h-th harmonic, the rms value Eh for the EMF is

Eh D 4:44hfNkdh˚h V (6.14)

and the amplitude of the flux per pole for the h-th har-
monic is

˚h D 2

 
Bh
	

h
L : (6.15)

Electromotive Force of a Short-Pitch Armature
Winding

The assumption that the coil pitch is equal to the pole
pitch (180ı E) is seldom true for an AC winding. Nor-
mally the coil pitch is smaller than the pole pitch,
i.e., normally AC windings, besides being distributed
over the surface of the machine, are short-pitched or
chorded. If the coil pitch is called �, the coil is re-
ferred to as fractional-pitched. In this coil, there will
be a phase difference between induced EMFs in two
coil-sides of less than 180ı. Hence, the resultant termi-
nal voltage of the coil is the phasor sum of these two
EMFs and it is less than that of a full-pitched coil of
a distributed winding. Pitch factor is a measure of the
resultant EMF (ER) of a short-pitched coil in compari-
son with resultant EMF of a full-pitched coil (2E) and
is given by

kp1 D EMF induced in a short pitch coil

EMF induced in a full pitch coil

D 2E cos  ��
2

2E
D cos

 � �
2

: (6.16)
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The fundamental frequency EMF of a phase consisting
of n coils, in which the number of turns in series is N,
can be written as

E1 D 4:44fNkp1˚f1 V : (6.17)

It should be noted that the coil span is rarely made less
than 2=3 pole pitch D 120ı E, because additional turns
become necessary that offset the saving of overhang
copper.

A h-th harmonic component of the flux wave may
be imagined as being produced by h fictitious poles as
compared to one pole for the fundamental component.
Thus, the angle of displacement between two adjacent
slots for a field harmonic of the h order is equal to h
times the chording angle for the fundamental compo-
nent and the pitch factor for the h-th harmonic is given
by,

kph D cos h

�

180� �
2

�

: (6.18)

For the h-th harmonic, the rms value Eh for the EMF is
is

Eh D 4:44hfNkph˚fh V : (6.19)

With an appropriated choice of the pitch factor an elim-
ination of certain harmonics of the EMF is possible, by
making h.180� �/=2 equal to 90ı E, i.e., if the pole
pitch �D 120ı E, that is equivalent to a coil (wind-
ing) pitch of 120=180D 2=3; the 3rd harmonic of per
phase EMF and the odd harmonics multiples of the 3rd,
i.e., 9th, 15th, 21st, 27th, etc. . . . , are also eliminated.
However, there will be a reduction in the fundamen-
tal component of the EMF as its pitch factor will be
kp1 D 0:866.

Winding Factor
Both distribution and pitch factors apply for a phase
winding of N turns in series. Their product (kdkp) is the
winding factor kw. Thus, for the fundamental and the h-
th harmonic the expressions for the per phase EMFs are
for the fundamental frequency,

E1 D 4:44fNkw1˚f1 V ; (6.20)

for the h-th harmonic,

Eh D 4:44hfNkwh˚fh V ; (6.21)

where

kwh D kdhkph ; for the h-th harmonic : (6.22)

The quantity Nkw can be considered as the number of
effective turns per phase. It is smaller than the actual
number of turns per phase N, owing to the distribution
of the winding over several slots under each pole and to
the chording of the coils.

In studying electrical machines the windings of
each phase are represented by a full-pitch coil, tak-
ing into account the fact that in an actual machine the
windings are distributed and have fractional-pitches by
means of the winding factor that multiplies the resultant
EMFs and MMFs.

General Expression for the Electromotive Force
of AC Machines Armature Windings Including
Harmonics

The instantaneous value for the EMF of phase a can be
written as

ea D p
2

X

hD1;3;5;etc:

Efh sin h!t

D p
2 .Ef1 sin!tCEf3 sin 3!t

CEf5 sin 5!tC : : :/ (6.23)

and the rms EMF per phase will be

Ef D
q

E2
f1 CE2

f3 CE2
f5 CE2

f7 C : : : : (6.24)

The triple harmonic voltage components do not appear
in the line to line terminal voltages, whether the ma-
chine is connected as star or delta. However, this should
not be taken to mean that unbalanced triple harmon-
ics voltages resulting from unbalanced loads or other
causes may not occur.

The Magnetomotive Force (MMF)
of a Distributed and Short-Pitch One-Phase
Armature Winding

Consider a basic 2-pole structure with a round rotor,
with q D 5 slots/pole/phase and a two-layer winding as
shown, for phase a, in Fig. 6.11. Note that q is also equal
to the number of full-pitch coils. The two-layer wind-
ing simplifies the geometrical problem of getting the
end turns of the individual coils past each other. The
corresponding developed diagram is shown in Fig. 6.12
along with the MMF diagram that is a stepped wave—
much closer to a sine wave than the rectangular MMF
wave of a single coil. At each slot the MMF wave has
a step jump of 2Ni ampere-turns, where N D coil turns
and i D coil current. The resultant field produced by the
armature MMF has the same of poles as that produced
by the field MMF [6.9].

The fundamental frequencyMMF of a full pitch coil
of N turns at each airgap, for a two pole machine, by
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Fig. 6.11 A two-layer winding (phase a) of a 3-phase round
rotor machine

Fourier’s series, is

F1 D 4

 

N i

2
(6.25)

and for the h-th harmonic

Fh D 4

 

1

h

N i

2
: (6.26)

In the case of q full-pitch coils with N turns per coil
in a single layer winding there are q MMFs, when all

2Ni
Ni

Fa1

–�/2

�/2

F1p

0
2 × (2Ni) + (1/2) × (2Ni) = 5Ni

a' b'c a

North
pole

North
pole

South pole

a)

b)

Fig. 6.12 (a) Devel-
oped diagram and
(b) MMF wave of
Fig. 6.11

the coils are connected in series. Thus in each airgap
the MMF due to q coils is equal to qF1. In the case of
a distributed and short-pitch double layer winding, the
instantaneous amplitude of the fundamental MMF of all
coils (in a phase) Fphase1 is

Fphase1 D 2qF1kd1kp1 D 2qF1kw1 ; (6.27)

where the distribution and short-pitch factors are given
by the same equations derived for the expression of an
EMF (see Sects. 6.1.4, Electromotive Force of a Full-
Pitch Distributed Armature Winding and Electromotive
Force of a Short-Pitch Armature Winding).

Using (6.25) in (6.27),

Fphase 1 D 2q
4

 

N i

2
kw1 D 4

 
qNkw1i : (6.28)

Similarly, for the h-th harmonic

Fphase h D 4

 

1

h
qNkwhi; where kwh D kdhkph :

(6.29)

A machine with 2 poles was considered above. With
more than 2 poles and an integral number of slots per
pole and phase, the MMF will be similar to that in the
above machine over each pole pair arc. When all the
coil groups of the double layer winding are connected
in series the number of turns per phase will be

Nph D qNp; where p D number of poles (6.30)

and the coil current

i D p
2I sin!t : (6.31)
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Upon introducing these relations into (6.28) and (6.29),
the MMFs amplitudes are

Fphase 1 D 4
p
2

 

Nph

p
kw1I ; (6.32)

Fphase h D 4
p
2

 

1

h

Nph

p
kwhI : (6.33)

The expressions (6.32) and (6.33) are also valid for
a winding (phase) with parallel branches if Nph is the
number of series connected turns per path and I is the to-
tal winding (one phase) current. The expression for the
total MMF of the winding (one phase) can be written as

Ft D Fphase 1 sin!t cos � CFphase 3 sin!t cos 3�

C : : :CFphase h sin!t cos h� ; (6.34)

where the angle � is counted from the winding (phase)
axis.

The Magnetomotive Force of a Distributed and
Short-Pitch Three-Phase Armature Winding

In a three-phase machine the armature windings are
120ı E apart and the expressions for the currents in
phases a, b and c are

ia D p
2I sin!t ; (6.35)

ib D p
2I sin

�

!t� 2 

3

�

; (6.36)

ic D p
2I sin

�

!t� 4 

3

�

(6.37)

where ! = 2  f1 is the synchronous angular frequency.
For a certain time instant the three-phases contribute

for the armature MMF at a point on the armature surface
represented by the angle � . The equations for theMMFs
of each phase are

Fa D �

Fphase 1 cos � CFphase 3 cos 3� C : : :

CFphase h cos h�� sin!t ;

Fb D
�

Fphase 1 cos

�

� � 2 

3

�

CFphase 3 cos 3

�

� � 2 

3

�

C : : :

CFphase h cos h

�

� � 2 

3

��

sin

�

!t� 2 

3

�

;

Fc D
�

Fphase 1 cos

�

� � 4 

3

�

CFphase 3 cos 3

�

� � 4 

3

�

C : : :

CFphase h cos h

�

� � 4 

3

��

sin

�

!t� 4 

3

�

:

(6.38)

The fundamental space component the resultant MMF
of the three-phase winding is

F1 D 3

2
Fphase 1 sin.!t� �/

D 6
p
2

 

Nph

p
Kw1I sin.!t� �/

D 2:7
Nph

p
Kw1I sin.!t� �/D A1 sin.!t� �/ :

(6.39)

Hence it follows that the fundamental space harmonic
of the resultant MMF in a three-phase machine is no
longer a wave pulsating in space as in a single phase
winding, but a wave traveling to the right around the
stator periphery.

For the h-th harmonic, the MMF is

Fh1 D 2:7
Nph

HP
KwhI sin.!t˙h�/D Ah sin.!t˙h�/ ;

(6.40)

where for phases b and c, � D � � 120ı and � D � �
240ı, respectively.

The resultant MMF Fr of all three-phases including
harmonics is

Fr D A1 sin.!t� �/CA5 sin.!tC 5�/

CA7 sin.!t� 7�/C : : :CAh sin.!t˙ h�/ :

(6.41)

The resultant MMF is the sum of the MMFs due to:

� Harmonics of order h D 6kC 1, i.e., h D 1; 7;
13; : : :, that produce a magnetic field rotating to
the right, in the same direction of the fundamental
MMF field and rotor, with a speed equal to !=h.� Harmonics of order h D 6k� 1, i.e., h D 5; 11;
17; : : :, that produce a magnetic field rotating to the
left, opposite to the direction of the fundamental
MMF field and the rotor, with a speed equal to !=h.� The harmonics of order h D 3k, multiples of 3, i.e.,
3; 6; 9; : : :, do not produce MMFs at the airgap.

The fifth and seventh harmonics create in the rotor a fre-
quency of 6f1, the 11th and the 13th a frequency of 12f1,
and so on, where f1 is the synchronous frequency of the
armature currents. The fluxes due to these MMFs har-
monics give rise not only to eddy currents losses in the
rotor, which reduce the efficiency of the machine, but
also to pulsating torques in the shaft at the frequencies
6f1, 12f1, etc. . . .
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Fig. 6.13 Synchronous generator supplying an inductive
load

6.1.5 Armature Reaction and Phasor
Diagrams

Cylindrical (Round) Rotor Machines
The winding of phase a is represented by a single
concentrated coil aa0. The armature MMF, called the
armature-reaction MMF Fa, depends on the amplitude
of armature current Ia and its effect over the field MMF
Ff depends on the type of load that is connected to
a generator or motor, which establishes the angle  be-
tween the voltage Ef induced in the armature by the field
magnetic flux Ff and the armature current Ia. The fol-
lowing conditions are considered.

a) Operation as a Generator. 1) When the genera-
tor supplies an inductive load, 0<  
 �90ı. In this
case Ia lags Ef by an angle  , the positive current maxi-
mum in coil aa0 will occur at an angle  ı E later; Ff lies
.90ı C / ahead of Fa as shown in the phasor diagram
of Fig. 6.13. The output apparent power is

S D ErIa exp.j.�//D PC jQ ; (6.42)

where it can be concluded that the generator will sup-
ply reactive power to the load, when the power factor is
inductive.

From Fig. 6.13 it is observed that the component
Fa sin of Fa is directly opposite to the field MMF.
Thus, when the current in a phase lags its excitation
voltage a demagnetizing effect appears on the field axis,
which will decrease the resulting EMF Er, unless the
DC field current increases, increasing Ff and maintain-
ing Er constant.

2) When the generator supplies a capacitive load
(0<  
 90ı). In this case the armature current Ia is

ahead of EMF Ef and a magnetizing effect appears and
to keep the resulting EMF constant Er the DC field cur-
rent must decrease. The output apparent power is

S D ErIa exp.j.��//D P� jQ ; (6.43)

where it can be concluded that the generator will absorb
reactive power when the power factor is capacitive.

3) When the generator supplies a resistive load  D
0. In this case the armature current Ia is in phase with
EMF Ef, and neglecting saturation there will be no ef-
fect of MMF Fa over the field MMF Ff. The output
apparent power is

S D ErIa exp.j.0//D PC j0 ; (6.44)

where it can be concluded that the generator will supply
no reactive power to a resistive load.

The effects of Fa on the field MMF Ff are called the
direct-axis armature reaction for generating action.

a.1) Additional Considerations. It is seen from
Fig. 6.13 that the field poles lie an angle ı ahead of
the resultant MMF (or resultant flux) wave. The electro-
magnetic torque developed in the machine tries to align
the field poles with the resultant field and is, therefore,
opposite to the mechanical torque of the turbine, i.e.,
against rotation, and this is true for every other oper-
ating condition of the generator. The magnitude of the
torque in a cylindrical (round) rotor synchronous ma-
chine is given by

T D  

2

�

P

2

�2

˚rFf sin ı D KErEf sin ı : (6.45)

When ˚r and Ff are held constant in magnitude, the
machine meets the changing requirements of the load
by adjustment of the angle ı, which is known as the
torque (power) angle.

b) Operation as a Motor. In motoring action two con-
ventions can be used for the armature current. The first
considers the current flowing in the same sense as that
of a generator, i.e., out of the machine, and the second
considers the current with an opposite sense as that of
a generator, i.e., current into the machine. In the latter
one, the current is considered negative in the equations
to be derived.

Figure 6.14 shows a phasor diagram with both con-
ventions when a motor is connected to an inductive
source, where it can be seen that there is a component
of Fa, which acts over the field excitation, and is called
the magnetizing component of the armature-reaction
MMF. This component will increase the resulting EMF
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Fig. 6.14 Synchronous motor connected to an inductive
source

Er, unless the DC field current decreases Ff in order to
maintain the resultant EMF Er constant. The motor in-
put apparent power is given by

S D ErIa exp.j.� � 180//D �ErIa exp.j.�//

D �P� jQ ; (6.46)

where it can be concluded that the motor receives active
and reactive power from the source.

Phasor Diagrams and Equations for Cylindrical
(Round) Rotor Machines

a) Operation as a Generator. The resultant flux is
the phasor sum of the fluxes generated by the field and
armature MMFs. These fluxes induce the EMFs PEf andPEa in the armature, respectively. The resultant EMF is

PEr D PEf C PEa : (6.47)

The EMF Ea is proportional to the armature current Ia
and lags it by 90ı as the EMF induced in an inductive
reactance, so the effect of armature reaction is exactly as
if the stator had a reactance X®, called the magnetizing
or armature reaction reactance, thus

PEa D �jPIaX® and PEr D PEf � jPIaX® : (6.48)

The flux produced by the armature currents consists of
two parts, the mutual flux that links the field winding
(whose effect is represented by the EMF Ea) and the
leakage flux that only links the armature windings. The
leakage flux includes the flux across the armature slots
linking part or all of the coils in the slots, the end flux at
the ends of the armature that links the loops or end turns
of the armature coils where they emerge from the slots
to cross over and complete the paths of the coils from
slot to slot, and the tooth-top flux which is the flux be-
tween the tooth tops in the airgap without going through

jXS

jXφ jXl

Zs

Ef Er

Ra Ia

Vt

Load

Machine
terminals

+
–

˙

˙ ˙

˙

˙

Fig. 6.15 Equivalent circuit for a cylindrical-rotor genera-
tor

the iron of the armature. The effect of the leakage flux
is represented by a voltage drop in an armature leakage
reactance Xl due to armature current.

The EMF resultant differs from the terminal voltage
by the voltage drops in the armature resistance Ra and
leakage reactance Xœ due to armature current Ia. Thus

PVt D PEr D PIa .Ra C jXl/

) PVt D PEf � jPIaX® � �PIaRa C jXœ
�

) PEf D PVt C jPIa
�

X® CXœ
�C PIaRa

) PEf D PVt C PIaRa C jPIaXs ; (6.49)

where Xs D X® + Xœ is the synchronous reactance and
considers the effect of all the fluxes due to armature cur-
rent Ia, while the excitation EMF Ef considers the flux
due to the DC field current.

The synchronous impedance is denoted by

Zs D Ra C jXs : (6.50)

According with (6.48)–(6.50) the equivalent circuit of
a cylindrical generator can be represented by Fig. 6.15.

Typical values of resistance, leakage reactance and
synchronous reactance for large machines, in per-unit,
are

Ra D 0:01 p:u:I Xl D 0:15 p:u:I Xs D 1:10 p:u:

In large machines the armature resistance is usually ne-
glected except insofar as its effect on losses and heating
is concerned. The per-unit armature resistance increases
and the synchronous reactance decreases with decreas-
ing size of the machine. In very small machines the
armature resistance may be in the vicinity of 0:05 p:u:
and the synchronous reactance in the vicinity of 0:5 p:u:
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b) Operation as a Motor. If in the equations for syn-
chronous cylindrical generators the armature current is
considered with a negative signal, i.e., current with an
opposite sense as that of a generator, i.e., current into
the machine, the equations for a synchronous motor are
obtained, as

PEr D PEf C jPIaX® and PVt D PEf C jPIaXs C PIaRa:

(6.51)

Armature Reaction in Salient-Pole Rotor
Machines

a) Operation as a Generator. In the case of salient-
pole machines the airgap reluctance varies from a low
value when the armature MMF axis coincides with
the direct (field) axis—which is the case when  D
˙90ı—up to a high value when the armature MMF axis
coincides with the quadrature-axis, which is the case
when  D 0ı. It is relatively simple to determine the
effect of the armature MMF reaction for these positions
because the direct and quadrature-axis are both axis of
symmetry for the rotor, but it is not so easy to determine
the effect which the armature MMF has in intermediate
positions. This difficulty was overcome by the use of
Blonde’s two-reaction theory.

This theory consists essentially of the replacement
of the sinusoidal armature MMF of amplitude Fa by
two sinusoidal waves, one of which has its amplitude
coinciding with the direct-axis, and the other has its am-
plitude coinciding with the quadrature-axis. Thus the
fundamental components amplitudes of armature MMF
are

Fad D Fa sin D 1:35
Nph

p
Kw1Id ;

where Id D Ia sin ; (6.52)

Faq D Fa cos D 1:35
Nph

p
Kw1Iq ;

where Iq D Ia cos ; (6.53)

where

Fa D 1:35
Nph

p
Kw1Ia ; Ia D rms armature current :

(6.54)

InFig. 6.16 thedirect andquadrature-axis components of
the armature MMF Fa are shown. Curves 1 represent the
fundamental frequency components of direct (Fad) and
quadrature-axis (Faq) armature MMFs; curves 2 show,
just for comparison, the fundamental frequency compo-
nent of armature flux for cylindrical machines, consid-
ering a uniform airgap (NSP D nonsalient-pole); curves
3 represent the actual armature fluxes in the direct (
ad)
and quadrature-axis (
aq) for salient-pole machines, and
curves 4 depict the fundamental frequency components
of armature fluxes in the direct (
ad1) and quadrature-
axis (
aq1) for salient-pole machines. The slots and teeth
effects were neglected.

a.1) The Generator Supplies a Resistive Load ( D
0). Considering the current in phase a with its max-
imum value, the currents in phases b and c will have
half of their maximum values. The current in phase a is
in phase with the generated EMF Ef ( D 0), there is
no armature reaction demagnetizing or magnetizing ef-
fect, because the armature MMF has its symmetry axis
coincident with the quadrature (interpolar)-axis and the
resultant magnetic flux is distorted. The field flux has an
increase under the trailing pole tips and a decrease, by
the same amount (neglecting the effect of saturation),
under the leading pole tips. This is called the cross-
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magnetizing effect as the armature flux crosses the field
flux perpendicularly. However, due to magnetic satura-
tion the resultant flux decreases and the resultant EMF
Er is less than the excitation voltage Ef.

a.2) The Generator Supplies a Pure Inductive/
Capacitive Load ( D ˙90ı). In this case the current
differs in phase from Ef by  D ˙90ı, the cross-
magnetizing effect vanishes, and the entire armature
MMF is demagnetizing if  is an angle of lag, i.e.,
the armature flux weakens the field flux and has only
a direct-axis component; or the entire armature MMF is
magnetizing if  is an angle of lead, i.e., the armature
flux reinforces the field flux and has also a direct-axis
component.

b) Operation as a Motor. In motoring action, for
salient-pole motors the same conclusions as seen in the
case of cylindric-rotor synchronous motors apply for
salient-pole rotor synchronous motors, i.e., when the
current in a phase lags its excitation voltage a magnetiz-
ing effect appears on the field axis, which will increase
the resulting voltage, unless the DC field current de-
creases, decreasing Ff and maintaining Er constant.
Reciprocally, when the current in a phase is ahead of Er

a demagnetizing effect appears and to maintain constant
Er the DC field current must decrease. These effects
are called the direct-axis armature reaction for moni-
toring action. In both of these situations there will be
a component of the armature MMF Fa that is perpen-
dicular to the field axis MMF Ff and causes distortion
and reduction (because of saturation effect) in the resul-
tant magnetic field. This is called the cross-magnetizing
effect of the armature reaction. However, if the angle
between the armature current and the excitation voltage
 D ˙90ı there will be no cross-magnetizing effect of
the armature reaction.

Phasor Diagrams and Equations
for Salient-Pole Rotor Machines

a) Operation as a Generator. A method for obtain-
ing the phasor diagram of a salient-pole machine was
developed from the Blondel diagram by Doherty and
Nickle, and consists of representing, in the same dia-
gram, the EMFs due to each flux in the machine, as
shown in Fig. 6.17.

With respect to Fig. 6.17 the following equations
can be written

PEf C PEaq CEad � PEr D 0 ) PEaq D �jPIqX®q
) PEad D �jPIdX®d ; (6.55)

where X®q and X®d are called the direct and quadrature-
axis magnetizing or armature reaction reactance’s, re-
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Fig. 6.17 Modified phasor diagram showing fluxes and
EMFs of a salient-pole generator supplying an inductive
load

spectively. They take into account the inductive effects
of the direct (
ad) and quadrature-axis (
aq) fluxes. Thus

PEf D PEr C jPIqX®q C jPIdX®d
and PEr D RaPIa C jXlPIa C PVt : (6.56)

As

PIa D PId C PIq
) PEf D PVt C PIaRa C jPId.X®d CXl/C jPIq.X®q CXl/ :

(6.57)

Defining:

Xd D X®d + Xœ (direct-axis synchronous reactance)
Xq D X®q + Xœ (quadrature-axis synchronous reac-
tance),

PEf D PVt C PIaRa C jPIdXd C jPIqXq : (6.58)

In machines larger than 100�200 kW, the resistance is
usually small enough to be neglected. In salient-pole
machines the reactance Xq is less than the reactance Xd

because of the greater reluctance of the airgap in the
quadrature-axis. Usually Xq D 0:6�0:7 of Xd.

In turbogenerators a small salient-pole effect is
present, even though they are cylindrical-rotor ma-
chines, because of the effect of the rotor slots in
the quadrature-axis reluctance, which causes a slightly
longer average airgap in this axis than in the direct-axis,
and as a consequence the permeance in the quadrature-
axis will be lower than in the direct-axis, and Xq is
slightly smaller than Xd. However, in most problems in-
volving cylindrical-rotor machines, Xd and Xq may be
assumed equal with negligible error.
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Fig. 6.18 Phasor diagram of a salient-pole synchronous
motor—lagging current

b) Operation as a Motor. For a motor the procedure is
similar to obtaining the phasor diagram for a generator,
but adopting the convention of an armature current en-
tering into the machine. Thus, in the equations for the
operation as a generator the armature current must be
considered negative. In this case the excitation voltage
is given by

PEf D PVt � PIaRa � jPIdXd � jPIqXq : (6.59)

The phasor diagram for a lagging current is shown in
Fig. 6.18, where it can be noted that Vt is ahead of Ef

and the angle ı is negative.

6.1.6 Open and Short-Circuit Characteristics

The synchronous impedance/direct-axis reactance’s, for
cylindrical-rotor and salient-pole rotor machines, can
be obtained by the open and short-circuit character-
istics. In addition, machine losses are obtained, that
makes it possible to calculate its efficiency.

Open-Circuit Characteristic and No-Load
Rotational Losses

The open-circuit characteristic (OCC) is obtained, with
the machine rotating at synchronous speed, and with
the armature terminals open, by reading the values of
the terminal armature voltage as ordinate, and the field
current as abscissa. The general shape of the OCC is
the same in all synchronous machines, but the slope of
the airgap line and the rate at which the OCC bends
over will differ in machines of different design. The
airgap line is the extended straight line part of the
OCC. This characteristic is shown in Fig. 6.19, together
with the short-circuit characteristic and the synchronous
impedance reactance curve.

At low values of field excitation the OCC is
a straight line because the MMF required for the iron
parts of the magnetic path is negligible in comparison
with the MMF needed to maintain the flux in the airgap

Voc

Vtn

Isc

Ian

occ

scc

Zs � Xs
curve 

d

a b c

0 f ' f '' If 0'

Air-gap line

Fig. 6.19 Open and short-circuit characteristics, with air-
gap line and the synchronous impedance curve

between the rotor and stator. The field excitation nec-
essary to induce rated (nominal) terminal voltage Vtn

in the stator winding is equal to ac. The ab part corre-
sponds to the excitation MMF necessary to drive the
flux through the airgap, and the bc part is necessary
to drive the flux through the iron parts of the magnetic
path.

If the mechanical power is measured during the
open-circuit test [6.10], the open-circuit or no-load
rotational losses (Prot) can be determined. No-load ro-
tational losses comprise the sum of the no-load core
losses (Pc) with the mechanical losses.

The no-load core losses consist of hysteresis and
eddy current losses due to excitation flux, which in-
duces in the armature the open-circuit voltage, and are
confined largely to the armature iron, although the flux
pulsations arising from slot openings will cause losses
on the pole surfaces, as well as on an iron surface in
salient-pole machines and on the surface of the solid
rotor in cylindrical-rotor machines.

Mechanical losses are the sum of losses due to fric-
tion in the bearings and brushes (Pa), with the loss
due to windage (Pw), i.e., the machine loss due to the
resistance offered by air (salient-pole machines) or hy-
drogen (cylindrical-rotor machines) to the rotation of
the shaft. The losses due to friction and windage are
constant at synchronous speed. Bearing friction losses
depend on the first power of shaft speed, bearing type,
properties of the lubricant and the load on the bearing.
Windage losses depend on the density of the coolant
(air/hydrogen) surrounding the rotor, machine geome-
try, surface roughness, torque coefficient, and increases
with the cube of rotor speed. Due to the cubic rela-
tionship with speed, windage is an important loss to
manage in the design of high speed machines. The use
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of hydrogen instead of air as a cooling medium reduces
the windage losses to about 10% of those which appear
with air. Thus

Prot D Pa CPw CPc : (6.60)

With zero excitation, Pc D 0 and the no-load rotational
losses are the sum of Pa and Pw. With nonzero excita-
tion the Pc can be obtained from the difference between
the mechanical power and the sum of Pa and Pw. The
no-load core loss Pc may be plotted as a function of ar-
mature voltage.

Short-Circuit Characteristic and Short-Circuit
Load Losses

If the armature terminals of a synchronousmachine that
is operating as a synchronous speed generator are short-
circuited and armature current Ia and excitation current
If readings are obtained, the losses caused by the arma-
ture current are obtained.

The mechanical power (Pm) supplied by the ma-
chine during the short-circuit test is equal to the sum
of the losses due to friction in the bearings and brushes
(Pa), the losses due to windage (Pw) and the losses
caused by the armature current (PIa) (also referred to
as short-circuit load losses). Thus

PIa D Pm � .Pa CPw/ : (6.61)

The short-circuit load losses due to Ia are in turn the
sum of the losses in the copper in the armature windings
considering the value of the DC armature resistance and
the additional losses, also called stray-load losses.

The stray-load losses are equal to the sum of the
losses in the core of the armature due to the leakage
flux, the losses in the core of the armature and rotor due
to the resulting flux and the increase of the losses in the
copper due to nonuniform distribution of the current in
the conductors, i.e., the difference between the copper
losses of the armature due to alternating current and di-
rect current. As seen in short-circuit the resulting flux is
very small and the losses in the core due to it are usually
neglected.

Copper losses of the armature due to direct current
(DC) resistance can be calculated if this resistance is
known for a certain temperature t by measuring the av-
erage winding temperature of the armature T during the
test by the formula

RT

Rt
D K CT

K C t
; (6.62)

where K D 234:5 ıC for copper conductors.

Thus, by subtracting from the short-circuit losses,
the losses in the DC resistance of the armature, we ob-
tain the stray-load losses due to Ia (Pad). As in any
equipment, the effective resistance of the armature is
equal to the losses attributed to the current of the arma-
ture divided by the square of the current. Generally, the
rated value is used for Ia, and

Ra.effective/D short-circuit load loss

I2a
: (6.63)

Determination of Synchronous Impedance/
Reactances and Short-Circuit Relation

a) Determination of Synchronous Impedance/
Reactances. For a cylindrical-rotor machine on short-
circuit the excitation voltage is PEf D .Ra C jXs/ PIa,
where PIa is the armature current. Its amplitude is

ˇ

ˇ PEf

ˇ

ˇD
Zs
ˇ

ˇPIa
ˇ

ˇ, where Zs Dp

R2
a CX2

s is the synchronous
impedance.

For a salient-pole machine on short-circuit, also
from Sect. 6.1.6,

PEf D PIaRa C jPIdXd C jPIqXq

D PIaRa C jPIaXd as PIq D 0:

Then, PId D PIa : (6.64)

If the value of the voltage from the no-load charac-
teristic is divided by the value of the current obtained
from the short-circuit characteristic for the same value
of field excitation, the synchronous impedance Zs is ob-
tained. Considering other points for the field excitation,
and assuming the same open-circuit characteristic for
a cylindrical-rotor and a salient-pole machine, the syn-
chronous impedance curve may be found, where

Zs D
q

R2
a CX2

s

for a cylindrical-rotor machine

and Zs D
q

R2
a CX2

d

for a salient-pole machine: (6.65)

The Zs curve is constant only in the unsaturated part
of the open-circuit characteristic, and decreases with in-
creasing excitation.

Considering Ra neglected in relation to synchronous
reactance

Xs or Xd D
ˇ

ˇ PEf

ˇ

ˇ

ˇ

ˇI0
a

ˇ

ˇ

: (6.66)

Thus, the saturated values of the synchronous reactance
Xs for cylindrical-rotor machines and of the direct-axis
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synchronous reactance Xd for salient-pole machines are
obtained. To find the unsaturated values for these re-
actances, the voltage on open-circuit, before the short-
circuit, should be taken from the airgap line, instead of
the open-circuit characteristic. The unsaturated values
for these reactances are always greater than their satu-
rated values.

b) Determination of Short-Circuit Ratio (SCR). The
SCR of a synchronous generator is defined in the IEC
60034-4 [6.11] standard as “The ratio of the field cur-
rent for rated armature voltage on open-circuit (OC)
to the field current for rated armature current on sus-
tained symmetrical short-circuit, both with the machine
running at rated speed”. The short-circuit ratio is the
inverse of the saturated value of the synchronous reac-
tance in p.u. From Fig. 6.20

SCR D OFO
OFS

D CFO
BFS

D CF0 in p:u:; (6.67)

where:

OFO D p.u. field current required to develop rated volt-
age on the open-circuit characteristic (OCC)

OFS D p.u. field current required to develop rated cur-
rent on the short-circuit characteristic (SCC)

CFO D p.u. sc armature current, also herein designated
as I0

a
BFS D p.u. ratedarmaturevoltageonopen-circuit (OC).

The armature resistance is very small when com-
pared with the synchronous reactance, so for a short-
circuit at the machine terminal the short-circuit current
may be considered totally inductive and the impedance
seen by the machine is Xs for a nonsalient-pole machine

p. u. current
p. u. voltage

p. u. field current

1.0

0

A

C

FO FS

scc

B

occ

Fig. 6.20 Determination of short-circuit ratio (SCR)

(NSPM – round rotor) or Xd for a salient-pole machine
(SPM).

For operation near or at the rated voltage themachine
may be considered as equivalent to a nonsaturated ma-
chine whose magnetizing curve is a straight line passing
through the points O and A. According to this approx-
imation and supposing the same graphic for nonsalient
and salient-pole machines,

Xs .p:u:/D Xd .p:u:/D .Vtn=Vtn/=.I
0
a=Ian/D Ian=I

0
a

D I0
a in p.u. ;

where I0
a in p.u. D CFO in p.u. Therefore, the SCR is

equal to the inverse of the synchronous reactance in p.u.

SCR D 1

Xs p:u: .sat/
.NSPM/

D 1

Xd p:u: .sat/
.SPM/ : (6.68)

Note that these values of reactances are saturated val-
ues.

6.1.7 Efficiency

The efficiency is equal to the ratio of output power to
machine-supplied power. In small machines, such as
those used in laboratories, these powers are obtained
by measurement. On larger machines where mechanical
power cannot be measured accurately, the efficiency is
calculated on the basis of the losses obtained in the tests
performed to obtain the characteristics of open-circuit
and of short-circuit. The following losses are consid-
ered:

a) Friction and windage loss
b) Core losses due to the resulting (voltage) flux
c) Stray-load loss
d) Joule losses of armature winding, using the direct

current resistance
e) Resistive losses of field winding
f) Ventilation and cooling losses.

It should be noted that only losses in the field wind-
ing are computed. The rheostat loss (if the excitation
is provided by a rotary exciter) and the thyristor bridge
loss (if the excitation is provided by a static exciter),
that controls the field current, and all losses in external
sources that supply excitation to the machine are not
considered in the determination of machine efficiency.
These losses are charged against the plant.

The values of Ia and If to be used in calculating cop-
per losses are those for the operating conditions of the
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machines in which it is desired to calculate their effi-
ciency, in general, for the nominal operating condition.
If the temperature values of field windings and armature
are not obtained, a conventional value of 75 ıC should
be used.

For a synchronous machine the efficiency �, in per-
centage, is calculated by the expression

�.%/D
�

1�
P

losses

output powerCP

losses

�

� 100 :

(6.69)

The core loss is obtained from the loss curve with the
machine on open-circuit (Sect. 6.1.6), using the result-
ing voltage in the armature due to the resulting flux, for
the operating conditions of the machine on which the
efficiency is to be calculated. For generators,

PEr D PVt C PIaRa C jPIaXl : (6.70)

As the stray-load loss already takes into account the
core loss due to the leakage flux, the term jPIaXl is ne-
glected in (6.70), therefore the voltage PEr D PVt CPIaRa is
used to calculate the core loss. For the case of motors
the resulting voltage to be considered in the core loss
calculation is

PEr D PVt � PIaRa : (6.71)

The ventilating and cooling loss includes any power
required to circulate the cooling medium through the
machine (if used) by fans or pumps that are driven by
external means (such as a separate motor), so that their
power requirements are not included in the friction and
windage loss.

6.1.8 Reactances and Time Constants

Reactances
The choice of base field current as the current required
to produce rated voltage at rated speed on the airgap
line is convenient for constructing phasor diagrams, but
not for including the effects of currents in rotor circuits
additional to the field circuit. This can best be done by
defining base currents for each rotor winding so that the
mutual inductances in per-unit between stator and rotor
in the direct-axis are equal and the mutual inductances
in per-unit between stator and quadrature-axis are also
equal.

For the stator the base quantities are maintained, i.e.,
rated apparent power, rated voltage and rated frequency,
from which other base quantities like impedance, cur-
rent and flux linkage are derived. For a comprehensive

treatment of the per-unit system and equivalent circuits
of synchronousmachines see [6.12–14].

Unbalanced operation and faults conditions are usu-
ally analyzed by the method of symmetrical compo-
nents by defining expressions for the reactances accord-
ing to each sequence component of the method, which
are presented hereafter.

a) Positive-Sequence Reactances. If positive-
sequence currents of rated frequency are applied to the
armature, a fundamental space wave of magnetomotive
force (MMF) is produced that rotates forward in
synchronism with the rotor. The airgap permeance
offered to this MMF wave depends upon its position
relative to the poles and whether the armature currents
are suddenly applied or are sustained, and, if suddenly
applied, whether the machine has a damper winding.

a.1) Direct-Axis Synchronous Reactance Xd and
Quadrature-Axis Synchronous Reactance Xq. Des-
ignating the magnetizing reactance in the direct-
axis X®d D Xad and the magnetizing reactance in the
quadrature-axis X®q D Xaq (Sect. 6.1.5),

Xd D Xad CXl and Xq D Xaq CXl : (6.72)

These two-reactances take into account the inductive ef-
fects of the fluxes due to the armature current.

a.2) Direct-Axis Transient Reactance X 0
d and Sub-

transient Reactance X 00
d . If field currents are ex-

pressed in the reciprocal per-unit system, X0
d may be de-

termined from the per-unit reciprocal equivalent circuit
of Fig. 6.21a, where Xfl is the field leakage reactance,
Xff is the total field reactance, Xl is the armature leak-
age reactance, and Xad is the mutual reactance between
armature and field. Direct-axis transient reactance X0

d,
which is a reactance viewed from the armature termi-
nals is given by

X0
d D Xl C XadXfl

Xad CXfl
D Xl C Xad .Xff �Xad/

Xff

D Xd � X2
ad

Xff
: (6.73)

It should be noted that direct-axis synchronous re-
actance Xd is obtained by opening the field leakage
reactance branch Xfl of Fig. 6.21a.

Direct-axis subtransient reactance X00
d may be de-

termined from the equivalent circuit of Fig. 6.21b, in
which the damper winding in the direct-axis is repre-
sented as an equivalent single winding having a leakage
reactance X1d. This circuit, based on the assumption that
the mutual reactances between armature and field, be-
tween armature and damper, and between damper and
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Xl Xl

Xad Xfl

Xl

Xad Xfl Xld Xaq Xlq

a) b) c)
Fig. 6.21 (a–c)
Reciprocal per-unit
equivalent circuits
for armature and
rotor circuits for
determining X0

d, X
00
d

and X00
q , respectively

field are all equal to Xad. The direct-axis subtransient
reactance X00

d is given by

X00
d D Xl C XadXflX1d

XadXfl CXadX1dXflX1d
: (6.74)

a.3) Quadrature-Axis Transient Reactance X 0
q and

Subtransient Reactance X 00
q . Consider a salient-pole

machine without a damper winding. With the rotor ro-
tated at synchronous speed, let the positive-sequence
quadrature-axis currents of rated frequency be suddenly
applied. The voltages induced in one-half of the field
winding balance those induced in the other half, so that
no currents are induced in the rotor circuit. The flux
paths under this condition are the same as those for sus-
tained conditions, i.e., there will be no linkage with the
field winding. Thus, the quadrature-axis subtransient,
transient and synchronous reactances are equal, i.e.,

X00
q D X0

q D Xq D Xl CXaq ; (6.75)

where Xl is the leakage reactance and Xaq is the
quadrature-axis magnetizing or quadrature-axis arma-
ture reaction reactance.

In the case of a salient-pole machine with a damper
winding, quadrature-axis subtransient reactance X00

q
may be determined from the equivalent circuit of
Fig. 6.21c, in which the Xaq is the mutual reactance be-
tween the armature and rotor circuit in the quadrature-
axis and X1q represents the leakage reactance of the
damper winding of a salient-pole machine or the analo-
gous effect in a cylindrical-rotor machine. Viewed from
the armature terminals,

X00
q D Xl C XaqX1q

Xaq CX1q
: (6.76)

In a salient-pole-machine a representation with one
damper winding on each axis has been considered sat-
isfactory.

For cylindrical-rotor (turbogenerator) machines the
eddy current paths in the iron can be considered as
a squirrel cage having an infinite number of bars, and

require an infinite number of damper coils for their rep-
resentation. Thus, the representation of Fig. 6.21c is an
approximation. However, if data is available, a second
damper winding with reactance X2q in parallel to X1q

can be represented in Fig. 6.21c, so that transient and
subtransient effects can be both considered. In this case
X0
q > X00

q .

b) Negative-Sequence Reactance. The rotating
space wave of MMF produced by rated-frequency ar-
mature currents of negative-sequence order differ from
those due to positive-sequence phase order in their di-
rection of rotation, i.e., it rotates backward at twice the
synchronous speed with respect to the rotor. As this
MMF wave passes rapidly over each axis of the poles,
the permeance presented varies rapidly from that in the
direct and quadrature-axis, the reactance corresponding
alternately to direct and quadrature-axis subtransient re-
actances. Thus, the negative-sequence reactance X2 is
given by

X2 D X00
d CX00

q

2
: (6.77)

c) Zero-Sequence Reactance. If zero-sequence cur-
rents of fundamental frequency are applied to a three-
phase machine, the MMF waves in all phases pulsate
in phase and produce a stationary field that alternates
at the fundamental frequency. When the equations for
each phase are added the fundamental and all harmonic
space MMF waves, that pulsate at the fundamental fre-
quency disappear, except the third harmonic MMF and
multiples of the third. At other than full pitch, the coil
sides in some of the slots carry currents in opposite
directions and the slot, airgap, and end-leakage fluxes
are all small. The zero-sequence reactance may vary
greatly, depending upon the coil pitch, but it is never
greater than positive-sequence armature leakage reac-
tance and may be less than half of it.

d) Effect of Saturation on Machine Reactances.
Both the saturated synchronous reactance Xs of a cylin-
drical-rotor machine and the saturated direct-axis syn-
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chronous reactance Xd of a salient-pole machine may
be obtained according to Sect. 6.1.6, as well their un-
saturated reactances. Concerning the quadrature-axis
synchronous reactance Xq the usual assumption is that
it is not affected by saturation. This assumption is suit-
able especially where external impedance is associated
with the machine. Nevertheless, its saturated value may
be obtained by testing.

The direct-axis transient and subtransient reac-
tances X0

d and X00
d are predominantly determined by

armature leakage and field or damper-winding leakage,
although magnetizing or mutual reactances also enter.
They are therefore influenced by saturation to a lesser
extent than is Xd. Usually two values of each reac-
tance are available. One, called the rated-voltage, or
saturated value, is determined from short-circuit tests
in which the field current is adjusted to give a pre-
fault terminal voltage at or near the rated machine
voltage. The other, called the rated-current value or un-
saturated value is also found from short-circuit tests in
which the field current is reduced so that the initial
symmetrical transient or subtransient current is equal
to the rated current. The rated-voltage value of these
reactances is usually 10�15% lower than the rated-
current value. The choice between them depends on
the specific application. For studies involving circuit-
interruption duties, protective relay settings, and short-
circuit stresses, the rated-voltage value ordinarily is
used. For stability studies, the rated-current value is
usually employed because it leads to conservative syn-
chronizing powers and torques.

The saturated value and unsaturated value of X00
q

may be obtained by test, while specifically for cylindri-
cal-rotor machines the saturated value of X0

q is around
87% of its unsaturated value.

Time Constants
In a synchronous machine, because the coupling be-
tween armature and rotor circuits differ in the direct
and quadrature-axis, there are direct-axis and quadra-
ture-axis time constants. Subtransient time constants
apply to rapidly decreasing components and transient
time constants to slowly decreasing components of cur-
rent or voltage. There is also the time constant of the
armature winding which applies to DC armature cur-
rent and to the alternating current induced in the field
winding. It should be noted that when defining time
constants, resistances are added in Fig. 6.21, in series
with the respective leakage winding reactances, as: Rf,
in series with Xfl, R1d in series with X1d and R1q in se-
ries with X1q, being ! D 2 f and armature resistance
neglected, except when determining the armature time
constant.

a) Open-Circuit Time Constants.
a.1) Direct-Axis Transient Open-Circuit Time Con-
stant T 0

d0. The change of field current in response to
sudden application, removal, or change of EMF in the
field circuit, with the armature open-circuit, is governed
by the field open-circuit time constant, or direct-axis
transient open-circuit time constant, given by

T 0
d0 D Xff

!Rf
: (6.78)

a.2) Direct-Axis Subtransient Open-Circuit Time
Constant T 00

d0. This determines the decrement curve
of the rapidly decreasing component of the quadrature-
axis fundamental frequency armature voltage, after the
sudden removal of a three-phase short-circuit, with the
machine running at synchronous speed. It is given by

T 00
d0 D X1d CXflXad=.Xfl CXad/

!R1d
: (6.79)

a.3) Quadrature-Axis Transient and Subtransient
Open-Circuit Time Constants T 0

q0 and T 00
q0. These

time constants are analogous to T 0
d0 and T 00

d0 the differ-
ence being that they are defined in terms of components
of voltage in the direct-axis instead of in the quadrature-
axis. The quadrature-axis transient open-circuit time
constant T 0

q0 has no significance in a salient-pole ma-
chine, as there is no low resistance winding in the
quadrature-axis which corresponds to the field wind-
ing in the direct-axis. In the case of a cylindrical-rotor
machine represented as two damper windings in the
quadrature-axis, both constants T 0

q0 and T 00
q0 may be

defined, however with the consideration of just one
damper winding in the quadrature-axis the induced cur-
rents are of a subtransient nature, and the subtransient
time constant T 00

q0 is

T 00
qo D X1q CXaq

!R1q
: (6.80)

b) Short-Circuit Time Constants.
b.1) Direct-Axis Transient and Subtransient. The
time constant T 0

d governs the slowly decreasing com-
ponent of the AC armature current under a suddenly
applied symmetrical three-phase short-circuit at the ar-
mature terminals, while the time constant T 00

d applies to
the rapidly decreasing component. They are given by

T 0
d D Xfl CXlXad=.Xl CXad/

!Rf
D T 0

d0

X0
d

Xd
; (6.81)
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T 00
d D X1d CXlXflXad=.XadXl CXadXfl CXlXfl/

!R1d

D T 00
d0

X00
d

X0
d

: (6.82)

b.2) Quadrature-Axis Transient and Subtransient.
If a synchronous machine is operated under load, there
will be flux mutual to the armature and rotor cur-
rent in the quadrature-axis; therefore, if a three-phase
short-circuit is suddenly applied under load there will
be quadrature-axis AC components of current which
decrease rapidly in accordance with the quadrature-
axis subtransient short-circuit time constant T 00

q , and
then less rapidly in accordance with the quadrature-
axis transient short-circuit time constant T 0

q. T
0
q and T 00

q
are analogous to T 0

d and T 00
d , respectively, except that

they apply to components of current in the quadrature-
axis of the AC component of armature current. T 0

q is
applied only for a cylindrical-rotor machine with two
damper circuits represented. For the representation of
Fig. 6.21c, then

T 00
q D X1q CXaqXl=.Xaq CXl/

!R1q
D T 00

q0

X00
q

Xq
: (6.83)

c) Armature Short-Circuit Time Constant Ta. The
time constant T 0

d governs the decay of the DC armature
current and the alternating currents induced by it in the
field and damper windings, under a suddenly applied
symmetrical three-phase short-circuit at the armature
terminals. It depends on the DC armature resistance
and the inductive coupling between armature, field and
damper circuits. As the rotor revolves the DC station-
ary MMF created by the armature currents passes by
the direct and quadrature-axis rotor circuits, so that the
equivalent reactance seen by the MMF wave, on an in-
tuitive basis, may be considered as an arithmetic mean
of X00

d and X00
q . Thus,

Ta D X00
d CX00

q

2!Ra
: (6.84)

d) Relations Between Time Constants. From the
previous values of time constants the followings rela-
tions can be derived

T 0
d D T 0

d0

X0
d

Xd
I T 00

d D T 00
d0

X00
d

X0
d

I T 00
q D T 00

q0

X00
q

Xq
:

(6.85)

Poitier Reactance
The armature leakage reactance can not be obtained
by testing. It is determined from geometric and phys-
ical details usually only available to the designer, while

the manufacture can provide its value. However, from
the Poitier diagram it is possible to obtain a reactance
called Poitier reactance, that is an approximate value
for the leakage reactance. For this it is necessary to
have the open-circuit (OCC) and the zero-power factor
characteristics (ZPFC). This latter characteristic may be
obtained from testing with the generator connected to
a reactor whose reactance may be varied or to an idle
synchronous motor, so that the current in the machine
is maintained constant and equal to the rated value Ian,
while the field current is adjusted to give various values
of terminal voltage, including nominal voltage Vtn. In
the case of a large machine tested in a power station,
the desired test to obtain the Poitier diagram, may be
done with its active power loading close to zero, by re-
distribution of its reactive power loading among other
machines on the same bus or system, without removing
them from service. The armature MMF under nominal
current can be obtained from this test.

Additional Considerations
Testing for reactances and time constants is performed
by applying a three-phase fault on the machine termi-
nals with the machine unloaded and on open-circuit.
Values obtained from such tests are direct-axis val-
ues. Quadrature-axis transient and subtransient values
can be calculated, but can not be tested by tests from
open-circuit pre-fault conditions. IEC 60034-4 [6.11]
describes unconfirmed tests for determining transient
and subtransient quadrature-axis synchronous machine
characteristic values.

In recent years standstill frequency response testing
based on impedance measurements has been devel-
oped to obtain parameter values for the elements of
the direct and quadrature-axis equivalent circuits. These
tests are made with the rotor held stationary and by
appropriate alignment of the rotor, the armature is ex-
cited with variable frequency currents ranging from as
low as 0.001 to around 100Hz, and the corresponding
impedance is measured. These impedances correspond
to the input impedances of direct and quadrature-axis
equivalents such as those of Fig. 6.21. Experience has
shown that for certain types of analysis, models based
on frequency measurements may exhibit increased ac-
curacy over analysis based on parameters obtained by
the traditional methods. Difficulties with such tests
include the fact that measurements are made at low
excitation levels and the fact that contact resistances
of the rotor elements such as slot wedges and retain-
ing rings are different when the rotor is stationary
from when the rotor is rotating and centrifugal forces
are acting on them. Many discussions of modeling are
found in the growing literature on synchronous ma-
chines.
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Table 6.3 Synchronous machine reactances and resistances in per unit based on rating

Reactance/resistance Turbogenerators Salient-pole generators (with dampers)
Nonsaturated Saturated Nonsaturated Saturated

Xd 1:49�1:87 1:35�1:65 0:70�1:50 0:60�0:95
Xq 1:45�1:83 1:32�1:60 0:52�1:00 0:45�0:85
Xl 0:11�0:20 0:11�0:20
X0
d 0:19�0:30 0:17�0:27 0:20�0:40 0:16�0:34

X0
q 0:19�0:30 0:17�0:27 0:25�0:80 0:20�0:65

X00
d 0:11�0:25 0:10�0:22 0:16�0:35 0:13�0:30

X00
q 0:12�0:26 0:11�0:23 0:25�0:45 0:20�0:38

X2 0:11�0:25 0:10�0:22 0:20�0:40 0:17�0:34
X0 0:01�0:15 0:01�0:13 0:05�0:18 0:04�0:15
Ra (ca) 0:0030�0:0070 0:0035�0:0160
Ra (dc) 0:0020�0:0070 0:0030�0:0180
R2 0:0280�0:0430 0:0100�0:1800

Reactance/resistance Turbogenerators Salient-pole generators (with dampers)
Nonsaturated Saturated Nonsaturated Saturated

Xd 1:49�1:87 1:35�1:65 0:70�1:50 0:60�0:95
Xq 1:45�1:83 1:32�1:60 0:52�1:00 0:45�0:85
Xl 0:11�0:20 0:11�0:20
X0
d 0:19�0:30 0:17�0:27 0:20�0:40 0:16�0:34

X0
q 0:19�0:30 0:17�0:27 0:25�0:80 0:20�0:65

X00
d 0:11�0:25 0:10�0:22 0:16�0:35 0:13�0:30

X00
q 0:12�0:26 0:11�0:23 0:25�0:45 0:20�0:38

X2 0:11�0:25 0:10�0:22 0:20�0:40 0:17�0:34
X0 0:01�0:15 0:01�0:13 0:05�0:18 0:04�0:15
Ra (ca) 0:0030�0:0070 0:0035�0:0160
Ra (dc) 0:0020�0:0070 0:0030�0:0180
R2 0:0280�0:0430 0:0100�0:1800

Table 6.4 Synchronous machine time constants

Time constant T0
d0 T00

d0 T0
d T00

d T00
q0 T00

q Ta

Turbogenerators 4�12 0:02�0:06 1�2 0:02�0:05 0:02�0:06 0:02�0:05 0:04�0:36
Salient-pole generators (with dampers) 3�8 0:01�0:06 1:5�3 0:01�0:05 0:01�0:09 0:01�0:05 0:03�0:25

Time constant T0
d0 T00

d0 T0
d T00

d T00
q0 T00

q Ta

Turbogenerators 4�12 0:02�0:06 1�2 0:02�0:05 0:02�0:06 0:02�0:05 0:04�0:36
Salient-pole generators (with dampers) 3�8 0:01�0:06 1:5�3 0:01�0:05 0:01�0:09 0:01�0:05 0:03�0:25

Tables 6.3 and 6.4 show the range of typical values
of reactances, resistances and time constants. It is to be
noted that these values indicate usual values of param-
eters, although exceptions may be found depending on
individual machine design.

For salient-pole machines without damper windings
X00
q D X0

q D Xq and X2 D .X0
d CXq/=2.

6.1.9 Power Angle Characteristic
of Synchronous Machines

The expressions for the active and reactive power sup-
plied by a salient-pole generator at an infinite bus
through an external reactance will be derived. It will be
assumed that the generator is connected to the infinite
bus by an external reactance Xe. From these expres-
sions the equations for a nonsalient-pole (round rotor)
machine are derived. The expressions including the ar-
mature and external resistances will be presented.

Operation as a Salient-Pole Generator (SPG)
Figure 6.22 shows the phasor diagram for a salient-pole
generator supplying an inductive load, and connected to
an infinite bus by an external reactance Xe.

The active power, in p.u., supplied to the infinite
bus, neglecting resistances, is

P D Pf CPr D EfEe

XD
sin ıCE2

e
XD �XQ

2XDXQ
sin 2ı

D Pfmax sin ıCPrmax sin 2ı ; (6.86)

δ
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.
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.

Fig. 6.22 Phasor diagram for lagging power factor

where XD D Xd + Xe and XQ D Xq + Xe and the angle ı
is called the power angle, torque angle or load angle.

The resultant active power P at the infinite bus has
two terms. The first Pf is the power due to the field
excitation, designated as excitation power and the sec-
ond Pr is the power due to the differences in direct-axis
and quadrature-axis reluctances, designated as the re-
luctance power. Figure 6.23 shows these two terms and
the resultant power for a salient-pole generator.

The electromagnetic power or internal active power
Pe, i.e., the power that is converted from mechanical to
electrical, is the power at the infinite bus plus the losses
in the armature resistance Ra and external resistance Re;
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Fig. 6.23 Power–angle curve of a salient-pole generator
including the operation as a motor with resistances ne-
glected

when considered

Pe D PC I2a
�

R2
a CR2

e

�

: (6.87)

The expression for reactive power is

Q D Ee .Ef �Ee cos ı/ cos ı

XD
� E2

e sin
2 ı

XQ
: (6.88)

Taken into consideration the armature and external re-
sistances

P D
EfEe

�

RE cos ıCXQ sin ı
�

CE2
e
XD�XQ

2 sin 2ı�E2
eRE

R2
E CXDXQ

; (6.89)

Q D
EfEe

�

XQ cos ı�RE sin ı
�

�E2
e

�

XD sin2 ıCXQ cos2 ı
�

R2
E CXDXQ

; (6.90)

where RE D Ra + Re.
Note that the salient-pole generator can supply ac-

tive power without excitation (Ef D 0). In this case,
Pf D 0 and the power is due to Pr, that is, to the re-
luctance power that is very small when compared to the
excitation power. Under this condition, the machine will
absorb capacitive power irrespective of the angle ı. In
this case the machine would have transient instability
when the excitation is lost.

Operation as a Non-Salient-Pole Generator
(NSPG)

In the case of a nonsalient-pole generator where
Xd Š Xq ) XD Š XQ and with resistances neglected,
the active power is

P D EfEe sin ı

XD
(6.91)

and the term E2
e .XD �XQ/ sin 2ı=.2XDXQ/ due to reluc-

tance power is null. The reactive power is

Q D EfEe cos ı

XD
� E2

e

XD
: (6.92)

Considering the resistances

P D EfEe .RE cos ıCXD sin ı/�E2
eRE

R2
E CX2

D

; (6.93)

Q D EfEe .XD cos ı�RE sin ı/�E2
eXD

R2
E CX2

D

: (6.94)

When Ef goes to zero this time, the round-rotor
machine cannot supply any real power to the system.
Under this condition, however, the machine will still ab-
sorb a large amount of capacitive power irrespective of
the angle ı and it would have transient instability.

Maximum Power
For maximum power ) dP=dı D 0 and d2P=dı2 < 0.
For a salient-pole generator

dP

dı
D d

dı
.Pfmax sin ıCPrmax sin 2ı/D 0 )

cos ı D � EfXQ

4Ee
�

XD �XQ
�

˙
v

u

u

t

"

EfXQ

4Ee
�

XD �XQ
�

#2

C 1

2
: (6.95)

Only positive values of the radical, giving ı < 90ı, will
correspond to maximum power, the other root being
greater than 1.0 is not considered. The maximum active
power is obtained by replacing ı in expression (6.86).

Additional Remarks
The maximum power of a salient-pole generator (SPG)
occurs at a power angle below 90ı, while for a round ro-
tor generator (NSPG) the maximum power occurs when
the power angle is 90ı. The influence of the resistances
in these power angles are practically none.

The rise of power with power angle, the so called
synchronizing power coefficient—dP=dı—used to be
an indication of stability or instability in steady state
conditions, which is associated with small variations in
the operating point, but without the action of automatic
controls, such as excitation systems and speed gover-
nors.

To assure stability the synchronizing power co-
efficient must have a positive value. In the case of
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a salient-pole generator dP=dı, for the same angle ı,
is greater than for a round rotor generator making the
machine stiffer.

A general study of power-system stability is outside
the scope of this book. If complete system equations
are investigated, the power limit found may be either
greater or smaller depending on circumstances; and, on
the other hand, if the system is said to be stable af-
ter the determination of a positive value of dP=dı, it
is assumed that the system introduces no other torques,
such as negative damping torques arising from terms
depending on rotor speed than rotor angle, which might
produce instability.

The phasor diagram shown in Fig. 6.22, for
a salient-pole machine, brings out the dependence of the
power-angle on the cross-armature reaction effect IqXq

on which the torque depends; while the excitation re-
quired for given working conditions—that is, the length
of Ef—is largely settled by the direct-armature reaction
IdXd.

6.1.10 Parallel Operation of Synchronous
Generators

Considering two equal round-rotor generators in par-
allel, supplying the same active power to a load or
system, with constant terminal voltage Vt. In the general
case if they are supplying different armature currents
Ia1 and Ia2, being ZL the load impedance. This situa-
tion is depicted in Fig. 6.24, where Ic is the circulating
current, which will be later discussed. The following
equations in per-unit or per phase may be written PEf1 D
PVt C jPIa1Xs, PEf2 D PVt C jPIa2Xs. Thus

PEf1 C PEf2 D 2 PVt C jXs
�PIa1 C PIa2

�

; (6.96)

PIa1 C PIa2 D IL D PVt

PZL
; (6.97)

PEf1 C PEf2 D 2 PVt C jXT

PVt

PZL
: (6.98)

IC

Ia1 Ia2

IL

IL

Ic

Ic

Ic

Ic

G1 G2

Load

Fig. 6.24 Two generators in parallel

From (6.98), if the excitation of machine 1 Ef1 in-
creases or decreases, the excitation of machine 2 must
decrease or increase Ef2, respectively, to maintain an
unaltered terminal voltage Vt.

As the generators are supplying the same active
power and considering that initially they are supplying
the same reactive power to the load, their power fac-
tors (cos � ) are the same, if Ia is the armature current of
each generator, the load current IL D 2Ia. Noting also
that OA D Vt, AB D jIaXs ) OB D EF, the excitation
EMF of each generator. The phasor diagram of Fig. 6.25
shows this situation.

The active power per phase or in per-unit for each
generator can be expressed by

P D EfVt

Xs
sin ı D const.

or P D VtIa cos � D const. (6.99)

As Vt and Xs are constants, it follows that Ef sin ı and
Ia cos � are constants for each generator. Thus, the ends
of phasor Ef are located on a horizontal line (CF) paral-
lel to Vt and at a distance from it equal to Ef sin ı. Also,
the active component of the armature currents are lo-
cated on the vertical line (KE), that is perpendicular to
Vt and a distance from point O equal to OH D Ia cos � .
These considerations are valid for whatever variations
may occur in the excitation of the generators.

Supposing that the excitation EMF of generator 1
increases from Ef to Ef1 (point F). It is seen that AF D
jIa1Xs is greater than AB D jIaXs, that means that there
was an increase in the armature current (Ia1 > Ia), the
generator 1 power factor angle was increased from �
to �1 and consequently its inductive reactive current
(Ia1 sin �1) also has increased, increasing its inductive
reactive power to the load.

To find Ia2; a parallel from phasor Ia1 is drawn at the
end of IL. At the point of intersection G with line KE,
Ia2 is obtained. Note that Ia2 is a leading current and its
reactive component is given by the distance GH. The
reactive component of Ia1 (HN) is greater than the re-
active component of the load current (HI) by IN D GH,
and this additional reactive current goes from generator
1 to generator 2. It does not appear in the external cir-
cuit, i.e., in the load circuit. This circulating or internal
current (Ic) flows in the armature windings of both gen-
erators, causing additional losses. Figure 6.24 shows the
path of this current. To avoid this current, the field ex-
citation of generator 1 should decrease, until current Ia2
is inductive.

In conclusion, the distribution of reactive power
among generators is realized by means of their exci-
tation systems.
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Fig. 6.25 Effect of changing the
excitation on two generators in
parallel

6.1.11 Synchronization of a Generator

Figure 6.26 illustrates a synchronous generator G1 sup-
plying power to a load with another generator G2 that is
about to be paralleled with G1 by closing the switch S1,
which represents a circuit breaker. If the switch is
closed at some arbitrary moment, the generators could
be severely damaged and the loadmay lose power. If the
voltages are different in the phases being tied together,
there will be very large current flow when the switch is
closed.

In order to be synchronized, an oncoming generator
must meet the following conditions:

1. The generator voltage amplitude must be the same
as the amplitude of the system voltage.

2. The phase sequence of the generator must be the
same as that of the system.

3. The generator voltage must be in phase with the sys-
tem voltage.

4. The generator frequency must be equal to the sys-
tem frequency.

These conditions can be summarized in only one state-
ment: At the instant of synchronization the instanta-

Generator
1

Generator
2

Load

Generator 1 → Running machine
Generator 2 → Incoming machine

S1

a

b
c

a'
b'

c'

Fig. 6.26 Synchronization

neous values of the potential differences among the gen-
erator terminals and those correspondents of the system,
should be identical. Thus, with regard to Fig. 6.26

vab D va0b0 ; vbc D vb0c0 ; vca D vc0a0 ; (6.100)

where

vab D Vm cos.!tC �/ ;

vbc D Vm cos.!tC � � 120/ ;

vca D Vm cos.!tC � � 240/ (6.101)

va0b0 D V 0
m cos.! 0tC � 0/ ;

vb0c0 D V 0
m cos.! 0tC � 0 � 120/ ;

vc0a0 D V 0
m cos.! 0tC � 0 � 240/ : (6.102)

In (6.101) and (6.102), the phase sequence of the gen-
erator was considered as equal to that of the system. To
synchronize a generator the following steps should be
taken:

1. The field current should be adjusted so that the gen-
erator excitation voltage Ef is equal to the system
voltage, i.e., equal to the generator terminal voltage
Vt.

2. The phase sequence of the generator should be
checked by means of a phase sequence indicator,
that is connected to its terminals. For more details
of indicators, see IEEE Std 115TM – 2009 [6.10]. If
the phase sequence of the generator is not equal to
that of the system, it can be corrected by swapping
the connections on any two of the three-phases of
the oncoming generator.

3. The speed regulator of the turbine should be ad-
justed so that the generator frequency is close to
the system frequency, as it is very difficult to ob-
tain equal frequencies. This means that the phase



6.1 Synchronous Machines 397
Section

6.1

Axis d

Axis q

φf

Ef

Ef

∆V

∆VIa

Ia

δ

δ

θ

θ

Vt

Vt

a) b)

˙

˙

˙

˙

˙˙

˙

˙

˙

Fig. 6.27a,b Syn-
chronization with an
angular difference.
(a) The generator
frequency is higher
than that of the
system. (b) The
generator frequency
is lower than that of
the system

angle of the oncoming generator will change slowly
relative to the phase angle of the running system.

4. Use a synchroscope to verify the phase angle be-
tween Ef and Vt. This instrument has a pointer that
continually indicates the phase angle between these
two voltages. Although the degrees are not shown,
the dial has a zero mark, at the top, to indicate when
the voltages are in phase, and when they are 180ı
out of phase the pointer is at the bottom.

5. If the generator frequency is slightly higher than
the system frequency, the pointer rotates clockwise.
Conversely, if the generator frequency is slightly
lower, the pointer rotates counterclockwise. Then,
at the moment the pointer crosses the zero mark, the
circuit breaker is closed, connecting it to the system.

In most power stations, synchronization is done auto-
matically.

The frequency of the oncoming generator is ad-
justed to a slightly higher frequency to ensure that when
it is connected, it will come on-line supplying power as
a generator, instead of consuming it as a motor.

The Synchronization Power
If the magnitude of the generator EMF Ef is the same
as that of the system Vt, but its frequency is higher, the
phasor Ef will be ahead of the phasor Vt, and a differ-
ence of potential �V will appear across the switch. An
armature current Ia lagging 90ı behind�V will flow, as
shown in Fig. 6.27a. Neglecting the armature resistance,

Ia exp.j�/D �j

�

Ef exp.jı/�Vt exp.j0/

Xs

�

; (6.103)

where Ef D Vt, � D ı=2 and XsIa D 2Vt sin.ı=2/.
As the angle ı is positive the generator will supply

power to the system. If Pa is the accelerating power,
Pm is the mechanical power supplied by the turbine
just before synchronization, which is equal to the rota-
tional losses, and Pe is the electrical power supplied by

the generator (neglecting power losses), Pa D Pm �Pe,
where in per-unit or per phase, for a round-rotor genera-
tor Pe D EfVt=Xs sin ı D V2

t =Xs sin ı. As Pm is constant
(the speed governor did not have time yet to increase
Pm), Pa is negative and the generator slows down un-
til, after some small damped oscillations around Vt, the
phasors Ef and Vt will be in phase, and Ia and ı will be
null.

If, instead the generator frequency is lower, the pha-
sor Ef will be behind the phasor Vt, and a difference
of potential �V will appear across the switch. An ar-
mature current Ia will flow, as shown in Fig. 6.27b.
The angle ı is negative and the generator will re-
ceive power from the system. As a consequence, the
generator speeds up until, after some small damped os-
cillations around Vt, the phasors Ef and Vt will be in
phase, and Ia and ı will be null.

The synchronization power, in p.u., Pe D V2
t =

Xs sin ı, is the power supplied or received when the
generator is turning faster or slower with respect to
the system, and it will be slowed down or accelerates,
respectively, to match its frequency with that of the sys-
tem. If the synchronization is done with the generator
completely out of phase with the system voltage, the
angle ı will be 180ı, and the current in the armature
will be Ia D 2Vt=Xs. This is twice the three-phase short-
circuit current of the incoming generator. The stresses
in the windings can cause severe damage to the genera-
tor.

It is to be noted that in the expressions above the
synchronous reactance in the steady state was consid-
ered, for simplicity of drawing the phasor diagrams. In
reality, with a damper winding the subtransient reac-
tance X00

d must be used. If the machine does not have
a damper winding the transient reactance X0

d is the one
to be used.

According to IEEE Std C50.12-2005 [6.15] for
salient-pole and IEEE Std C50.13-2014 [6.16] for
cylindrical-rotor synchronous generators the following
limits, shown in Table 6.5, should not be exceeded.
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Table 6.5 Synchronizing limits [6.15, 16]

Breaker closing angle ˙ 10ı

Generator side voltage difference relative to
system

0 to C5%

Frequency difference ˙ 0:067Hz

Breaker closing angle ˙ 10ı

Generator side voltage difference relative to
system

0 to C5%

Frequency difference ˙ 0:067Hz

The synchronization is helped by the damping
windings, in which induced currents are due to the
speed difference between the rotating armature and field
magnetic fields. When the generator is connected to the
system the speed of the armature field is determined by
the system frequency; if the rotor turns at a speed lower
than that of the armature field, the currents induced in
the damping windings produce a torque that tends to ac-
celerate the rotor. Conversely, if the rotor field turns at
a speed greater than that of the system, the torque tends
to slow down the rotor.

After synchronization, the generator active power
should be adjusted by the speed governor of the turbine
and its reactive power (power factor) by the excitation
system.

6.1.12 Generator Excitation for Constant
Terminal Voltage: Compounding
Curve

The curves of Fig. 6.28 show how the field excitation
of a synchronous machine should be varied to maintain
constant terminal voltage (in general rated voltage) and
constant power factor as the load is varied. These curves
are called compounding curves.

It is known that for a round-rotor machine PEf D
PVt C jPIaXS, neglecting Ra. If the power factor angle is
� , the terminal voltage Vt, the excitation EMF Ef and

Field current

Armature current (Ia) or kVA

0.0 pf lag

0.8 pf lag

1.0 pf

0.8 pf lead

0.0 pf lead

Rated load

Fig. 6.28 Generator excitation for constant terminal volt-
age and power factor

the armature current Ia, the following relation can be
written

Ef D
q

.Vt ˙ IaXS sin �/
2 C .IaXS cos �/

2 ; (6.104)

where the plus sign is for an inductive load and the mi-
nus sign for a capacitive load.

From (6.104) the following conclusions can be
drawn:

In an open-circuit, Ia D 0 and Ef D Vt for whatever
power factor. When the power factor is zero capacitive
Ef D Vt � IaXs. Thus, when the load Ia increases the ex-
citation must decrease to maintain Vt constant. In this
case the armature reaction MMF is totally magnetizing,
and the machine receives reactive power from the sys-
tem. When the power factor is zero inductive, Ef D Vt

+ IaXs. Thus, when the load Ia increases the excitation
must increase to compensate the voltage drop in the ar-
mature impedance and to maintain Vt constant. In this
case the armature reaction MMF is totally demagne-
tizing, and the machine supplies reactive power to the
system. Intermediate load power factors produce volt-
age/current characteristics shown in Fig. 6.28.

6.1.13 Generator Load Characteristic

This characteristic shows the behavior of the terminal
voltage of a generator when the load changes, with con-
stant excitation and load power factor. From (6.104) of
Sect. 6.1.12 the following analysis can be done.

In an open-circuit, Ia D 0 and Vt D Ef and all the
curves in Fig. 6.29 begin at point 1 on the vertical
axis, no matter the power factor. In short-circuit Vt D 0,
� D ˙90ı, with the plus sign for an inductive load and
the minus sign for a capacitive load, thus, Ia D Ef=Xs.
When the load is pure inductive the power factor is
equal to zero and � D �90ı. In this case Vt D Ef � IaXs,
which is a straight line with the armature MMF de-
magnetizing the field MMF, and the terminal voltage
decreases with the load increase. For a leading load of
zero power factor Vt D EfCIaXs and the armature MMF
is totally magnetizing, increasing the field MMF, and
the terminal voltage increases with the load increase. In
this case very high terminal voltages can be produced,
especially when the machine is radially connected to
high voltage transmission lines, and the lines are dis-
connected at their far ends, a situation known as load
rejection. Intermediate load power factors produce volt-
age/current characteristics shown in Fig. 6.29.

6.1.14 Generator Capability Chart

This chart shows the active and reactive power limits
that generators can be safely operated, since the condi-
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Zero lead

Fig. 6.29 Generator load characteristic

tion of zero inductive power factor up to zero capacitive
power factor.

Synchronous generators are specified in function of
the maximum apparent power in MVA that they can
supply continuously without overheating for a given
rated voltage (with a variation of ˙ 5%), rated current
and power factor. The field and armature currents for
this condition are the maximum currents allowed in the
field and armature windings, respectively. MW (active
power) loading cannot exceed the turbine rating.

The chart is drawn in per-unit for rated terminal
voltage, armature current and power factor, with resis-
tance neglected, considering nonsaturated values for the
reactances, in order to be conservative. The considera-
tion of saturated values for the reactances will enlarge,
a little bit, some of the limits presented.

Cylindrical-Rotor Generator
To draw the capability curve of the synchronous gen-
erator, its voltage phasor diagram multiplied by jVt=Xs

is redrawn in Fig. 6.30. It is recognized that OMN is
the complex power triangle, wherein OM is the nom-
inal apparent power, P and Q are the nominal active
and inductive reactive power, respectively, and 
 is the
rated power factor. The segment O0O is the capacitive
reactive power and a machine design with a high short-
circuit relation (SCR) will increase the capacity of the
machine in absorbing reactive power from the system,
providing a better voltage control. The segment O0M
corresponds to the maximum excitation power, that is

P

O'
O Q

+δ
N

M

Pn
ϕ

Qn

Vtn Ian

Vtn Ef

XS

V 2
tn

XS
–j

Fig. 6.30 Diagram showing the apparent, active, reactive
and excitation power of a cylindrical-rotor generator

obtained for an excitation voltage equal to the rated ex-
citation voltage Ef.

The steps in the construction of the capability chart
are:

a) With a center at O and radius OM a circle is drawn,
that represents the limit of armature winding heat-
ing.

b) With a center at O0 and radius O0Ma circle is drawn,
that represents the limit of field winding heating.

c) From point M drawing a straight line perpendicular
to the active power axis P, the limit of maximum
power of the turbine is obtained.

d) The theoretical stability limit in the steady-state is
obtained when ı D 90ı, and the expression for the
apparent power of the generator is given by

Sn D VtnEf

Xs
� j

V2
tn

Xs
D Pn � jQn (6.105)

indicating that the theoretical stability limit in steady-
state is given by a straight line (O0WUTS) from point
O0, perpendicular to the horizontal axis. It is not desir-
able to operate a generator at its steady-state theoretical
stability limit because there will be no margin for an
oscillation that may increase the angle ı, causing the
machine to lose stability. Thus, a margin of 10% (TU)
in the active power with constant excitation Ef is con-
sidered and various circles with excitation constant are
traced, determining the steady-state practical stability
limit (O0VR), as shown in Fig. 6.31.

If the excitation current goes to zero, the active
power will be zero and excitation voltage induced in
the armature Ef also will be zero and in this case,

PEf D 0 D PVtn C jPIanXs ) PIan D j
PVtn

Xs
: (6.106)
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Fig. 6.31 Capability chart of a cylindrical-rotor generator

Thus the armature current will be capacitive indicat-
ing that the generator receives reactive power from the
system, and as its electrical power is zero and the me-
chanical power is constant (at least in the following few
seconds), the rotor will be accelerated and the machine
starts to function as an induction generator until it is
disconnected from the system by the loss-of excitation
protection. Therefore, excitation current on the chart is
normally limited to a value of 5�10% of its rated value
(circle WX).

When the generator operates as overexcited, the
field current is high and the retaining ring becomes sat-
urated, so that the effects of the flux in the end region of
the armature is small. However, in the underexcited re-
gion the field current is low and the retaining ring is not
saturated, allowing an increase in armature end leakage
flux, which adds to the flux produced by the field cur-
rent, occasioning heating in the end core packets and
clamping plates, that may severely limit the generator
output, particularly in the case of a round rotor machine.
Thus a limit is put on the amount of reactive power that
can be absorbed, which is given by line EF [6.17]

Salient-Pole Generator
If in the voltage diagram of a salient-pole generator
a parallel line to AB is drawn from point C, point
F is determined on the horizontal axis, as shown in
Fig. 6.32, where HC D AB D Ef, BC D Iq.Xd�Xq/ and
FA D ŒVtn.Xd �Xq/�=Xq.

If the diagram of Fig. 6.32 is multiplied by
�jVtn=Xd, a chart showing only powers quantities is ob-
tained, as shown in Fig. 6.33.

Along the semi-circle FHA the excitation voltage
is equal to zero. The field winding heating limit CC0K

P
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H

VtnA Oϕ

ϕ

D
δ δ
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B
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Ian Xd

Id Xd

Iq Xq

Fig. 6.32 Voltage diagram of a salient-pole generator
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Fig. 6.33 Capability chart of a salient-pole generator

is obtained by drawing several lines from point F and
marking distances H0C0 D HC D Ef starting at the semi-
circle. The limit of armature winding heating (curve
GCL) and the limit of maximum power of the turbine
(CG) are obtained following the same procedure as used
in the case of cylindrical-rotor generator. When the ex-
citation is zero the active and reactive power of the
generator are

P D V2
tn

2

�

1

Xq
� 1

Xd

�

sin 2ı ; (6.107)

Q D V2
tn

2

�

1

Xq
� 1

Xd

�

cos 2ı� V2
tn

2

�

1

Xq
C 1

Xd

�

:

(6.108)

The generator can supply a certain active power.
The locus of the points where the excitation voltage is
equal to zero is given by the semi-circle FHA. In the
chart, following the same observation for the case of
a cylindrical-rotor generator, in order to avoid operation
with zero excitation, the minimum excitation was con-
sidered equal to a value of 5�10% of rated excitation,
obtaining the circle IJ.
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Fig. 6.34 Synchronous motor
operation at constant load and
variable excitation

At point A, ı D 0 and the reactive power is capaci-
tive and equal to V2

tn=Xd. At point F, where ı D 90ı the
reactive power is also capacitive and equal to V2

tn=Xq,
however, operation at this latter point is not allowed
because in the case of a salient-pole machine the steady-
state stability limit occurs for an angle ı less than 90ı.
Besides that, operation inside the semi-circle of zero ex-
citation would be only possible if the excitation system
is designed for negative excitation current. The theoret-
ical steady-state stability limit may be obtained by the
following expression.

P D �
�

QC V2
tn

Xq

	3

QC V2
tn

Xd

: (6.109)

In the chart the practical steady-state stability limit is
given by curve FF0, where a safety margin of around
10%was given from the theoretical steady-state stability
limit, with constant excitation. The EF curve represents
the heating limit of the frontal stator sheet packs.

6.1.15 Synchronous Motor: V Curves

When a synchronous motor delivers constant mechan-
ical power while energized from a source of constant
voltage and constant frequency, the armature current is
a function of the field excitation. Considering the arma-
ture resistance and mechanical losses neglected and the
theory of cylindrical-rotor applied, when the armature
current is plotted against field excitation, the result is
the so-called V curves, due to the shape of the curves.
The following equations, in per-unit or per phase, apply

PVt D PEf C PIa.Ra C jXs/ ; with Ra neglected

) PVt D PEf C jPIaXs ; (6.110)

Pe D EfVt

Xs
sin ı or Pe D VtIa cos �: (6.111)

As Pe and Vt are constants

Ef sin ı D const. (6.112)

Likewise,

Pe

Vt
D Ia cos � ) Ia cos � D const. (6.113)

The expressions (6.112) and (6.113) are valid for any
power factor value. Neglecting losses the mechanical
power load is equal to the electrical power supplied to
the motor from its terminal. The machine behaviour is
described by means of the phasor diagram of Fig. 6.34.
When the excitation EMF Ef increases from the con-
dition of unity power factor, i.e., from the normal
excitation Ef2 to Ef3, the power angle ı decreases so
that the product Ef sin ı D PeXs=Vt is maintained con-
stant and the phasor Ef moves along a line parallel to
Vt. Also, the phasor Ia is located along a line perpendic-
ular to Vt at a distance Ia cos � D Pe=Vt from the origin.
The minimum armature current occurs when the motor
operates at a unity power factor.

The following conclusions can be obtained from
Fig. 6.34:

a) The machine as a motor operates over-excited and
supplies reactive power to the grid when the power
factor is capacitive, i.e., when the armature cur-
rent leads the terminal voltage. If the machine was
a generator it would receive reactive power when
the power factor was capacitive, i.e., the armature
current leads the terminal voltage.

b) The machine as a motor operates under-excited and
receives reactive power from the grid when the
power factor is inductive, i.e., when the armature
current lags the terminal voltage. If the machine was
a generator it would supply reactive power when the
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Fig. 6.35 V curves of a synchronous
motor indicating also the operation as
a generator

power factor was inductive, i.e., the armature cur-
rent lags the terminal voltage.

The nature of Ia versus excitation (If) plot for various
values of active power load is shown in Fig. 6.35. These
are known as V-curves of a synchronous machine by
virtue of their shape. Though the figure is drawn for
motoring operation, an indication of operation as a gen-
erator is given as the V-curves for a generator are
similar, but inverted.

Minimum Excitation and Stability Limit
From (6.109), the angle ı continuously increases when
the excitation is reduced. The minimum permissible ex-
citation, Ef (min), for a specific value of constant active
power occurs for ı D 90ı. Thus

Ef.min/D PXs

Vt
: (6.114)

Minimum field current and the corresponding armature
current for a given pu load at the limit of stability is
indicated, in Fig. 6.35, by the dashed curve AB. At the
stability limit the motor power factor is inductive, while
in a generator the stability limit occurs for a capacitive
power factor. In both cases, for motor and generator,
the stability limit occurs in a region of minimum field
excitation.

Synchronous Compensator
A synchronous compensator is a synchronous machine,
usually of the salient-pole type, that has neither a prime
mover nor a mechanical load; it is in effect a syn-
chronous motor running idle. The V curve for zero me-
chanical power in Fig. 6.35 approximately represents

synchronous compensator operation. When rotational
losses and armature resistance are neglected, the real
power of a synchronous compensator is zero, and con-
sequently the torque angle ı D 0. The reactive power in
per-unit or per phase is given by

Q D VtEf �V2
t

Xs
: (6.115)

By controlling excitation Ef; it can supply or absorb
reactive power and maintain the terminal voltage Vt

constant.

Observation. In a synchronous machine the active
electrical power exchanged with the bus-bars is con-
trolled by the mechanical shaft power, by means of the
speed governor, irrespective of excitation. The excita-
tion system, on the other hand, controls only the power
factor of the machine without affecting the real power
flow. For example, if a generator needs to supply more
active power into the bus-bars, the throttle (gates) must
be opened admitting more steam (water) into the tur-
bine (coupled to the generator) thereby supplying more
mechanical power into the shaft. As a consequence the
power angle ı increases and so does the electrical power
output. However, if it is desired to adjust the machine
power factor, its excitation should be varied.

6.1.16 Voltage–Frequency Limits

The voltage and frequency limits, as per IEEE
C50.12 [6.15] and IEEE C50.13 [6.16] standards, must
be in accordance with the values shown in Fig. 6.36.
That is, the generators shall be thermally capable of
continuous operation within the confines of their ca-
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Fig. 6.36 Continuous and short-time limits of voltage–
frequency variations, according to IEEE C50.12 and IEEE
C50.13 [6.15, 16]

pability curves over the range of ˙ 5% in voltage
and ˙ 2% in frequency, as defined by the brown
area.

To minimize the reduction of the generator’s life-
time due to the effects of temperature, operation outside
the brown area and within the gray line should be lim-
ited in extent, duration and frequency of occurrence.

IEEE C37.106-2003 standard [6.18] addresses ab-
normal frequency protection for power generating
plants. It recognizes that the generator’s prime mover
is more susceptible to damage from off-frequency op-
eration than the generator itself. Specifically turbine
blade fatigue is the main concern. The length of the
blades and its design dictates their resonant frequen-
cies. Turbine blades are designed to have their natural
frequencies displaced sufficiently from rated speed and
multiples of rated speed. Operation at frequencies other
than rated or near-rated speed is time-restricted to the
limits shown for the frequency bands provided by the
manufacturer. Figure 6.37 shows the frequency limits
of a typical steam turbine.

6.1.17 Excitation Systems

The excitation system fulfills two main functions:

a) It produces DC voltage (and power) to force current
to flow in the field windings of the generator.

b) It provides a means for regulating the terminal volt-
age of the generator to match a desired set point, as
well as providing damping for power system oscil-
lations and through its fast response, contributes to
improving system transient stability.

Time (min)

Frequency (Hz)

10–2 10–1 100 101 102 103
56

57

58

59

60

61

62

Prohibited operation
Restricted operation
Continuous operation

Fig. 6.37 Frequency limits of a typical steam tur-
bine [6.19]

Prior to the 1960s, generators were generally pro-
vided with rotating exciters that fed the generator field
through a slip ring arrangement, a rotating pilot exciter
feeding the main exciter field.

Since the 1970s, the most common arrangement for
hydrogenerators is a static excitation system where the
main field excitation is regulated by a controlled rec-
tifier. One of these static excitation systems, shown in
Fig. 6.38 is the potential source controlled rectifier high
initial response exciter, known as the bus-fed static
exciter, where excitation power is supplied through
a transformer from the main generator terminals and
a six-pulse thyristor bridge controls the main field ex-
citation. Field flashing equipment is provided to build
up generator terminal voltage during starting. Power for
field flashing is provided either from the station battery
or alternating current (AC) station service.

During system conditions that leads to self-exci-
tation of the generator, causing abnormal voltages on
machine terminals and possible damage to stator wind-
ings, a second thyristor bridge in antiparallel to the one
shown in Fig. 6.38, can be used so that the machine
inverts its field current and delay the self-excitation. As
this second bridge is used for transient conditions it may
be specified for a short time operation, for example 10 s.
Also, negative field current can be used in a salient-
pole synchronous machine, operating as a condenser,
to increase the reactive power absorption. This can be
useful for near high-voltage direct current (HVDC) sta-
tions or long transmission lines where extra reactive
power absorption is required. Due to firing anglemargin
requirements of the thyristors, the magnitude of the neg-
ative ceiling voltage is normally less than the positive
ceiling voltage, usually around 70% of the positive ceil-
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Fig. 6.39 Brushless excitation system

ing voltage, and in cases where it is used for transient
conditions it may be specified for a short time oper-
ation, for example 10 s. Ceiling voltages of 3�5 p:u:
where one per-unit voltage is defined as the generator
field voltage required to produce one per-unit termi-
nal (stator) voltage on the open-circuit airgap line at
a specified field winding temperature, are considered
usual for static exciters and brushless exciters. Values
outside this range imply an increased excitation system
cost.

Another system, a rotating exciter system, used for
turbogenerators is the brushless exciter, i.e., an exci-
tation system without carbon brushes and slip-rings.
In turbogenerators the number of field winding turns
is much less than in hydrogenerators requiring a large
field current, which may cause a fast wear of brushes
and sparking on slip rings, if used. Figure 6.39 presents
a brushless excitation system. The brushless excitation

system consists of two major parts: pilot exciter and
main exciter. The pilot exciter is a PMG (permanent
magnet generator) whose field winding is mounted on
the rotor shaft. Armature winding of the PMG is the sta-
tionary part mounted on a stator and suppling a thyristor
bridge. The thyristor bridge/voltage regulator controls
the field current to the main exciter due to which its
AC output is also controlled and directly feeds the
diode bridge rectifier whose output feeds the field wind-
ing of the turbogenerator. In this way the field current
input to the field winding of the turbogenerator is con-
trolled. The PMG is used because its AC output has
a high frequency, for instance, if a PMG has 16 poles
its AC output frequency will be 400Hz (f D np=120,
n D 3000 rpm) and as a consequence the ripple in the
rectified DC output will be low. The time delays in the
response to a controlling signal are short when com-
pared with the time constant of the generator field.
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Excitation Limiters
The excitation system is provided with limiting control
functions that prevent certain quantities from exceed-
ing set limits, protecting both the excitation system
and the synchronous machine. These limiting functions
generally have no effect on the excitation output dur-
ing normal operating conditions, but protect the exciter
and machine during severe unit or power system distur-
bances in which the excitation system is pushed near
or beyond defined operating limits. Typical excitation
limiters include overvoltage (OV), volts/hertz (V=Hz),
instantaneous and timed overexcitation limiter (OEL),
underexcitation limiter (UEL), and stator overcurrent
limiters (SCL). The effects of excitation limiters are de-
scribed in IEEE Std 421.2 [6.20].

Performance of Excitation Systems During
Large Disturbances (Transient Stability)

A figure of merit for comparison among older nonhigh
initial response rotating excitation systems is the exci-
tation system nominal response, that is related to the
ability of the excitation system to respond to large dis-
turbances. The nominal response describes the rate of
increase of the excitation system output voltage and is
determined from the excitation system voltage response
curve, shown in Fig. 6.40. This parameter has nowadays
little practical significance as the modern static exciters
or brushless can reach the ceiling voltage in less than
0:1 s.

Modern exciters have the advantage of providing
extremely fast response times and high field ceiling
voltages for forcing rapid changes in the generator ter-
minal voltage during system faults. This is necessary to
overcome the inherently large time constant in the re-
sponse between terminal voltage and field voltage (T 0

d0,

Exciter voltage

Actual response

a

c

b

d

o e

Time (s)

Where,
oe = 0.5 s
ao = synchronous 
        machine rated 
        load field voltage

Nominal response = 
ce – ao
(ao)(oe)

Fig. 6.40 Defini-
tion of excitation
system nominal
response

typically in the range of 4�10 s). Rapid terminal volt-
age forcing and higher ceiling voltages are necessary to
improve transient stability of the power system during
and immediately after system faults.

A large difference between the ceiling voltage and
the rated field voltage indicates a large field forcing
capability. Some excitation systems will have both pos-
itive and negative values of ceiling voltage. Positive
ceiling voltage provides an indication of the voltage
available to force the field current from rated field
current toward ceiling current, while negative ceiling
voltage provides an indication of the voltage available
to force the field current to zero. Thus, large negative
ceiling voltage aids in rapidly demagnetizing the syn-
chronous machine.

Performance of Excitation Systems During
Small Disturbances (Small-Signal Stability)

The ceiling voltage and exciter nominal response cri-
teria are useful for comparing the performance of dif-
ferent systems and they are valuable as design criteria
that can be used to verify that the manufacturer ful-
filled specification requirements. However, these single
values criteria do not provide sufficient information in
all instances for model parameter selection or verifica-
tion. A match of these values can be achieved using
models with different combinations of model parame-
ters. Comparing model results with dynamic responses
can reduce this ambiguity. Thus, dynamic response,
also associated with small signal analysis, is a useful
tool for large signal performance evaluation, especially
for applications involving the refinement or validation
of computer models. Small signal analysis provides
a means of evaluating the response of the closed-loop
excitation control system to incremental changes in sys-
tem conditions. It is a convenientmeans for determining
or verifying the performance of excitation systems.
A typical dynamic response to a step input of a feed-
back control system is shown in Fig. 6.41. The principal
characteristics of interest are the 10�90% rise time,
overshoot, peak time, and settling time as indicated.

Performance indexes for small signal dynamic anal-
ysis of excitation systems are presented in Table 6.6.

The performance indexes in Table 6.6 are applicable
to any feedback control system having a single major

Table 6.6 Performance indexes for small signal dynamic
analysis of excitation systems

Performance index Range of expected values
Overshoot 0�60%
Rise time 0:025�2:5 s
Settling time 0:2�10 s
Damping ratio 0:25�1

Performance index Range of expected values
Overshoot 0�60%
Rise time 0:025�2:5 s
Settling time 0:2�10 s
Damping ratio 0:25�1
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Fig. 6.41 Typical dynamic response of a feedback control
system to a step change in input [6.20]

feedback loop, that is, a single ultimately controlled
variable. As such, they are applicable to an excitation
control system with the synchronous machine open-
circuited or feeding an isolated load.

However, when a synchronous machine is con-
nected to a power system, its operating level, and the
parameters of the external system greatly influence per-
formance. A complex multiloop, multivariable, high
order control system is formed with a power system
connection. The determination of eigenvalues by means
of a state space technique gives a direct indication of
system stability for the linearized system and is an ef-
fective method for the determination of the parameters
that have most influence on system performance. In the
case of undamped oscillations, power system stabiliz-
ers are applied to static or brushless excitation systems
for damping the dynamic oscillations, using an input
signal that could be derived from generator speed or
electric power or accelerating power or frequency devi-
ations. After, the system performance must be tested for
large disturbances, and some further adjustments may
be required on the controls of the system to assure sta-
bility [6.21, 22].

6.1.18 Synchronous Generators During
a Short-Circuit

The short-circuit currents may cause mechanical and
thermal damages in electrical machines if not cleared
quickly. Their calculation is also important to ascertain

the rating of the protective switchgear, that must be able
to deal with the worst possible conditions. Also, short-
circuit currents create a large torque on the machine. Of
particular importance is the initial shock torque on the
stator housing, since the foundations must be designed
to withstand it.

The Armature Current
From the instant when a three-phase fault occurs at the
terminals of an unloaded generator the following stages
may be distinguished:

a) There is an increase in the armature currents and
as a consequence, an increase in the alternating
armature magnetic field, which in the absence of
resistances, is located in the direct-axis and tends
to demagnetize the magnetic field of the rotor. The
theorem of the constant flux linkages says that: In
an inductive circuit of negligible resistance that is
closed on itself, with no external voltages in the
circuit, the total flux linkage must remain constant.
Thus currents are induced in the field and damping
windings to keep the flux linkages constant.

b) These armature currents not been sustained by
an electromotive force (EMF) begin to decrease
and the same happens with the field and damping
windings currents until the steady state regime is
reached.

The amplitude of the a phase short-circuit current for
a three-phase fault, under open-circuit conditions ne-
glecting armature resistance is given by the following
expression

ia D p
2Ef0
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1

X0
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� 1
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(6.116)

where:

Efo is the rms phase to neutral EMF induced
in the armature by the excitation field on
open-circuit. It is equal to the rms phase
to neutral generator terminal voltage Vt on
open-circuit
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�0 is the angle between the direct-axis of the
rotor and the magnetic axis of phase a
when the short-circuit occurs, that is, at
t D 0

! is the synchronous speed in electrical ra-
dians per second and

� D !tC �0 is the angle between the direct-axis of the
rotor and the magnetic axis of phase a for
t > 0.

The currents in phases b and c are obtained by re-
placing �0 in the expression for ia by �0 � 120ı and
�0 � 240ı, respectively.

In the expression for ia there are the following
terms:

a) A symmetrical alternating current of fundamental
frequency consisting of:� A steady-state undamped component of ampli-

tude
p
2Ef0=Xd� A transient component with initial amplitudep

2Ef0.1=X0
d � 1=Xd/, damped with time con-

stant T 0
d� A subtransient componentwith initial amplitudep

2Ef0.1=X00
d � 1=X0

d/, damped with time con-
stant T 00

d
b) A unidirectional or asymmetrical current with initial

amplitude
p
2Ef0.X00

d CX00
q=2X

00
dX

00
q / cos �0, damped

with time constant Ta. This component is usually
called the direct current (DC) component.

c) A second-harmonic current with initial amplitudep
2Ef0.X00

q �X00
d=2X

00
dX

00
q /, damped with time con-

stant Ta.

The value of the current in all three-phases, when the
short-circuit occurs (t D 0), is equal to zero as the ma-
chine is in open-circuit. The initial amplitude of the al-
ternating current of fundamental frequency occurs at the
instant of the short-circuit and is equal to

p
2Ef0=X00

d . Its
subtransient component has a fast decay as the time con-
stant T 00

d is very small. The transient component presents
a slowdecay due to the time constantT 0

d. The steady state
component is the permanent short-circuit current.

The unidirectional or continuous short-circuit cur-
rent, designated by idc, in phase a, does not exist at
the instant t D 0, when the short-circuit occurs at an-
gle �0 D ˙90ı. However, these currents are not zero
in phases b and c because of the 120ı displacement
among the phases. These components decay with time
constant Ta.

The second-harmonic current is very small as it de-
pends on the difference between the two subtransient
reactances and is usually neglected.
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dc component

Time
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ifo
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Time
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Time
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Fig. 6.42 Oscillograms of the armature and field currents
after a short-circuit on an initially unloaded generator

Figure 6.42 shows the curves of armature current
after a short-circuit and the corresponding field cur-
rent. Envelope lines are drawn through the peaks of the
alternating current waves and dotted lines are drawn
half-way between the envelope curves. Thus the cur-
rent can be divided into a unidirectional component
represented by the dotted lines, and an alternating com-
ponent of supply frequency. Both components start with
a certain initial value that reduces as time proceeds.
The initial values of the alternating components are de-
termined by tracing the envelope curves back to zero
time. The field current is addressed in a separate arti-
cle [6.23].

The unidirectional currents correspond to the fourth
term in (6.116) and by the fourth terms of the corre-
sponding expressions for the currents in phases b and
c. The initial values of these currents are different in
the three-phases b, and c, being proportional to cos �0,
cos.�0 � 120ı/, and cos.�0 � 240ı) respectively, but all
three currents die away to zero with the same time con-
stant Ta.

As said before if the short-circuit occurs in phase a
at �0 D ˙90ı there will be no unidirectional or asym-
metrical component and the short-circuit current will
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Fig. 6.44 Envelope of the symmetrical alternating compo-
nent of the fault current for phase a

only have the alternating component of fundamental
frequency in this phase and it will be symmetrical in re-
lation to the horizontal axis, as shown by the Fig. 6.43.

The envelope of the symmetrical alternating com-
ponent of the fault current is shown in the Fig. 6.44.

The subtransient current envelope is

�i00 D i00d � i0d D p
2
�

I00
d � I0

d

�

e�t=T 00
d (6.117)

and the transient current envelope is

�i0 D i0d � id D p
2
�

I0
d � Id

�

e�t=T 0
d ; (6.118)

I00
d , I

0
d, and Id are the rms values of the respective cur-

rents.

The expression for the envelope of the symmetrical
alternating current is

Ia D p
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or in terms of currents the equation for the envelope can
be written as

Ia D p
2
h

Id C �

I0
d � Id

�

e�t=T 0
d C �

I00
d � I0

d

�

e�t=T 00
d

i

:

(6.120)

The subtransient component of fault current is super-
imposed on the transient and steady-state components.
From the envelopes of the symmetrical alternating cur-
rents, the currents and the direct-axis reactances can be
calculated.

The initial rms value of the subtransient short-
circuit current may be calculated from Fig. 6.44 for
a specific phase, and is given by

I00
d D OAp

2
D Ef0

X00
d

: (6.121)

This value is obtained by extending the envelope of the
subtransient short-circuit current to the vertical axis.

For each phase the values of the difference between
the envelope of the subtransient current and the en-
velope of the transient current should be plotted on
a semilogarithmic scale on the vertical axis, with time in
the horizontal axis, thus obtaining the subtransient com-
ponent of fault current �i00. The result is expected to be
very nearly a straight line. Extending this line back to
zero time gives the initial value of the subtransient com-
ponent of fault current. The sum of this component�i00,
the initial transient component �i0, and the sustained
component, for each phase, gives the corresponding
maximum initial value of subtransient current, whose
rms value is I00

d . The values of I
00
d determined in this way

are more accurate than those obtained by extrapolating
the envelopes back to the beginning of the short-circuit.
The three values are averaged to obtain the final value
of I00

d and the subtransient reactance is calculated by

X00
d D Ef0

I00
d

: (6.122)

The direct-axis short-circuit subtransient time constant
T 00
d can be determined from the semilogarithmic graph

of the subtransient alternating component of the short-
circuit current.
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The transient component of fault current is super-
imposed on the steady-state component. The initial rms
value of the transient short-circuit current for a specific
phase may be calculated from Fig. 6.44, and is given by

I0
d D OBp

2
: (6.123)

Two other values of the rms value of the transient cur-
rent are calculated for the other two phases. These
values are averaged and a final rms value for I0

d is ob-
tained. The transient reactance is

X0
d D Ef0

I0
d

: (6.124)

The direct-axis short-circuit transient time constant T 00
d

can be determined from one of the graphs of the tran-
sient alternating component of the short-circuit current.

The rms value of the steady-state short-circuit cur-
rent from Fig. 6.44 is given by

Id D OCp
2

D Ef0

Xd
(6.125)

and the synchronous reactance is

Xd D Ef0

Id
: (6.126)

Note that Xd > X0
d > X00

d . The time constants T 00
d , T

0
d, and

Ta may all be found from the oscillograms of the ar-
mature currents shown in Fig. 6.43 and 6.44, and the
technique for doing this is explained in detail in [6.24]
and will not be repeated here.

The Field Current
The field current is given by

if D if0 C if0
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d
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� Tkd
T 00
d

e�t=Ta cos!t

�

: (6.127)

In the oscillogram of the field current from Fig. 6.42
the total current consists of a unidirectional or asym-
metrical component given by the dotted line and an
alternating component. The alternating component cor-
responds to the last term of (6.127). It is of fundamental
frequency and dies away with time constant Ta. The uni-
directional or asymmetrical component starts with the
steady value if0 and rises suddenly at the instant of the
short-circuit and follows the dotted line until it finally
returns to the steady value [6.23]. Tkd is the direct-
axis damper leakage time constant. Its value varies from

0.01 to 0:05 s for salient-pole machines and from 0.01
to 0:03 s for cylindrical-rotor machines.

Note that there is a correspondence between the
field current (6.127) and the armature currents (6.116).
The theorem of the constant flux linkages says that:
In an inductive circuit of negligible resistance that is
closed on itself, with no external voltages in the circuit,
the total flux linkage must remain constant.

Thus, the unidirectional armature currents appear to
maintain the flux linkage constant in each phase of the
armature and not being sustained by a voltage in the ar-
mature will decrease with the time constant Ta. These
unidirectional armature currents establish a stationary
pulsating field in the airgap that induces a voltage and
current of fundamental frequency in the field circuit
which is rotating at synchronous speed.

The Electromagnetic Torque
For a three-phase short-circuit, the electromagnetic
torque is given by
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The principal component of the electromagnetic torque
oscillates at normal frequency and has an initial ampli-
tude E2

f0=X
00
d . The double frequency torque represented

by the second term of (6.128) is very small.

6.1.19 The Electromechanical Equation

If J is the moment of inertia of the generator, including
the turbine, in kgm2, ˛ is the rotor angular accelera-
tion in mechanical radians=s2 and Ta is the net torque on
the rotor in Nm, which includes the shaft (mechanical)
torque Tm, corrected for torque due to rotational losses
(friction and windage), and Te is the electromagnetic
torque due to the process of electromechanical energy
conversion, then

Ta D J˛ D Tm � Te : (6.129)

In steady-state operation Tm D Te and there is no ac-
celeration. However, during disturbances Ta is different
from zero, and with !r as the rotor angular speed in
mechanical radians=s, where !r D d�r=dt, where �r is
the rotor angle in mechanical radians and t the time in
seconds,

J
d!r

dt
D Ta D Tm �Te D J

d2�r
dt2

D Tm �Te : (6.130)
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The angular position of the rotor �e (electrical radians)
in relation to a fixed reference axis, can be expressed by
the equation, where ı is the angle between the phasors
Ef and Vt rotating at synchronous speed !0 (electrical
radians per second)

�e D  

2
C ıC!0t ) d2�e

dt2
D d2ı

dt2
D p

2

d2�r
dt2

:

(6.131)

The angle ı, in rad E=s, measures the angular position
of the rotor in relation to an axis that is rotating at
synchronous speed (axis of phasor Vt). The factor p=2
converts angle in mechanical radians, into angle in elec-
trical radians. By substitution of (6.131) into (6.130),

J
2

p

d2ı

dt2
D Tm �Te : (6.132)

Equation (6.132) can be written in terms of the inertia
constant H, that is defined as the kinetic energy stored
at rated speed in megajoule (MJ) divided by the rated
apparent power S of the machine in MVA, i.e.,

H D 1

2

J!2
0

S
.MJ=MVA/ : (6.133)

By substituting (6.133) into (6.129) and adding a term
corresponding to the damping torque due to the damper
winding, where D is the damping coefficient, the resul-
tant equation, known as the electromechanial equation
or swing equation is,

�

2H

!0

�

d2ı

dt2
D Tm � Te �

�

D

!0

�

dı

dt
; (6.134)

where ı is in electrical radians and Tm and Te are in
per-unit.

For turbogenerators around 30 up to 60% of the to-
tal inertia is due to the turbine, while in hydrogenerators
4 up to 15% is due to the turbine, the greater percentiles
increase with the size of the machine. For turbogenera-
tors the value for H varies from 3 up to 10 s, while for
hydrogenerators it varies from 2 up to 5 s.

6.1.20 Design Considerations

Apparent Nominal Power: Output Equation
There is a well-defined relation between the principal
dimensions of a rotating machine and its volt-ampère
or horsepower rating, in terms of quantities that define
the specific utilization of the materials of its magnetic
and electric circuits. This relation, called the output

equation, is given for a 3-phase generator, by the ex-
pression

S D 1:11Kw 
2BavAD

2Ln� 10�6 .MVA/ ; (6.135)

where S D three-phase output power (MVA), Kw D
winding factor, Bav D specific magnetic loading (T),
A D specific electric loading (A=m), D D inner stator
diameter (m), L D axial length of the core (m), and n D
speed in rps.

Thus, the rating of the machine is proportional to the
average gap density Bav, the armature surface current
density A, the volume of the rotating member (repre-
sented by the D2L product), and the speed of rotation.

For convenience in design, the following specific
loadings are defined, where ˚ is the flux per pole (Wb),
p the number of poles, N is the number of turns in
series per phase and I is the effective value of stator
current (A):

a) Specific magnetic loading,

Bav D ˚p

 DL
.T/ : (6.136)

b) Specific electric loading, i.e., the number of am-
pere-conductors per meter length of stator surface
circumference or the peripheral current density,

A D 2mNI

 D

�

A

m

�

; m D 3 D number of phases :

(6.137)

Calling C the output coefficient,

C D 1:11Kw 
2BavA� 10�6 .MVA/ : (6.138)

The output equation may be written as

S D CD2Ln .MVA/ : (6.139)

S is the output power for a generator or the input power
for motors. In terms of mechanical output for motors in
horsepower (HP),

S D HP� 745:7�10�6

� cos �
.MVA/ ; (6.140)

where � and cos � are the efficiency and power factor
of the motor, respectively.

Turbogenerators are normally designed with two/
four poles with a speed of 3000/1500 rpm for a fre-
quency of 50Hz, or with a speed of 3600/1800 rpm
for a frequency of 60Hz. Hence, the peripheral speed
v D  Drn, where Dr is the rotor diameter, is very high
and increases with diameter. The centrifugal forces in
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the rotor cause an increase in the mechanical forces in
the teeth, windings and end-bells. Thus, for a given vol-
ume since the diameter of turbo generators has to be
kept small, their axial length must be large.

However, in the case of hydrogenerators the speed is
low and a large number of poles are necessary. This will
increase the diameter of the machine and for a given
volume the length of the machine reduces. Hence, hy-
dro generators have a large diameter and small axial
length in contrast to turbo generators.

For the same rating, due to the higher speed of turbo
generators than for hydro generators, the volume of
turbo generators are lower than the volume of hydro
generators.

Additional Considerations. To increase the output of
a machine for a given speed the following alternatives
may be possible:

a) Altering the dimensions enables a notable increase
in output to be achieved. For example, increasing
both the stator diameter (and consequently the rotor
diameter) and the active length by 10% raises the
output by approximately 33%. Using a 300MVA
rating as reference, this would allow an increase to
about 400MVA.
However, a larger stator diameter rotor and active
length greatly increase the windage losses. For in-
stance, the surface friction loss, which represents
a significant portion of the windage and therefore
the total losses rises as the fourth power of the sta-
tor diameter and linearly with an increasing active
length.

b) Increase in the specific magnetic loading Bav. How-
ever, Bav is limited by saturation in parts of the
magnetic circuit. Also, an increase in Bav leads to
higher flux in the iron parts of the machine, that re-
sults in increased iron losses and reduced efficiency.

c) Increase in the specific electric loading A by in-
creasing the armature current, that determines to
a large extent the I2R loss leading to a high temper-
ature rise, and subsequent need for improvements
in the cooling system. The stray-load losses will
increase with current too. I2R loss can be de-
creased by decreasing the resistance. This means
conductors of larger cross section, that in turn
calls for increased slot dimensions; wider slots im-
ply narrower teeth and correspondingly higher flux
densities; and deeper slots imply greater leakage re-
actance.

d) It is evident that the physical dimensions and the
quantitative characteristics of the magnetic and
electric circuits are all interrelated, and that the
problem for the designer is to adjust their magni-

tudes so that they are not only mutually consistent,
but also to ensure that the resultant machine will
meet specifications and standards.

Short-Circuit Relation (SCR)
As defined previously, the SCR for cylindrical-rotor
machines, also called nonsalient-pole (NSPL) and
salient-pole machines (SPM) is given by

SCR D 1

Xs p:u:.sat/
.NSPM/

D 1

Xd p:u:.sat/
.SPM/ : (6.141)

The effects of the SCR on the machine performance and
design are as follows:

a) When the SCR is high (low synchronous reactance):� The transient stability limit is improved.� The machine has a better voltage regulation.� The synchronous, transient and subtransient re-
actances are also lower. So, the short-circuit
currents from the machine increases, imply-
ing more costly switchgear in the generation
station, as well as an increase in the forces and
stresses on the machine end windings under
sudden short-circuits.� The machine has a larger airgap, and as a conse-
quence a large volume and an increase in losses.� The influence of the demagnetizing armature re-
action flux on the field winding flux decreases,
improving the performance of the excitation
system in these conditions.� The machine can absorb more reactive power
from the transmission system, specially when it
operates as synchronous compensator.� The cost of the machine increases.

b) When the SCR is low (high synchronous reactance):� The voltage regulation is impaired.� The transient stability limit decreases likely
resulting in more onerous excitation system re-
quirements, for example higher ceiling voltages
and/or faster rise times.� The parallel operation becomes somewhat diffi-
cult due to low synchronizing power.� The short-circuit current decreases.� There is the possibility of self excitation when
the generator feeds long transmission lines, as
this would lead to a large terminal voltage on
load rejection due to line charging.

With fast-acting excitation systems the voltage regula-
tion and stability limits are enhanced and the influence
of the SCR on the machine stability performance dimin-
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ishes. Increasing a nonsalient-pole generator SCR from
0.4 to 0.5 may result in an increase in total volume of
about 5�10%.

In salient-pole generators, depending on their sizes
and construction, the SCR varies from 0.80 up to
1:20 p:u:, while in nonsalient-poles machines the SCR
may lye between 0:35�0:60 p:u:, these being the lower
values for larger machines.

IEEE C50.12 [6.15] also states that the short-circuit
ratio of salient-pole generators should be fixed by
agreement. If not specified by the purchaser it should
be no less than 0:80 p:u:

IEEE C50.13 [6.16]. states that the short-circuit ra-
tio should be fixed by agreement and if not specified by
the purchaser it should be no less than 0:35 p:u:

Length of the Air-Gap
The air-gap in a synchronous machine affects the value
of the SCR and hence it influences many other param-
eters. The choice of airgap length is very critical in the
case of synchronous machines. The following are the
advantages and disadvantages of a larger airgap and
as a consequence lower synchronous reactances and
higher SCR.

Advantages:

� Stability: Higher value of stability limit� Regulation: Smaller value of inherent regulation� Synchronizing power: Higher value of synchroniz-
ing power� Cooling: Better cooling� Noise: Reduction in noise� Magnetic pull: Smaller value of unbalanced mag-
netic pull

Disadvantages:

� Field MMF: A larger value of field MMF is required� Size: Larger diameter and hence larger size� Magnetic leakage: Increased magnetic leakage� Weight of copper: Higher weight of copper in the
field winding� Cost: Increase in the overall cost.

The airgap length should be designed while considering
the above factors.

Effects of a Reduction in the Number
of Stator Series Turns per Phase (Nph)

The reduction in Nph will lead to a decrease in armature
excitation voltage Ef and as a consequence in terminal
voltage Vtn. To avoid that, the excitation flux per pole
˚f must be increased. As the flux density Bf should
be, in general, at its value at the knee of the magne-

tization curve in order to avoid excessive generation
of odd harmonics, and not to increase the iron losses,
which would lead to a high temperature rise in the core,
the airgap area per pole Ag must be increased. That is,
Ag Š  DL=p, where D D stator diameter; L D stator
length; p D number of poles. Then, an increase in the
airgap area involves an increase in the rotor and stator
diameters without modifying the airgap length and/or
an increase in L.

Direct-Axis Transient and Subtransient
Synchronous Reactances

A reduction in Xd, i.e., an increase in SCR also reduces
the direct-axis transient and subtransient synchronous
reactances. With lower values for these reactances the
generator will supply more power during the sub-
transient and transient periods, which is beneficial to
transient stability. On the other hand the short-circuit
current will increase and the manufacturer should be
consulted to verify if the generator can be submitted to
the stresses resulting from this increase in the SCR.

Damper Windings Ratio: X 00
q=X

00
d

(Salient-Pole Machines)
During normal operation, the generator is operating at
synchronous speed. The damper windings also move at
the same speed. Thus, they are inactive.

During a transient, the generator speed changes.
The damper windings are now moving at a different
speed than the synchronous speed. The currents induced
in the damper windings generate an opposing torque to
the relative motion. This action helps return the rotor to
its normal speed.

Some considerations about damper windings:

� The damper torque is always a braking torque.
Therefore it has the same effect on the angular mo-
tion of the rotor as a decrease of mechanical input
torque. Stability of the machine is improved.� In general, where beneficial effects can be ob-
tained with the use of damper windings, the benefits
are greater for a continuous damper than for non-
continuous dampers. The non-continuous damper
winding lends itself somewhat easier to the removal
of a pole but not to a sufficient extent to be a con-
sideration in the choice of type to install.� When the generators are submitted to high over-
speeds, it is desirable for mechanical reasons to
have only flexible connections among the poles.� The lowest overvoltage on the unfaulty phase and
the greatest torque and damper power occur with
the continuous damper.� The reduction in overvoltage when continuous
dampers are used is an important factor in the
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reliable operation of lightning arresters and other
equipment in the power station, that, otherwise,
could be damaged during load rejection.� A ratio X00

q=X
00
d as low as 1.35 can be obtained

with non-continuous and below width continuous
dampers.

Damper windings are to a lesser extend used in tur-
bogenerators as the steel rotor cores of such machines
provide paths for eddy currents and thus produce simi-
lar effects as dampers.

Power Factor (pf)
When the voltages, speed, temperatures and the active
power from the turbine are maintained constant, if the
pf decreases the armature reaction increases and the
field current must increase to maintain the airgap flux.
Both the field and armature amperes-turns increase.
For instance, a reduction in pf from 0.95 to 0.90, in-
creases armature current from 1=0:95 D 1:052 p:u: to
1=0:90 D 1:111 p:u:, i.e., an increase of 5:6%. This may
require more conductors in the field and armature to
control the increase in temperature for the same insu-
lation and cooling systems. The apparent power of the
machine also increases due to the greater reactive power
capacity of the generator when the pf decreases. Thus,
the cost of the machine increases. As an estimate, the
design of a generator for a pf of 0.90 would imply an in-
crease in cost between 2:5�5:5% when compared with
a pf of 0.95.

If generators are located a great distance from load
centers, a pf of 0.95 may be suitable, while if they are
located near load centers a lower power factor may be
desirable to control the system voltage, that might re-
duce or eliminate other methods of voltage control.

Terminal Voltage
The expression below gives the rms phase to phase ter-
minal voltage Vt of a machine with windings connected
in star formation

Vt D 3:85qsnsfkw˚f

mC
; (6.142)

where qs D total slots in the stator, ns D number of
conductors in each slot, f D frequency, kw D winding
factor, ˚f D field flux per pole, m D number of phases
and C D number of parallel paths in the armature.

From (6.142), we can conclude:

� Increasing the field flux per pole may be allowed up
to a certain limit due to saturation in parts of the
magnetic circuit. A high flux implies an increase in
iron losses and reducing efficienc.

� If the number of slots increase the voltage increases,
but the machine cost increases.� If the number of parallel paths increases the termi-
nal voltage decreases.

Inertia Constant
The minimum inertia requirements are usually deter-
mined from hydraulic system considerations, since in-
ertia affects the maximum rate of closure of turbine
gates and the corresponding pressure transients, as well
as the stability of the hydraulic system. The inertia con-
stant is a function of the apparent nominal power of the
generator and of the moment of inertia J of the rotating
parts (turbine + generator), multiplied by the square of
the radius of gyration. It is given by

H D 5:48�10�9 J
.rpm/2

MVArating
.s/ : (6.143)

The speed is tied with the specific speed Ns, that is
a characteristic of each design of a turbine runner and
varies with the head and type of turbine. The speed can
be determined by

rpm D NSh5=4p
P

; (6.144)

where P is the power developed by the turbine and h is
the net head.

A greater value of H has influence on the behavior
of the machine during transient conditions of operation,
improving the stability of the generator. Once the rated
voltage and current are set up, the MVA is fixed. Then,
to increase H it will be necessary to increase the ro-
tor diameter. This will increase the size of the machine
and may require reinforcement of the foundations of the
power house. The efficiency of the generator will de-
crease due to the increase in mechanical losses.

6.1.21 Advanced Technologies

Some advanced technologies in synchronous generators
and motors such as: superconducting generators and
motors; permanent magnet motors; switched reluctance
motors and line start permanent magnet motors, are pre-
sented.

Superconductor Synchronous Generator (SSG)
and Compensator

A SSG is expected to have about 1=3 of the overall
volume of an equivalent conventional generator, so that
a power station can accommodate more generators for
the same space. They are the promising alternative for
increasing generation efficiency, reducing weight and
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improving power system stability, in comparison with
conventional generators. As HTS (high-temperature su-
perconductor) tapes are sensitive to AC fields and
AC currents, their use in electrical machines is eco-
nomically attractive in DC windings, as in rotor field
windings of synchronous machines [6.25]. Advanced
heat and electric insulation along with cryogenic refrig-
eration technology is required by the superconducting
generators to maintain the low temperature requirement
and the functionality of the superconducting coil. The
stator windings carry alternating currents. However,
the cooling system has greater cost, size and weight
when compared with conventional generators, and the
motor bearings and lubrication oil need to be able to
withstand cold temperatures or need to be insulated
from the cold rotor.

A major benefit of HTS generators is lowered ar-
mature reactances. The value of synchronous reactance
may be from 1=5 to 1=4 lower than that of a conven-
tional generator, consequently in normal operation the
load angle is much lower, resulting in larger margins
against loss of stability. The reactive power absorption
increases substantially. The efficiency of the generator,
usually in the range of 98:0�99:0%, can be increased
by 0:3�0:5%, depending on the design of the cooling
system.

A marine superconducting generator, rated 4MVA,
60Hz, and 3600 rpm, was manufactured in 2002. The
rotor winding is made of HTS conductors. The armature
winding is fixed to the stator core by nonmagnetic fibre
plastic elements [6.26]. This generator is now operating
as a synchronous compensator in a 20 kV distribution
network, after undertaking a long test program.

Superconductor Synchronous Compensator
(SSC)

An 8MVAr, 13:8 kV high-temperature superconductor
synchronous compensator (SSC) was developed and
has been in operation since the end of 2004. The sta-
tor winding is of the conventional type while the rotor
is made of superconducting coils. In a normal field
winding of a synchronous machine, the coils expand
and contract when there is load variation due to an
increase or decrease in the temperature of the conduc-
tors. This results in insulation fatigue that can lead to
premature failure of the field winding. In the case of
the use of superconductive coils this is not verified be-
cause the conductors operate at a constant temperature
and have practically no resistance, leading to a longer
life expectancy of the winding. This can be explained
by means of Fig. 6.45, which presents the V-curves
for conventional synchronous compensators and SSC,
where it can be noted that the field current of a con-
ventional machine to generate its rated power should be

Absorbing
VARS

Generating
VARS

HTS-SSC

VARS (p.u.)

1

1 2 3

Conventional 
synchronous
machine

Field current (p.u.)

Fig. 6.45 V-curves for conventional and high-temperature
superconductor synchronous compensator (SSC) machines

increased by about three times its value at no-load. As
a consequence there is an increase in the resistive losses
in the field winding by a factor of nine, causing heating
in the coils. In the case of the SSC this is practically
nonexistent, with the field current being increased, to
generate its nominal power, less than 1.5 times its no-
load value [6.27].

A static var compensator (SVC) and a static syn-
chronous compensator (STATCOM) vary their reactive
power with the square of the voltage and directly with
the voltage, respectively, while in SSCs their reactive
power is independent of the system voltage and can
reach several times its nominal power with a static
excitation system, and may avoid the occurrence of
a voltage collapse in the system, presenting a per-
formance superior to that obtained with an SVC or
a STATCOM.

In addition, SSCs do not produce harmonics such
as SVCs and STATCOMs, and do not require filters.
Although to date the SSCs have been manufactured
for relatively small nominal power, with economies of
scale due to increasing use, their cost will be reduced
and their use is particularly advantageous in systems
that present problems of voltage collapse or abrupt volt-
age variations.

Superconducting Motors
In superconductingmotors, like superconducting gener-
ators, HTS nonresistance coils replace the conventional
copper field winding, leading to a sharp reduction of
electrical losses in the rotor. The HTS field winding can
carry larger currents producing stronger magnetic fields
in comparison with a conventional copper winding mo-
tor, resulting in increased power density and a smaller
size for the motor, reducing its dimensions and weight,
while the motor efficiency increases and the operating
costs reduce.
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They will find application in ratings above 1000HP,
especially in large industries such as chemical, oil and
gas refining, steel milling, pulp and paper processing,
and other heavy-duty applications. An important appli-
cation for HTSmotors will be in transportation systems,
particularly naval and commercial ship propulsion, be-
cause of their small size and less weight savings, that
are an important benefit where limited space is a key
requirement.

A HTS ship propulsion motor of 36:5MW has been
successfully tested. This motor has less than half the
size of a conventional motor, reduces the ship weight
and frees up space. This development raises the possi-
bility of building an HTS wind generator, particularly
those for offshore farms [6.28].

Permanent Magnet Motors
Permanent magnet (PM) synchronous motors largely
used in servo motor applications, are being increasingly
used in industrial motor drive systems. The traditional
aluminum rotor cage of an induction motor is replaced
by a powerful ceramic or rare earth neodymium iron
boron (NdFeB) magnets attached to the surface of the
rotor or to the rotor interior to establish a perma-
nent magnetic field. The joule losses in the rotor are
significantly reduced. As the PM motor is designed
for variable speed operation, it must be controlled by
a variable speed drive (VSD). PM motors have been
demonstrated to exceed proposed super premium ef-
ficiency levels (IE4), even when controller losses are
included. They have a high power factor [6.29].

PM motors due to their high torque, light weight,
and low inertia, are often specified for regenerative el-
evator drives and electric vehicle hub motor drives.
Industrial applications suitable for PM motors include:
Adjustable speed pumps, winders, crane and hoist sys-
tems, fans and compressors, conveyors, plus extruders,
and printing presses.

Switched Reluctance Motors
The rotor of a switched reluctance (SR) motor does not
have magnets (unlike the PM motor), bars, or wind-
ings. It is essentially a piece of shaped iron and exploits
the fact that forces from a magnetic field on the rotor

iron can be many times greater than those on the cur-
rent carrying conductors. A SR drive system requires,
like a PM motor, an electronic power converter to con-
trol the torque and speed. The controller eliminates low
speed cogging by switching motor phases on and off in
relation to the rotor position. They allow repeated start-
ing under full-load. The rotor produces no heat at stall,
so prolonged operation at stall is also possible. Switch-
ing losses for the SR motor controller are also reduced
to about half of those for an AC motor inverter [6.30].

They may be used in low-speed, high-torque ap-
plications, such as: refrigerant compressors, extruders
and conveyors, centrifuges, weaving looms, and pumps
for reverse osmosis systems, as well as with blowers
and high-speed pumps. Like the PMmotors, the SR mo-
tors are available in NEMA and IEC frames. SR motors
with drives are available in the 30�335HP size range
with base speeds from 200 to 10 000 rpm or more de-
pending upon application requirements.

Line Start Permanent Magnet Motors (LSPMs)
A LSPM has a conventional three-phase distributed
winding in the stator (identical to conventional induc-
tion motors), but its rotor has an aluminum cage and
internal permanent magnets. It operates at a fixed, syn-
chronous speed regardless of the load. It can start and
accelerates directly connected to the line, without the
need for a controller. There are no resistance losses
in the aluminum rotor cage, as it turns at synchronous
speed, so that LSPMmotors have higher efficiency than
premium efficiency motors (IE3) and can achieve super
premium efficiency levels (IE4). They operate with the
same current and power factor as premium efficiency
induction motors. Similar to PMmotors, due to the high
strength rotor magnets, care must be taken when remov-
ing or inserting the motor rotor.

LSPMmotors are available in NEMA Design A rat-
ings from 1 to 10HP at a synchronous speed of
1800rpm and from 1 to 5HP at 1200rpm. While the
price of a LSPM motor is currently about double that
of a high efficiency (IE2) class motor, attractive sim-
ple payback periods for the additional investment in
a LSPM motor may be available for applications that
operate for more than 6000h per year [6.31].

6.2 Induction Machines

The three-phase induction motor is mostly used in in-
dustrial drives. It is also called an asynchronous motor
because it does not run at a synchronous speed. It
consists of two basic components: the stator or pri-

mary winding, and the rotor or secondary winding.
The former supporting windings which receive energy
from the supply circuit, the latter carrying windings in
which current is induced. The stator of the motor con-
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sists of two main parts: the stator frame and the stator
core.

6.2.1 Construction

The stator frame of the motor is the outer most part of
the motor, and with the associated end shields, trans-
mit the torque to the base of the frame and supports
the stator core and winding. It takes various forms de-
pending upon the operating conditions to which the
motor is to be subjected, such as: open, open drip-proof
(ODP), guarded, splash-proof, totally-enclosed, totally-
enclosed nonventilated (TENV), totally-enclosed fan-
cooled (TEFC), weather protected (Type I), weather
protected (Type II), encapsulated, explosion-proof and
inverter duty. As these stator frames are related to cool-
ing of the motor, they will be described in details in
Sect. 6.2.2, Cooling.

The stator core carries three-phase windings and
produces a rotating magnetic field. A terminal box con-
nects the six terminals of the windings (two of each
phase). Depending on the speed, the stator is wound
for a definite number of poles. Normally the motor op-
erates with a delta connected stator. The stator core is
laminated to reduce eddy current losses. This laminated
structure is made up of steel stampings that are about
0:3�0:6mm thick and are isolated from each other. The
stampings are slotted to receive the windings and are
fixed to the stator frame. The slots are punched on the
inner side of the stampings as shown in the Fig. 6.46.
To reduce hysteresis losses the stampings are generally
made up of high-grade silicon steel.

Depending on the rotor winding construction there
are two types of three-phase induction motor.

(a) Squirrel-Cage Three-Phase Induction Motor
The rotor of the squirrel-cage three-phase induction
motor consists of a cylinder of electrical steel lami-
nations with slots on its periphery. The bearings that
support the rotor shaft are either sleeve or ball bear-
ings. Copper or aluminum bars are placed in the slots
on the periphery of the rotor and are permanently short-
circuited by copper or aluminum rings called end-rings,
that do not add any external resistance in series with
the rotor circuit for starting purposes. Since the volt-
age developed in the squirrel cage winding is very low,
no intentional insulation layer is present between the
bars and the rotor steel. In order to provide mechani-
cal strength these rotor bars are welded or electrically
braced or even bolted, to the end rings forming a com-
plete closed circuit resembling a cage-like shape and
hence the name, squirrel-cage induction motor. The ro-
tor conducting bars are usually not parallel to the shaft,

Stator
stamping

Tooth Slot

Fig. 6.46 Stator construction of an induction motor

End ring

End ring
Rotor bars (slightly skewed)

Fig. 6.47 Rotor bars of a squirrel-cage motor

but are purposely given a slight skew as the skewing
helps in reduction of magnetic hum, thus keeping the
motor quiet, and helping to avoid cogging, i.e., the lock-
ing tendency of the rotor teeth to remain under the stator
teeth due to the direct magnetic attraction between the
two.

As the bars are permanently short-circuited by end
rings, the rotor resistance is very small. The absence
of commutator or slip ring and brushes make the con-
struction of squirrel-cage three-phase induction motor
very simple, reliable and robust and hence widely used
in industry. These motors have the advantage of adapt-
ing any number of pole pairs. A squirrel-cage induction
rotor is shown in Fig. 6.47.

The advantages of the squirrel-cage motor are:

� The cage rotor is cheaper, and the construction is
robust.� The absence of brushes reduces the risk of sparking.� It requires less maintenance.
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Table 6.7 Maximum temperatures of some insulation
classes

Insulation class A B F H
Maximum temperature (°C) 105 130 155 180
Insulation class A B F H
Maximum temperature (°C) 105 130 155 180

(b) Wound-Rotor or Slip-Ring Three-Phase
Induction Motor

Wound-rotor induction machines have a three-phase
winding on the rotor, similar to the stator winding. The
rotor winding is usually wye-connected with the termi-
nals of the three phases connected to slip-rings, which
are mounted on the end of the shaft, and where ex-
ternal circuits can be connected to the rotor, allowing
external control of the machine. Wound-rotor motors
can be started with low inrush current and with a high
torque, by inserting high resistance into the rotor cir-
cuit. In normal operation, the windings at the slip-rings
are short-circuited. Compared to a squirrel-cage ro-
tor, the rotor of the slip-ring motor has more winding
turns, the induced voltage is then higher, and the cur-
rent lower. Wound-rotor induction machines are usually
significantly more expensive than cage rotor machines.
They are particularly attractive in some applications,
such as:

� Speed control of very large machines� Doubly-fed induction generation (used in wind tur-
bines)� To gradually bring up to speed high-inertia loads� To drive loads that require high starting torque and
low starting current (cranes, hoists, etc.).

6.2.2 Insulation and Cooling

Insulation
The insulation system must ensure that short-circuits do
not occur, that the conductors do not vibrate in spite
of the magnetic forces, and that the heat developed in
windings due to joule losses is transmitted to a heat
sink. Insulation life is a function of the length of time
it is exposed to temperature. The most common insula-
tion classes are presented in Table 6.7, excerpted from
NEMA standards [6.32].

Motors are designed with an allowable increase in
temperature above ambient during operation. This is re-
ferred to as temperature rise (Table 6.8). The maximum
allowable temperature rise during operation for a mo-
tor varies with respect to insulation class, altitude, and
the motor service factor. The service factor is essen-
tially a safety margin and refers to the motor’s ability
to deliver horsepower beyond its nameplate rating un-
der specified conditions. Most three-phase motors are
rated with a 1.0 or 1.15 service factor. If the ambi-

Starts
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5

1
100010050101 5

Rated motor horsepower

Fig. 6.48 Allowable number of starts per hour for a class
B motor driving a low inertia load

ent temperature exceeds 40 ıC or at elevations above
3300 feet, the motor service factor must be reduced
or a higher horsepower rated motor should be speci-
fied. As an oversized motor will be under-loaded, the
operating temperature rise is less and overheating is re-
duced [6.30].

During starting high energy flows into the motor,
that may cause thermal-aging of the winding insulation.
This is a fatigue phenomenon. Repeated exposure to
excessive temperature, whether sustained over long pe-
riods or in often-repeated short cycles, will eventually
break down the insulation material leading to a wind-
ing failure, and depending on the insulation system,
that breakdown may begin between turns in a coil, or
within the ground wall insulation layers. In the rotor of
squirrel-cage motors the individual bars and end rings
can undergo expansion because some parts reach higher
temperatures than others. Bars can bend, lift out of their
slots, or break loose from attachment to the rings. Re-
peated bending back and forth, even at a fairly low
stress level, eventually can cause breakage. Thus, the
number of starts per hour should be limited. Figure 6.48
shows for a class B motor driving a low inertia load
at rated voltage and frequency, the number of starts al-
lowed per hour. The stress on the motor can be reduced
by means of a soft start mechanism (autotransformer,
part-winding, electronic soft-start, etc.), increasing the
number of starts per hour.

Cooling
All rotating electrical machines dissipate heat as a result
of joule losses, iron losses, stray losses and mechani-
cal losses. These losses are higher during the process
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Table 6.8 Allowable rise and operating temperature limits for some insulation classes considering the service factor

Service factor Enclosure Insulation
temperature

Class A (ıC/ıF) Class B (ıC/ıF) Class F (ıC/ıF) Class H (ıC/ıF)

1.0/1.15 All Ambient 40/104
1.0 All Allowable rise 60/140 80/176 105/221 125/257
1.0 All Operating limit 100/212 120/248 145/293 165/329
1.15 All Allowable rise 65/149 90/194 115/239 140/284
1.15 All Operating limit 105/221 130/266 155/311 180/356

Service factor Enclosure Insulation
temperature

Class A (ıC/ıF) Class B (ıC/ıF) Class F (ıC/ıF) Class H (ıC/ıF)

1.0/1.15 All Ambient 40/104
1.0 All Allowable rise 60/140 80/176 105/221 125/257
1.0 All Operating limit 100/212 120/248 145/293 165/329
1.15 All Allowable rise 65/149 90/194 115/239 140/284
1.15 All Operating limit 105/221 130/266 155/311 180/356

of starting the motor and dynamic braking, and in-
crease with the size of the motor. Thus, insulation that
can withstand higher temperatures and cooling to re-
move the heat from the windings, core and bearings,
must be provided as the motor size increases. Fractional
horsepower motors, generally, do not require forced
cooling, while larger integral motors, usually incor-
porate a built in cooling fan to force air through the
machine [6.33].

According to its enclosure type and cooling, motors
can be classified in several categories. The most impor-
tant are:

a) Open. It has ventilating openings that allow external
air to pass over and around the motor windings to
provide cooling. This design is seldom used.

b) Open drip-proof (ODP). An open motor in which
ventilation openings prevent liquids and solids, that
fall from above at angles up to 15ı from the ver-
tical, from entering the interior of the motor and
causing damage. When the motor is not in the hor-
izontal position, such as when it is mounted on
a wall, a special cover might be necessary to protect
it. This type of enclose can be specified when the
environment is free from contaminants and where
wind-driven rain is not a consideration. Suitable for
most indoor or protected areas.

c) Totally enclosed fan-cooled (TEFC). A totally en-
closed motor with an external fan that blows air over
the frame to dissipate heat more quickly. With this
arrangement no outside air enters the interior of the
motor. They can be used in dirty, moist, or mildly
corrosive atmospheres, or where wind-driven rain
is anticipated.

d) Totally enclosed nonventilated (TENV). Similar to
TEFC but the motor is designed with a low enough
temperature rise so that an external fan is not re-
quired for cooling, or duty is limited so the motor
does not overheat. Not for use where combustible
vapors are present.

e) Guarded. An open motor in which all ventilation
openings are limited to specified size and shape.
This protects the intrusion of fingers or foreign ob-
jects into the motor.

f) Weather protected (Type I): Similar to an ODP mo-
tor with the addition of screens to prevent rain, snow
and large particles from entering the motor. Suitable
for most indoor or protected areas that have rela-
tively clean environments.

g) Weather protected (Type II): In this type air is forced
to change direction by 90ı by means of baffles
placed at the inlet of the motor, preventing water
from entering the motor. It is suitable for outdoor
applications with up to 100mph winds driving rain
at the motor.

h) Splash proof.An open motor designed with ventila-
tion openings that prevent liquid or solids particles
from entering the motor at any angle less than 100ı
from the vertical.

i) Encapsulated. The windings are covered with
a heavy coating of material to provide protection
from moisture, dirt, and abrasion.

j) Explosion proof. Similar in appearance to a TEFC
motor and designed to withstand an internal explo-
sion and to prevent ignition of specified gases or
vapors surrounding the motors. It is suitable for safe
operation of the motor in hazardous environments.

Motors and modern generators rated less than about
100MVA are almost always cooled by air flowing over
the rotor and stator. IEC and NEMA standards describe
the various types of cooling methods in detail.

6.2.3 Operating Principles

When an induction motor is connected to a three-phase
power supply the stator currents create a rotating mag-
netic field that travels at synchronous speed in relation
to the stator and rotor. Electromotive forces are induced
in the stator and rotor windings, and currents circulate
in the rotor windings, like currents in the secondary
of a transformer. These rotor currents, when the rotor
is at standstill, have the same frequency as the stator,
however, when the rotor rotates the frequency of these
currents are lower than the synchronous frequency of
the stator currents. Thus the rotor magnetic field pro-
duced by the rotor currents, in relation to the rotor,
travel at a speed lower than synchronous speed and
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equal to the difference between the synchronous speed
and the speed of the rotor, but at synchronous speed
with respect to the stator. The two magnetic fields are
then stationary and a constant torque is produced, that
accelerates the rotor in the direction of the rotating sta-
tor magnetic field.

The stator is connected to a circuit with a voltage
V1. As mentioned, the three-phase currents enters the
stator windings and creates a rotating magnetic field,
called the main flux, ˚m, within the airgap, rotating
at a speed n1 D Œ.120f1/=p� (rpm), linking both stator
and rotor. This flux induces, in the stator and rotor, the
EMFs E1 and E2, respectively. With the rotor open-
circuit and stationary, the current in the stator PI1 is
practically equal to the exciting current PI0, i.e., PI1 D PI0,
where PI0 D PIm C PIc, being PImc the magnetizing compo-
nent of PI0, that produces the main flux ˚m and PIc is
the core-loss component of PI0, which supply hystere-
sis and eddy-current losses in the stator and rotor due
to the main flux. In the case of the induction motor as
compared to a transformer the exciting current I0 is con-
siderably larger. In a transformer the excitation current
varies from 2 to 5% of the rated current, whereas in an
induction motor, due to the airgap, the excitation cur-
rent is about 25�50% of the rated current, depending
upon the size of the motor.

When currents flow in the rotor windings, a MMF
wave is produced, and this MMF wave, i.e., the arma-
ture reaction, reacts upon the stator MMF wave, such
that it opposes the stator MMF and tends to reduce the
main flux and E1. Then the stator is forced to draw more
current (I0

2) from the lines, thus compensating the ar-
mature reaction and sustaining the main flux, i.e., E1.
As a consequence, the stator current PI1 D PI0 C PI0

2. The
primary and secondary leakage fluxes induces, in the
windings, the leakage EMFs jI1X1 and jI2X2, respec-
tively. Considering the stator and rotor resistances R1

and R2, the following equations, per phase, can be writ-
ten for both types of rotors, noting that the stator voltage
V1 has to counter balance the self induced EMF E1 and
has to supply voltage drops I1R1 and I1X1. The rotor
induced EMF E2 has to supply the drop across rotor
impedance.

PV1 D � PE1C.R1 C jX1/ PI1 and PE2 D .R2 C jX2/ PI2 :
(6.145)

From (6.145) the phasor diagram of an induction mo-
tor on load can be obtained (Fig. 6.49). This diagram is
very similar to the diagram of a loaded power trans-
former. The differences are that in the case of an
induction motor the rotor (secondary) supplies a rotat-
ing mechanical load, while the transformer secondary
supplies an electrical load. Note that �1 is the angle be-
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Fig. 6.49 Phasor diagram of an induction motor

tween V1 and I1 and cos �1 gives the power factor of the
induction motor, while cos �2 is the load power factor.

The EMFs induced in the stator E1 and rotor E2, are
given by

E1 D 4:44f1N1kw1˚m and E2 D 4:44f2N2kw2˚m ;

(6.146)

where f D frequency, N D turns, kw D winding fac-
tor and ˚m D main or resultant field. Stator quantities
are designated by the index 1 and rotor quantities are
designated by the index 2. The stator frequency is the
synchronous frequency, thus f1 D fs.

The main or resultant field ˚m turns at synchronous
speed (ns) and the rotor turns at a speed n. Then, ˚m

cuts the rotor windings at a speed ns � n. The rotor fre-
quency f2 is

f2 D
�

ns � n

ns

�

�p

2

ns
60

	

D sfs ; (6.147)

where s is the rotor slip with relation to the stator, i.e.,

s D
�

ns � n

ns

�

(6.148)

and

fs D
�p

2

ns
60

	

; (6.149)

where p ist the number of poles and fs is the syn-
chronous frequency.
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Two situations will be analyzed:
a) When the motor operates at rated speed or close

to it.
In this case the slip is very low, and the rotor re-

actance X2 D 2 f2Ll2Š0, where Ll2 is the secondary
leakage inductance. E2 is practically in phase with I2.
The load power factor is close to unity. The rotor cur-
rent I2 is

I2 D E2

R2
D ks; i.e., directly proportional to the slip:

b) When the motor operates with nonneglected slip
(during acceleration).

In this case X2 D 2 f2Ll2 D 2 sfsLl2 can not be ne-
glected and the actual rotor current is

I2 D E2

Z2
D E2
q

R2
2 CX2

2

D k1
q

.R2=s/
2 C .2 fsLl2/

2
:

(6.150)

The rotor current is no longer directly proportional to
the slip. At starting s D 1, f2 D fs and the current has its
maximum value.

6.2.4 Equivalent Circuit
of an Induction Motor

Based on (6.145)–(6.150) and the phasor diagram, the
equivalent circuit of a three-phase induction motor can
be drawn, as shown in Fig. 6.50, where the circuits for
the stator and rotor were represented separately, and
according with (6.145) R1 and X1 are the stator winding
resistance and reactance, respectively; Rc is the core
loss component, Xm is the magnetizing reactance; R2

and X2 are the rotor winding resistance and reactance,
respectively. The effect of developed mechanical power
and rotor copper loss is represented by the resistance
R2=s.

The equivalent circuit with the rotor (secondary)
quantities referred to the stator (primary) is shown in
Fig. 6.51, where R0

2 is the rotor winding resistance re-
ferred to the stator winding and X0

2 is the rotor winding
inductance referred to the stator winding.

Some simplification results, without any significant
error, when the core loss resistance Rc of the parallel
branch is removed and the associated core loss is sub-
tracted from the internal mechanical power P, i.e., the
core loss is added to the rotational losses and stray-
load losses. Such a procedure has the advantage of not
needing to separate the core loss from the rotational
losses during motor testing. The error introduced is
very small and the circuit equivalent becomes that of
Fig. 6.52 [6.34].
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Fig. 6.50 Equivalent circuit of an induction motor with
stator and rotor windings separately
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Fig. 6.51 Equivalent circuit of an induction motor with the
rotor winding referred to the stator
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Fig. 6.52 Simplified equivalent circuit of an induction mo-
tor

For transferring quantities from the secondary to the
primary, the secondary quantities should be multiplied
by the factors:

a) For voltage: .N1kw1/=.N2kw2/
b) For current: .m2N2kw2/=.m1N1kw1/
c) For resistance and reactance:

m1.N1kw1/2=Œm2.N2kw2/2�.

The squirrel-cage induction motor produces the same
number of poles as that of the stator. It is seen as
a polyphase winding with m2 D 2Q2=p phases, where
Q2 is the number of rotor bars, and the number of turns
per phase N2 D 1=2, because each phase consists of one
conductor. The distribution and pitch factors are equal
to 1. R2 and X2 are the values per bar. Considering the
rotor skew, N2 in the previous equations has to be mul-
tiplied by the skew factor ks, that is given by

ks D sin.�s=2/

�s=2
; (6.151)

where �s is the skew angle in electrical radians.
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6.2.5 Power and Torque Relations
of an Induction Motor

Power Relations
The three-phase active power transferred from the sta-
tor to the rotor through the airgap is Psr D 3.I0

2/
2R0

2=s,
and the active power loss in the copper of the rotor is
Pcopr D 3.I0

2/
2R0

2. Thus the developed internal mechani-
cal power P is

P D Psr �Pcopr D .1� s/Psr D 3
�

I0
2

�2
R0
2
1� s

s
:

(6.152)

Thus, the part .1� s/ of the power transferred to the ro-
tor by the stator is converted to mechanical power P.
So, if an induction motor has a high slip it will have
a low efficiency. Also, as R0

2=s D R0
2 CR0

2Œ.1� s/=s�,
the equivalent circuit of Fig. 6.52 could be redrawn
by separating the resistance (R0

2=s) into two compo-
nents, obtaining the copper loss in the rotor Pcopr D
3.I0

2/
2R0

2 D sPsr, and the power that is converted to de-
veloped mechanical power P D Œ3.I0

2/
2R0

2.1� s/=s�.
The core losses Pcore occur in normal operation

basically in the stator, because the frequency of flux
density variation in the rotor core of the induction
machine is very low (f2 D sf1, where f1 is the stator syn-
chronous frequency) under normal operating conditions
so that the rotor has negligible core-losses.

The useful mechanical power or load power PL, i.e.,
the mechanical power delivered at the shaft to a load
is less than the developed internal mechanical power P
by the rotational losses Prot (the sum of bearing fric-
tion losses, brush friction losses in the case of wound
rotors, windage losses) and by the stray-load losses or
additional losses Padd. Stray-load losses are iron losses
in the teeth and on the surface of rotor and stator caused
by a ripple on the flux density wave due to the slot-
openings of the stator and rotor, and also include the
copper losses created by harmonic currents induced
in the rotor windings by high-order stator MMF har-
monics. It is assumed that stray-load losses may be
subtracted directly from P like the rotational losses,
thus they may be added to the rotational losses.

P D PL CProt CPadd : (6.153)

The heat developed by the losses increases the tempera-
ture of the machine and directly affects the specification
of the insulation system, the thickness of the lamina-
tions and the material of the core, the type of bearings
and the ventilation system. Somemeasures can be taken
to reduce windage losses, such as: cast copper rotors
lower rotor resistance losses; thinner laminations de-
crease the eddy current losses; premium grade steel

Rth

Vth

jXth jX'2

I'2

R'2
s

˙
˙

Fig. 6.53 Approximate equivalent circuit of an induction
motor by Thévenin’s theorem

sheets reduce the hysteresis losses; and making the rotor
and stator surfaces as smooth as possible, and keeping
the rotor-stator gap as large as practical without com-
promising electrical efficiency.

Applying Thévenin’s theorem between points a and
b of Fig. 6.52 the equivalent circuit is reduced to that
shown in Fig. 6.53 and the voltage and impedance re-
sultant are

Vth D V1
Xm

q

R2
1 C .X1 CXm/2

; (6.154)

Zth D Rth C jXth D jXm.R1 C jX1/

R1 C j.X1 CXm/
: (6.155)

The amplitude of the rotor current referred to the
stator is

I0
2 D Vth

q

�

Rth CR0
2=s
�2 C �

Xth CX0
2

�2
: (6.156)

The airgap three-phase power is given as Psr D
3.I0

2/
2R0

2=s, and the developed internal mechanical
power P D .1� s/Psr may be written as

P D 3.1� s/R0
2V

2
th

s

�

�

Rth C R0
2
s

	2 C �

Xth CX0
2

�2
� : (6.157)

Torque Relations
The developed mechanical torque or internal or elec-
tromagnetic torque T on the rotor has to overcome the
load (useful) torque TL and the torque associated with
the rotational and additional losses T0. Dividing equa-
tion (6.154) by the rotor angular mechanical speed !r,

T D TL C Pm CPadd

!r
D TL CT0 ; (6.158)

where

!r D .1�s/!s and !s D 4 f

p
.radiansmec:=s/:

(6.159)
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Considering (6.157) the developed mechanical torque is

T D 3
R0
2
s V

2
th

!s

�

�

Rth C R0
2
s

	2 C �

Xth CX0
2

�2
� : (6.160)

The maximum torque developed by the motor is de-
termined by dT=ds D 0, and the corresponding slip is
given by

smax T D R0
2

q

R2
th C �

Xth CX0
2

�2
: (6.161)

Substituting (6.161) in (6.160) the maximum (break-
down) torque developed by the motor is

Tmax D 3V2
th

2!s

�

Rth C
q

R2
th C �

Xth CX0
2

�2
� : (6.162)

At starting s D 1 (!r D 0) and T D Tp (starting torque,
also designates as locked torque) and if theoretically
s D 0 (!r D !s) the T D 0.

The operating torques of an electric motor
(Fig. 6.54) are defined as:

� Full load torque: Is the torque necessary to produce
its rated horsepower at full-load speed.� Locked rotor or starting torque: Is the torque that
it will develop at rest with rated voltage applied at
rated frequency.� Minimum (pull-up) torque: Is the minimum torque
the motor develops while accelerating from stand-
still to the rated speed. If the load applied to the

Torque (%)

Slip
(S)Breakdown torque (Tmax)

Locked rotor
torque

Minimum torque (Tmin)

Full load torque (Tfl)

Rated speed (Nn)

Speedns

Fig. 6.54 Typical torque � speed characteristic of NEMA
class B induction motors

motor shaft exceeds the pull-up torque, but not the
locked rotor torque, the motor will turn, but will
never accelerate to the rated speed. Not all motors
have a pull-up torque rating. Design D (high slip)
motors, for example, do not.� Breakdown (pull-out) torque: Is the maximum
torque that it will develop with rated voltage applied
at rated frequency.

Effect of Harmonics on the Torque
According to Sect. 6.1.4 of the synchronous machines
the MMF harmonics create flux harmonics that induce
harmonic currents in the rotor. Besides the fundamental
frequency harmonic, the effect of the fifth and seventh
harmonics, which have greater influence on the perfor-
mance of the machine, will be considered.

The slips for the first (s1), fifth (s5) and seventh (s7)
harmonics are

s1 D ns � n

ns
; s5 D � .ns=5/� n

�ns=5
D ns C 5n

ns
;

s7 D .ns=7/� n

ns=7
D ns � 7n

ns
; (6.163)

where ns is the synchronous speed and n is the rotor
speed.

When n varies from 0 (zero) up to ns, s1 varies from
1 to 0, s5 from 1 to 6 and s7 from 1 to �6. The torque
due to fifth harmonic, thatcreates a flux on the stator
in the opposite direction of the rotor direction (the di-
rection of the fundamental frequency torque) is always
negative. The torque due to the seventh harmonic, that
creates a flux on the stator in the same direction of the
rotor direction is positive for 1> s1 > 6=7 and null for
s1 D 6=7, and then becomes negative.

When the torques created by the fifth and seventh
harmonic are added to the fundamental torque, the re-
sultant torque, around the region where s1 is slightly
greater than 6=7, may be inferior to the load torque and
the motor will stop.

6.2.6 Operation as a Brake and Generator

Operation as a Brake
Braking in induction motors refers to quickly bringing
the speed of the motor to zero by a method called plug-
ging. Plugging involves reversing the supply in two of
the phases. This leads to a torque being developed in the
opposite direction to the rotation of the motor, s > 1,
the power P D .1� s/Psr developed by the motor will
be negative, the motor speed starts to decrease, as the
mechanical power delivered to the load is supplied by
the kinetic energy of the motor and the motor comes to
a stop. Once the motor stops, the reverse supply is cut
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Fig. 6.55 Induction machine torque–slip curves

off to prevent the motor from running in the opposite
direction. The rotor is secured by a mechanical brake.

Operation as a Generator
For this operation an other machine drives the shaft so
that the rotor speed is greater than synchronous speed,
i.e., !r > !s, i.e., s< 0. The torque and power will be
negative and the machine operates as an induction gen-
erator.

As the slip is negative the active component of the
stator current changes its sign while the reactive com-
ponent maintains the same sign as for motor operation.
Then the machine delivers active power and receives
reactive power. This supply of reactive power must
come from the grid to which the machine is connected,
preferentially by means of a shunt capacitor bank con-
nected to the generator terminals, so as to relieve the
power system from the supply. Induction generators
are particularly suitable for wind generating stations as
in this case speed is always a variable factor. Unlike
synchronous generators, induction generators cannot be
used for grid voltage control. Thus, the generator volt-
age must be maintained by the external power system
to which the induction generator is connected.

The induction machine torque–slip curves for mo-
tor, brake and generator regions are shown in Fig. 6.55.

6.2.7 Determining of Induction Machine
Parameters

Three tests are needed to determine the parameters in
an induction machine model. Detailed testing is quite
involved and is specified in IEEE Standard 112 [6.35].

Direct Current Resistance Test
The stator resistance can be found by applying a DC
voltage across two terminals of the motor and mea-
suring the stator current. There will be no induced

IDC IDC

VDC VDC

R1

R1R1

R1 R1

R1

R1Y = (VDC)/(2IDC) R1Δ = (3/2)(VDC/IDC)

a) b)

Fig. 6.56a,b Determination of DC stator resistance.
(a) Stator connected in star, (b) stator connected in delta

voltage on the rotor and no potential difference across
the inductances and the parameters of the motor will
be reduced to the stator winding resistance. Values may
be obtained for a delta or wye stator connection. The
values of the stator resistance for both connections are
obtained, as shown in Fig. 6.56a,b.

No-Load Test
The no-load test of an induction machine enables the
core loss resistance Rc, magnetizing reactance Xm, and
rotational losses Prot (friction + windage losses) to be
obtained. The following measurements are taken: the
stator voltage V1, the stator current I1 and the three-
phase power PNL.

During the no-load test, rated voltage and frequency
are applied, the machine runs close to synchronous
speed, the slip approaches zero causing the rotor cur-
rent to fall to a very small value, and as a consequence
the rotor copper losses can be neglected. Differently
from the continuous magnetic core of a transformer,
where at no-load the primary current is very small and
the joule losses 3RI2 can be neglected, the magnetizing
path of an induction motor includes the airgap and its
exciting current is around 25�50% of its rated current,
implying that the joule losses in the stator cannot be ne-
glected. The magnetizing branch is shunted by a very
high impedance rotor branch and the resultant parallel
impedance very nearly approaches that of the magne-
tizing branch, as shown in Fig. 6.57, where the stator
current I1 is equal to the excitation current I0.

The measured three-phase input active power is
the total losses in the motor at no-load PNL. These
losses consist of the stator losses 3I21R1, core losses
Pcore D 3E2=Rc (hysteresis + eddy current losses) and
rotational losses Prot. The value of the per phase stator
DC resistance R1, should be corrected for the winding
temperature during the test. The skin effect in the value
of stator resistance, although the stator frequency is al-
ways equal to the line frequency, is small, being about
5�15% of the joule losses in the stator resistance, for
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Fig. 6.57 Circuit with parameters for the no-load test

medium-size and large motors, and is usually neglected,
and the stator resistance is considered as its DC value.
Being E the EMF induced by the rotating flux in the sta-
tor winding at no-load, which is approximately equal
to E ' V1 � I1X1, i.e., the voltage across the parallel
branch, the equations for the input active power PNL

and reactive power QNL at no-load are

PNL D 3I21R1 C 3
E2

Rc
CProt and

QNL D 3I21X1 C 3
E2

Xm
: (6.164)

The friction and windage losses (rotational losses) can
be determined, for example, by another test in which
the rotor of the induction motor is driven by another
machine at a speed equal to the no-load speed of the
induction motor. The friction and windage losses (rota-
tional losses) are supplied by the driving machine and
are equal to its output power.

The friction and windage loss may also be deter-
mined by performing a linear regression analysis using
three or more lower points of the power versus voltage
squared curve. To determine the friction and windage
loss, subtract the stator resistance loss (at the temper-
ature of the test) from the total losses PNL (i.e., input
power) at each of the test voltage points and plot the re-
sulting power curve versus voltage, extending the curve
to zero voltage. The intercept with the zero voltage axis
is the friction and windage loss. This intercept may
be determined more accurately if the input power mi-
nus stator resistance loss is plotted against the voltage
squared for values in the lower voltage range (IEEE
standard 112 [6.35]).

Using the value of X1 from the locked rotor test, the
EMF E ' V1 � I1X1 is obtained and the core loss Pcore

at rated voltage may be calculated as

Pcore D PNL � 3I21R1 �Prot D 3
E2

Rc
: (6.165)

Thus, the core loss resistance Rc is

Rc D 3
E2

Pcore
: (6.166)

As per Sect. 6.2.4 some simplification results, without
any significant difference in the results, when the core
loss is added to the rotational losses. Such a procedure
is equivalent to represent the T branch of the equivalent
circuit by the magnetizing reactance Xm only. In this
case the no-load reactance is

XNL D X1 CXm : (6.167)

As the three-phase apparent power is SNL D 3V1I1, the
no-load reactive power can be calculated as

QNL D
q

S2NL �P2
NL (6.168)

and the no-load reactance is given by

XNL D QNL

3I21
: (6.169)

Locked-Rotor Test
The parameters R0

2, X
0
2, and X1 can be determined by

this test. The following measurements are taken: stator
terminal voltage V1, stator current I1 and the three-
phase power input PLR. In the locked-rotor test, the
rotor of the machine is prevented from rotating and the
supply voltage is increased until a current of approxi-
mately rated value is obtained. If rated line voltage V1

is applied the current becomes high, about four to eight
times the rated current, and the windings will be over-
heated. When the rotor is stationary (locked), the slip
s D 1, and only a small exciting current flows in the ex-
citing branch, resulting in small flux and core losses.
At standstill there are no mechanical (rotational) losses.
Therefore, the power input at standstill PLR is mainly
consumed by the copper losses of the stator and rotor
windings, with the core losses neglected.

Accurate prediction of machine characteristics in
the normal operating range will depend primarily upon
the closeness by which R0

2 represents the actual rotor re-
sistance to currents of low frequency and, secondarily,
upon the closeness by which X0

2 represents the actual
rotor leakage reactance to currents of low frequency.
Typically, this test is done at 1=4 rated (nominal) fre-
quency, i.e., at 15Hz in a 60Hz system, and then the
reactances must be scaled to find the correct value at
rated frequency. Thus, the reactance Xm will be pre-
served in the equivalent circuit for the determination of
the parameters R0

2, X
0
2, and X1, as shown in Fig. 6.52.
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The three-phase reactive power input QLR with the
rotor locked can be calculated as

QLR D
q

S2LR �P2
LR ; (6.170)

where the three-phase apparent power is

SLR D 3V1I1 : (6.171)

The resistance RLR and the reactance XLR with the rotor
locked, corrected for the rated, can be determined by

RLR D PLR

3I21
and XLR D fn

fLR

QLR

3I21
: (6.172)

The impedance of the equivalent circuit ZLR, with s D 1
and with the reactances at the rated frequency is given
by

ZLR D R1C jX1C�R0
2 C jX0

2

�

in parallel with Xm :

(6.173)

As Xm 	 R0
2 the rotor resistance and reactance at the

rated frequency, are

R0
2 D .RLR �R1/

�

X0
2 CXm

Xm

�2

(6.174)

and

X0
2 D .XLR �X1/

�

Xm

X1 CXm �XLR

�

: (6.175)

At this point, only the total leakage reactance is known.
The relative values of stator and rotor leakage must be
found from experience and are summarized in the Ta-
ble 6.9.

Replacing in (6.175) Xm D XNL �X1 from the no-
load test (6.167) and using the relations in Table 6.9
for the appropriated motor type, the reactances X1 and

R

RB BY Y

Slip rings

Shaft
Brush

External 
star
connected 
rheostatRotor frameStar connected

rotor winding Fig. 6.58 Wound rotor three-phase
induction motor

Table 6.9 Relations of stator and rotor leakage reactances
(Source: Standard IEEE 112 [6.35])

Motor type X1=X0
2

Wound rotor 1.00
Class A 1.00
Class B 0.67
Class C 0.43
Class D 1.00

Motor type X1=X0
2

Wound rotor 1.00
Class A 1.00
Class B 0.67
Class C 0.43
Class D 1.00

X0
2 can be determined. With X1 the magnetizing reac-

tance Xm can be obtained and from (6.174), the rotor
resistance is found. For motors of less than the 20 kW
rating, the effects of the frequency are negligible, and
the locked-rotor test can be performed directly at the
rated frequency.

6.2.8 Effects of Rotor Resistance

Wound Rotor Motors
By inserting resistances in series with the rotor wind-
ings (Fig. 6.58), the resistance of the rotor circuit is
increased, the starting torque and power factor are in-
creased, while the starting current is decreased [6.36].
Also, by resistance control, the speed can be varied.

The resistances are connected to the terminal ends
of the rotor windings by means of slip rings and
brushes. The resistances are assembled as branches of
a resistor bank unit. These resistance branches can be
externally switched on and off in the resistor bank at
different intervals, thus providing multiple stages of
speed levels and torque capacity. The resistor bank may
consist, for instance, of three resistances per phase mak-
ing up a total of nine resistances in the entire resistor
bank network. Thus, there are correspondingly three
branches of resistances in the resistor bank. Each stage
of the resistor branch is provided with its own individ-
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ual magnetic contactor switches. Each of these resistor
branches are shorted individually according to an order
of operational sequence relative to the efficient run-
ning of the wound rotor motor. By suitable choice of
the external resistances the maximum torque can oc-
cur at standstill. For normal running the rotor winding
is short-circuited directly at the brushes, so that the
efficiency of the motor is increased by removing the ex-
ternal resistances.

Modern wound-rotor controllers use solid-state de-
vices in place of magnetic contactors to obtain stepless
control, thus allowing smooth acceleration up to run-
ning speed.

The wound rotor main advantage over the squirrel-
cage motor is that it offers greater flexibility for starting
and speed control. They are used where the load re-
quirements are high starting toque and variable speed,
or where the motor is to be started under heavy load.
Typical applications of these motors are crane and hoist
control. Wound rotor motors are always started with full
voltage as the starting current can be controlled by the
resistance external to the rotor.

Squirrel-Cage Motors
By use of suitable shapes and arrangements for rotor
bars, squirrel-cage motors can be designed so that their
rotor effective resistance at starting (60Hz) is several
times their resistance at rated conditions (2�4Hz). The
arrangements use the inductive effect of the slot leak-
age flux on the current distribution in the rotor bars.
High starting torque and good running performance are
achieved by incorporating two squirrel cages in the ro-
tor, as illustrated in Fig. 6.59a or by the use of deep-bar
rotors, as shown in Fig. 6.59b [6.37].

The double-cage induction motor consists of two
layers of bars short-circuited by end rings. The outer
cage bars are made of high resistivity material like alu-
minum, brass, bronze, etc. . . . , while the inner cage is
made of copper that has a lower resistivity as compared
to the materials used in the outer cage. The cross-sec-
tional area of the outer bars is smaller than that of the
inner bars. Thus the resistance of the outer cage is much
higher than that of the inner cage. The slot-leakage flux
is higher at the inner bars, so that the inductance of
the inner bars is much higher than that of the outer
bars.

At starting with s D 1, f2 D f1, and due to the higher
reactance and lower resistance of the inner cage in re-
lation to the outer cage, the current in the inner cage is
much smaller than that of the outer cage, and is approx-
imately 90 ıC out-of-phase with the induced voltage,
resulting in a low starting torque, while the current in
the outer cage is much higher and is practically in-phase
with the induced voltage, resulting in a much higher
starting torque. The outer cage is called the starting
cage.

When the motor accelerates the rotor frequency f2
decreases, the inner cage reactance decreases, its cur-
rent increases and as a consequence its torque increases.
When the rated speed is reached, the rotor frequency f2
is very low, the reactances of the two cages are negli-
gible, and the rotor current is divided between the two
cages inversely proportional to their resistances. As the
resistance of the outer cage is around 5�6 times the re-
sistance of the inner cage, the current in the outer cage is
much smaller than that of the inner cage, and the torque
is basically due to the inner cage called the operating
cage.
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The current distribution in a deep-bar rotor un-
dergoes a similar change from starting to running,
producing high rotor resistance on starting and low re-
sistance at normal speed.

For loads that require a large starting torque a dou-
ble-cage or deep-barmotor is used,while for low starting
loads a normal induction motor is usually used. Wound
rotor motors are used to start large loads, that require
a high starting torque and large starting periods.

6.2.9 Motor Applications

Wound Rotor Motors
The applications of wound rotor motors are:

� To drive loads requiring high starting torque and
where a lower starting current is required. De-
pending on the value of the external resistance the
starting current may be less than 150% of the rated
value.� To drive high inertia loads.� To drive loads that require a smooth acceleration.� To drive loads that require speed control.� The full load slip may be as low as 3% and the max-
imum torque above 200% of the full load value. The
efficiency is about 90%.� Are used in large pumps, conveyors, compressors,
cranes, hoists, elevators, etc.

Their range of application is, generally, from 5 to
30 000 kW.

Squirrel-Cage Motors
The national electrical manufacturers association
(NEMA) has specified different design classes of three-
phase squirrel-cage induction motors, based on their
torque characteristics in relation to the speed and start-
ing current. Typical torque speed curves for the most
common design classes A–D are shown in Fig. 6.60.

The main features of these design classes are listed
here:

� Class A motors have normal starting torque, high
break down torque, high starting current of five to
ten times the rated current, and less than 5% slip.
The design has low resistance single cage rotor.
The efficiency of the motor is high at full load.
Because of the high starting current, a reduced volt-
age starter by means of an autotransformer, resistor/
reactor or Y–� connection is required. Applications
of Class A motors are fans, blowers, centrifugal
pumps, etc. Range of application: 5�150 kW.� Class B motors, known as general purpose motors,
have about the same starting torque as Class A with
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Fig. 6.60 Typical speed/torque characteristics of NEMA
design classes A–D induction motors

starting current of five to six times the rated cur-
rent and the efficiency and slip are comparable with
the Class A. The starting torque and lower start-
ing current are maintained by use of a double-cage
or deep-bar rotor. They have a medium breakdown
torque and full voltage starting, generally, can be
used. The applications are same as that of Class A
motors, i.e., in the range from 5 to 150 kW.� Class C motors have high starting torque (around
250% of rated torque), low breakdown torque
(190�200% of rated torque) and medium starting
current (three to five times rated current). Such mo-
tors are of the double-cage bar, but with a higher
rotor resistance than Class B motors in order to en-
sure that the maximum torque occurs at starting.
Due to its high starting torque it has a fast ac-
celeration. The loads are compressors, conveyors,
reciprocating pumps and crushers. Range of appli-
cation: 15�150 kW.� Class D motors have a single-cage with high re-
sistance bars, assuring a very high starting torque
(higher than all the NEMA motor types), and low
starting current. The rotor bars are made of high re-
sistivity material such as brass instead of copper and
the bars have a small cross-sectional area. The slip
at maximum torque is, generally, above 50% and the
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Table 6.10 Summary of the performance of the motor design classes (Source: [6.38] with modifications)

Class A Class B Class C Class D
Type Normal starting torque General purpose High starting torque Very high starting torque
Starting torque 100% rated for larger mo-

tors, 200% rated, smaller
motors

100% rated for larger mo-
tors, 200% rated, smaller
motors

Approx. 250% rated > 275% rated

Starting current 500�1000% rated 500�600% rated 300�500% rated 300�500% rated
Pullout torque 200�300% rated � 200% rated Slightly lower than Class

B
Usually same as starting
torque

Rated slip < 0:05, lower than similar
sized Class B

must be < 0:05, usually
< 0:03

< 0:05, higher than Class
B

High, typically
0:07�0:11, can be up
to 0.17

Applications Fans, blowers, pumps,
machine tools

As for Class A Compressors, pumps,
conveyors

Punch presses, shears,
elevators, extractors,
winches, hoists

Notes High starting inrush cur-
rent causes power system
problems, it can cause the
supply voltage to sag and
requires special starting
techniques. More efficient
than same sized Class B

Replacement for Class A
due to lower starting
current. The standard
off-the shelf commodity
motor

Applications that require
high starting torques.
Note that the pull up and
pull-out torque can both
be lower than the starting
torque. Less efficient than
Class B

Applications that require
high starting torques. Are
used to drive intermittent
and high-impact loads.
The efficiency at full-load
is low

Class A Class B Class C Class D
Type Normal starting torque General purpose High starting torque Very high starting torque
Starting torque 100% rated for larger mo-

tors, 200% rated, smaller
motors

100% rated for larger mo-
tors, 200% rated, smaller
motors

Approx. 250% rated > 275% rated

Starting current 500�1000% rated 500�600% rated 300�500% rated 300�500% rated
Pullout torque 200�300% rated � 200% rated Slightly lower than Class

B
Usually same as starting
torque

Rated slip < 0:05, lower than similar
sized Class B

must be < 0:05, usually
< 0:03

< 0:05, higher than Class
B

High, typically
0:07�0:11, can be up
to 0.17

Applications Fans, blowers, pumps,
machine tools

As for Class A Compressors, pumps,
conveyors

Punch presses, shears,
elevators, extractors,
winches, hoists

Notes High starting inrush cur-
rent causes power system
problems, it can cause the
supply voltage to sag and
requires special starting
techniques. More efficient
than same sized Class B

Replacement for Class A
due to lower starting
current. The standard
off-the shelf commodity
motor

Applications that require
high starting torques.
Note that the pull up and
pull-out torque can both
be lower than the starting
torque. Less efficient than
Class B

Applications that require
high starting torques. Are
used to drive intermittent
and high-impact loads.
The efficiency at full-load
is low

slip at rated speed is between 7 and 11%, as a conse-
quence the rated efficiency is low. Are used to drive
intermittent loads requiring rapid acceleration and
high-impact loads as: punch presses, shears, eleva-
tors, extractors, winches, hoists, oil-well pumps and
wiredrawing machines. When driving high-impact
loads, as punch presses, they are provided with a fly-
wheel to give energy to the load during the working
stroke, smoothing out the peaks in the supply grid.
Range of application: 15�150 kW� Class E motors have low starting torques (but not
inferior to 50% full load torque), normal starting
current and low slip at rated load. For motors above
5 kW rating, starting current may be high, so they
may require a starter, like Class A. The rotor has
low resistance and correspondingly high efficiency.
They are usually high-speed motors directly con-
nected to loads that require low starting torques,
such as fans and centrifugal pumps. Range of ap-
plication: 30�150 kW.� Class F motors have low starting torques like
Class E, low starting current, that allows them to
start at full voltage. The rotor is designed so that it
gives high reactance at starting. The blocked rotor
current and full load slip, with full applied voltage,
is similar to that of Class B or C. The field of ap-
plication is the same to that of Class E. Range of
application: 30�150 kW.

A summary of the performance of the motor classes A–
D is provided in Table 6.10.

6.2.10 Energy Efficient Motors

With ever-increasing energy cost the life-time operat-
ing cost of an induction motor can be traded against
a high efficiency and high capital cost induction motors.
With rising demand for high efficiency, energy efficient
induction motors designers and manufacturers are step-
ping up their production of such motors. Some of the
important techniques, that are employed to construct
a high efficiency induction motor compared to the stan-
dard design, are listed here:

a) Modification of stator slot design to allow a larger
diameter wire resulting in reduced current density
and reduced copper losses

b) Increase of the stator and rotor core length to im-
prove heat transfer out of the motor, thus reduction
of the operating temperature

c) Use of thinner laminations and of premium-grade
core steel, with consequent reduction in eddy-
current and hysteresis losses

d) Rotor fans are designed with refined aerodynamic
fin shapes to reduce windage loss

e) Improved bearings.

When compared to standard efficient motors, high ef-
ficient motors have fewer losses and better cooling,
resulting in less heat generated and a temperature de-
crease, on average, of 10 degrees centigrade in relation
to standard motors. This has as an additional benefit an
increase in insulation life. They have, generally, 30%
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more lamination steel and 20% more copper than stan-
dard motors. Overall, energy efficient motors are better
motors.

There is always a trade-off involved. A machine
of more efficient design normally requires more ma-
terial and therefore is bigger and costlier. In general,
energy efficient motors can cost as much as 15% more
than standard efficient motors. Users normally select
the lowest-cost solution to a given requirement. How-
ever, it would be prudent to choose an energy-efficient
motor as normally the increased capital cost would be
offset by energy savings over the expected lifetime of
the machine.

The full-load efficiency for motors in the range 0.75
to 0:75�375 kW varies from about 83 to 97%. The ef-
ficiency typically increases with the size of the motor.
Motor losses being broken down roughly as:

� Friction and windage, 5�10%� Iron or core losses, 20�25%� Stator losses, 30�50%� Rotor losses, 20�25%� Stray load losses, 5�15%.

Various regulatory authorities in many countries have
introduced and implemented legislation to encourage
the manufacturing and use of higher efficiency electric
motors.

Energy Efficiency Standards
The international electrotechnical commission (IEC)
has introduced standards relating to three-phase energy
efficient motors. IEC 60034-30 [6.39] defines efficiency
classes for a wide range of electric motors. IEC 60034-
30-1 [6.40] (that became valid in 2014) takes a step
further in widening the scope of motors subject to
efficiency classes and introduces the IE4 class and
IEC 60034-2-1 [6.41] specifies rules concerning effi-
ciency testing methods. Motors rated 1MW and above
have a full-load efficiency between 95 and 98% and
are of secondary importance when assigning efficiency
classes.

In the IEC 60034-30-1 the following efficiency
classes are defined for induction motors, where IE
stands for international efficiency:

� IE1 (Standard Efficiency)� IE2 (High Efficiency)� IE3 (Premium Efficiency)� IE4 (Super Premium Efficiency)

Figure 6.61 shows the correlation between required ef-
ficiency and output for the four efficiency classes. The
efficiency values increase from IE1 to IE4.
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Fig. 6.61 Efficiency and output for the four efficiency
classes at 50 Hz

The scope of IEC 60034-30-1 standard is wider
than that of IEC 60034-30, covering. motors up to
eight poles, rated voltage up to 1000V, with a power
range from 0.12 to 1000kW, any ambient temperature
within the range of �20 to C60 ıC and marked with
an altitude up to 4000m above sea level. Excluded are,
among a few other exceptions, motors completely in-
tegrated into a machine (for example, pump, fan or
compressor) that cannot be tested separately from the
machine.

The efficiency levels defined in IEC 60034-30-1 are
based on the low uncertainty test methods specified
in IEC 60034-2-1Standard methods for determining
losses and efficiency from tests, which recognizes sev-
eral methods for determining motor efficiency, each
of which has certain advantages as to the accuracy,
cost, and ease of testing, depending primarily on motor
rating. Some of the methods in IEC 60034-2-1 are har-
monized with national standards such as IEEE 112 Part
B and CSA (Canadian Standards Association) C390.

An IE5 level, with the goal of further reducing
losses by around 20% relative to IE4, is envisaged for
a future edition of IEC standards.

6.2.11 Speed Control

The speed control of induction motors can be obtained
by the following methods:

a) Changing the terminal voltage
b) Changing the number of pair of poles (part-

winding)
c) Changing the resistance in the rotor circuit
d) By static slip power recovery
e) By constant stator voltage frequency ratio (V=Hz)
f) By vector control
g) By double feeding.
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a) Changing the Terminal Voltage
The speed can be varied by reducing the voltage of con-
stant frequency applied to the stator. This method is
limited to certain drives, because the developed torque
for a given speed is directly proportional to the square
of the applied voltage, and in the case of constant
load torque the current must increase with decreasing
voltage, since the flux is proportional to the voltage.
However, this method finds considerable application
where the load torque decreases with a reduction of
speed, as in the case of fans and pumps.

The stator voltage may be varied by means of vari-
able impedance in series with the motor, but the use of
thyristors between the line and the motor seems to offer
the most economical and effective operation.

b) Changing the Number of Pair of Poles
The stator winding can be designed so that by simple
changes in coil connections the number of poles can
be changed in the ratio 2 to 1, thus obtaining two syn-
chronous speeds. With two independent sets of stator
windings, each arranged for pole changing, as many
as four synchronous speeds can be obtained: 600, 900,
1200 and 1800 rpm. The motor is invariably of the
squirrel-cage type as the cage winding always reacts
by producing a rotor field having the same number
of poles as the inducing stator field. If a wound rotor
motor is used additional complications are introduced
because the rotor winding must also be rearranged for
pole changing. In this method the speed can be changed
in discrete steps and the elaborate stator winding makes
the motor expensive.

c) Changing the Resistance in the Rotor Circuit
With external resistors Rext in the rotor circuit the slip
for the maximum torque is,

smax T D R0
2 CRext

q

.R1/
2 C �

X1 CX0
2

�2
: (6.176)

From Fig. 6.62 it may be seen that the speed of opera-
tion can be varied by controlling the external resistance.
If the value of Rext is increased the slip for maximum
torque increases and the maximum torque can occur at
starting. This method is similar to the speed control of
direct-current shunt motors by resistance in series with
the armature. The steady-state speed is given by the in-
tersection of the load and motor torque-speed curves as
in all motor drives.

While by this method a high starting torque can be
obtained, it causes the motor to develop excessive slip
and high rotor losses at rated torque, that results in poor
efficiency and poor speed regulation. This method may
be applied to loads that have high static torque and loads
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Fig. 6.62 Speed control by external resistances

having high inertia, like conveyors. In this type of speed
control, the external resistances generate huge losses,
and as a consequence large heat in the system, so it re-
quires more maintenance [6.42].

However, the speed control can be obtained without
mechanical switching of resistances by means of mod-
ern controllers using controllable switches, as shown in
Fig. 6.63. The AC output voltage of the rotor is rectified
by a diode bridge and fed to a parallel combination of
fixed resistorRh and a semiconductor switchingdeviceT.
The DC supply is switched on and off at high frequency
(typically 10 kHz or more) using electronic switching
devices such asMOSFETs (metal-oxide-semiconductor
field effect transistors), IGBTs (insulated gate bipolar
transistors) or GTOs (gate turn-off thyristors) to provide
a pulsed DC wave form. The average level of the output
voltage can be controlled by varying the duty cycle of the
semiconductor power device T. The effective resistance
Re between points A and B is

Re D .1� k/Rh ; (6.177)

where k is the duty cycle of the controllable switch.
The rms value of current in each secondary phase

is I2 D Id
p

2=3. The additional resistance of each sec-
ondary phase R2h, is such that 3R2hI22 D .1� k/RhI2d .
Thus,

R2h D .1� k/
Rh

2
: (6.178)
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Fig. 6.63 Speed control by a control-
lable switch

d) By Static Slip Power Recovery
Neglecting joule losses in the resistance of the rotor
windings the slip power (sPsr) in the rotor circuit may
be returned to the system by means of a rectifier and an
inverter operating with a delay angle between 90ı and
150ı approximately. The feedback power converter is
connected to the power system, usually through a trans-
former that matches the output voltage of the converter
to the power system, as shown in Fig. 6.64. If E20 is
the value of the induced rotor EMF in each rotor phase
when the rotor is at standstill, when the rotor rotates
at a speed !r D .1� s/!s (rad=s) the value of the rotor
EMF is E2 D sE20 and the rotor frequency is fr D sfs.
The average value of the voltage at the output of the
rectifier is

Vdr D k1sE20: (6.179)

The AC voltage at the inverter terminals must be
equal to the system voltage V1 D .VLL=

p
3/. Thus, the

DC voltage at the inverter is Vdi D k1V1 jcos˛j, where
˛ is the delay angle and as the converter is operating
as an inverter 180ı > ˛ > 90ı. The smoothing inductor
prevents the ripple in the voltage Vdr from causing ex-
cessive ripple in the DC current. As the resistance of the

VLL

3-ϕ AC input

Wound rotor
induction motor

Rectifier

Vdr Vdi

+

–

+

–

Id

Smoothing
inductor

Inverter

Transformer
Fig. 6.64 System
for recovering the
rotor slip power

inductor is very small it is possible to equalize the volt-
ages at the rectifier (Vdr) and inverter (Vdi) terminals,
obtaining

s D V1

E20
jcos˛j : (6.180)

If jcos˛j is varied from a value near to zero up to a value
near to 1, the slip s will vary from a value near to zero
up to a value near to s D V1=E20 and the rotor speed
will vary, approximately, from !r D !s to !r D !s.1�
V1=E20/, respectively.

Figure 6.65 shows the characteristic torque-speed
for several values of ˛. The drop of the curves is due
to the voltage drops in the motor and in the other parts
of the scheme. The slip increases with the torque.

This scheme requires a wound rotor motor with slip
rings and is known as a static Kramer scheme. It is
used in applications such as pumps and blowers of great
power, where the speed needs to be controlled only in
a small range around its nominal value, because a small
speed range results in a smaller rating of the converters,
thus making this scheme competitive. Due to the har-
monics generated by the converters filters are necessary
at the DC and AC sides. For larger motors the energy
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Fig. 6.65 Torque-speed control by a static slip power re-
covery

that is lost in the scheme with external resistors is now
saved and returned to the grid, that amounts to signifi-
cant cost savings.

e) By Constant Stator Voltage Frequency Ratio
(V=Hz)

When the voltage drop in the impedance of the stator
winding is neglected, the main or resultant magnetiza-
tion flux ˚m is

˚m ' V1

4:44f1N1k¨1
: (6.181)

If the stator voltage V1 and frequency f1 are equal to
their rated values, the flux will be equal to its rated
value, but if the frequency is reduced below its rated
value of 60 or 50Hz maintaining the voltage V1 con-
stant, the flux will increase beyond its rated value and
it may cause saturation of the core and high losses in
the motor. Thus to maintain the flux constant at its rated
value the voltage V1 must increase in a linear proportion
to f1. For small values of slip, i.e., in normal opera-
tion, the rotor resistance is much greater than the rotor
reactance, the load power factor will be high, and for
a constant flux the developed torque is

T D k1 .!s �!r/D k1!sl ; (6.182)

where !sl is the slip speed and the corresponding slip
frequency is given by

fsl D fs � fr : (6.183)

Such a characteristic is shown in Fig. 6.66a for a syn-
chronous frequency fs1 D 60Hz with a corresponding

slip speed !s1, with three other values for the syn-
chronous frequency: fs2, fs3 and fs4, being fs1 > fs2 >
fs3 > fs4. The torque–speed characteristics shift hori-
zontally in parallel for the four different values of
synchronous frequency.

Considering that equal load torque is to be deliv-
ered at synchronous frequencies, for instance, f1 and
f2, the synchronous speeds are, respectively, !s1 and
!s2. From (6.182)) !sl1 D !sl2, and the respective slip
frequencies are also constant. The slip increases as the
synchronous frequency decreases (s1 D fsl1=f1 and s2 D
fsl2=f2). The rotor resistance losses increase as the syn-
chronous speed decreases to reduce speed. However,
in many loads such as centrifugal pumps, compressors
and fans, the load torque varies by the square of the
speed, and fsl as well as the slip declines with decreasing
frequency, as shown in Fig. 6.66b and the rotor losses
remain small [6.43].

f) By Vector Control
All the previous methods of speed control are termed
scalar speed controls. With the ever increasing use of
electronic switches for speed control the vector con-
trol of induction motors is used when accurate torque
and speed control is desired. Before introducing vector
control some additional considerations are made with
respect to scalar control of speed by voltage/frequency
ratio.

The stator voltage/frequency ratio control method,
as seen in the previous item, is the most scalar technique
used to control the speed of the motor where the magne-
tizing flux of the motor is kept unchanged. The torque
developed in the motor depends on the slip speed, and
only speed feedback is required, simplifying the control
system. It is generally applied when there is no need
for a fast response or high precision of the control sys-
tem, which is the case for most applications. Another
scalar control method uses the torque control technique,
in which the magnitude and frequency of the stator
currents are adjusted so that the steady-state torque is
controlled, while the magnetic field is again maintained
constant. In this case, the speed feedback has to be sup-
plemented by a current feedback that makes this method
somewhat more complicated than that of the voltage/
frequency ratio control method.

By scalar speed control the response of induction
motors to changes in speed, due to load variations is rel-
atively slow because the motor current cannot change
instantaneously following the applied voltage, due to
the delay caused by the inductance of the motor wind-
ings. However, fast responses and high precision speed
control of the motor are possible by means of vec-
tor control, where the vector components of the stator
current, i.e., its magnetizing current that produces the
airgap flux and the in-phase current that produces the
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torque are separately controlled. The necessity of con-
trolling the magnetizing current is to keep the airgap
flux constant at its optimum level, while the torque
needed is controlled by the in-phase stator current. Vec-
tor control is a more complex technique than scalar
control, the evolution of which was inevitable, because
its superior dynamic performance, as compared with
scalar control. It is also known as field-oriented control,
because in the course of implementation the identifica-
tion of the field flux of the motor is required. Before
the introduction of vector control fast dynamic torque
responses were only possible by the use of separately
excited DC motors, where the magnetic fields created
by the armature and field currents allow independent
control of torque and flux in the motor [6.44].

The vector control gives fast transient response
including fast acceleration and deceleration, precise
control of torque, speed and position compared to scalar
control. The vector control can be realized by closed
loop (feedback) control or open loop (sensorless) con-
trol, also called, direct and indirect control, respectively.
In direct control there is

Closed Loop (Feedback) Control or Direct Torque
Control. Direct torque control (DTC) is one of the best
control strategies of torque control, and thus speed con-
trol, of an induction motor. The aim is to effectively
control the torque, as well as the flux. The method
allows accurate, fast control and high dynamic speed
response. It uses the adaptive motor model that is based
on the mathematical expressions of the motor theory.
The method requires the basic parameters of the motor
such as stator resistance, self inductance, etc. to calcu-
late the flux and torque, that are given to a two level
comparator of the flux and torque. The outputs of the
flux and torque comparators are given to a switch se-
lection table, wherein the selected switch position is
applied to an inverter without any modulation. With

the joint progress of power electronics and numerical
electronics, it is possible to deal with the speed con-
trol with great accuracy, even at very low speeds. With
these technological projections, various command ap-
proaches have been developed to master, in real time,
the flux and the torque of the motor. Hence the name
direct torque control (DTC), as the motor torque and
flux become direct controlled variables.

Open Loop (Sensorless) Control or Indirect Control.
The currents in the three-phases of the stator are mea-
sured and initially converted to the ˛, ˇ two-phase
system of coordinates, from which the rotor angle and
velocity are estimated. These signals are then compared
with reference values and controlled by using propor-
tional integral (PI) controllers. Thus, in the sensorless
speed control method there is no need to use a speed
sensor as in the direct control method. The ˛, ˇ currents
are converted to direct and quadrature-axis compo-
nents, id and iq by means of a Park transformation. The
direct-axis current id controls the magnetic flux and the
quadrature-axis current iq controls the torque.

The output of the flux and torque controllers are d
and q voltage components, that are transformed from
the d, q coordinate system back to the ˛, ˇ coordinate
system, and by means of an inverse Park transfor-
mation the a,b,c voltage components. Thus, using the
space vector modulation technique, the corresponding
inverter switching is pulse width modulated. There are
different types of vector control techniques, such as:
stator flux oriented control, rotor flux oriented control
and magnetizing flux oriented control. The sensorless
vector control is shown in Fig. 6.67. Sensorless con-
trol of AC drives is attractive for cost and reliability
considerations. The speed sensor of the direct method
is replaced by mathematical techniques. The sensorless
control method can be used to control motor speed al-
most down to zero.
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Fig. 6.67 Sensorless vector control of induction motors

Servo Systems. Many of the techniques involved in
vector control are applicable to servo systems and con-
sequently vector controlled systems are replacing some
of the traditional servo systems.

g) Speed Control by Double Feeding
In this method the stator windings are supplied with
three-phase power at a synchronous frequency f1, as
usual, and the rotor windings are also fed with three-
phase power at a variable frequency f2 by means of
a PWM (pulse width modulation) converter. The speed
of the stator MMF with respect to the stator is ns1 D
.120f1/=p and the speed of the rotor MMF with respect
to the rotor is ns2 D .120f2/=p. If the rotor is fed so
that its MMF rotates in the same direction as the stator
MMF, the rotor speed is n D ns1 �ns2, but if the rotor is
fed so that its MMF rotates in opposite direction to the
stator MMF, then the rotor speed is n D ns1 Cns2. Thus,
the motor speed n may be adjusted below or above the
synchronous speed by adjusting the rotor excitation fre-
quency f2, as

n D 120 .f1 ˙ f2/

p
: (6.184)

If f2 is zero, i.e., the rotor is supplied from a DC source,
the motor speed n will be equal to the synchronous
speed and the motor is a synchronous motor.

Additional Considerations. Before the development
of semiconductor power electronics, it was difficult to

vary the frequency, and cage induction motors were
mainly used in fixed speed applications. Pole chang-
ing finds its application when two or four speeds are
required, thus it is a limited method for speed control.
Changing the terminal voltage is restricted to certain
drives, because the developed torque is reduced directly
proportional to the square of the applied voltage. Vari-
able external resistance control for wound rotor motors,
allows speed control in a broad range, however the
method suffers from low efficiency at reduced speeds
and poor speed regulation with respect to a change
in load. The advent of power electronics allows speed
control by other methods with better efficiency, such
as: static slip power recovery (for large wound ro-
tor drives), stator voltage frequency ratio (V=Hz) and
vector control. Due to its simplicity and compactness
variable frequency driven squirrel-cage induction mo-
tors are displacing DC and wound rotor motors drives
in many industrial variable speed applications.

6.2.12 Variable Speed Drives (VSDs)

This section summarizes the applications, benefits,
technologies, problems and solutions when VSDs are
used for controlling the torque and speed of induction
motors. More extensive information can be found in ref-
erences [6.45–48].

Applications and Benefits
A variable speed drive (VSD) is an adjustable-speed
control used in electromechanical drive systems to con-
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trol AC motor torque and speed by varying motor
input voltage and frequency. It consists of an AC/DC
rectifier, a DC link and a DC/AC inverter, mostly based
on pulse width modulation (PWM).

VSDs are suitable to control the motor torque and
speed to drive loads where the torque varies approxi-
mately with the square of the speed, such as centrifugal
pumps, fans, blowers and similar applications, by sup-
plying only the correct amount of energy that is needed.
For these types of loads the energy-efficiency benefits
of a VSD are high, eliminating control valves, dampers,
throttles, bypasses, gears, transmissions and clutches,
etc., and reducing cost and losses in partial load.

Loads where the change of power varies linearly
with speed (constant torque loads) such as: air com-
pressors, conveyors, escalators, positive-displacement
pumps, hoists, cranes and similar applications also ben-
efit from VSDs, that can continuously adjust the speed
from almost standstill to full speed without steps, thus
minimizing the required power, although the benefits
are not so high because the required input power only
varies linearly with speed.

Some loads such as: machine tools and traction ap-
plications, behave as constant power loads and they can
benefit by the use of VSDs, that allow soft starting and
stopping and less wear of the machinery involved. The
cost and energy-efficiency benefits are small when com-
pared with other types of loads.

As the total energy consumption by the electric
motor systems in all sectors (industrial, commercial,
residential, agriculture and transport) is about 45% of
the total world electrical energy consumption, it can be
foreseen that an appreciable amount of energy can be
saved by the combination of VSDs and high-efficiency
motors.

Technologies for VSDs
The different technologies for VSDs are listed here.

a) Pulse Width Modulated Voltage Source Inverter
(PWM-VSI). Typically for motors of up to 3000hp,
but each manufacturer may list larger sizes. An uncon-
trolled rectifier (diode) transforms supply AC voltage to
DC voltage to the inverter. Switches in the inverter are
IGBTs, in general (Fig. 6.68). The inverter controls the
magnitude and frequency of the AC output voltage by
PWM of the inverter switches.

b) Square-Wave Voltage Source Inverter (Square-
Wave VSI). Ranges available are typically up to 500 hp
but can be up to 1000 hp. the converter rectifier switches
are diodes with a DC chopper. The DC input voltage to
the inverter must be controlled to control the magnitude
of the inverter output voltage, that has a form similar to
a square-wave. The inverter controls only the frequency
of the AC output voltage.

c) Current Source Inverter (CSI). The rectifier and in-
verter use thyristors. The DC link uses large inductors
to regulate current ripple, that makes the input to the
inverter appears as a current source. Torque pulsations
or cogging is common with the CSI design. Torque pul-
sations are the result of a high harmonic content in the
output current of the drive. Torque pulsations result in
stress to motor shafts and pumps, fans, conveyor (belts),
or any ultimate driven load, requiring the installation of
filters. For HVDC transmission systems basically SCRs
are used due to their greater voltage and current capa-
bilities.

d) High Voltage Insulated Gate Bipolar Transis-
tor (HVIGBT). The HVIGBT consists of several IGBTs
placed in series to develop a high voltage level, having
the advantage of low stress on the motor insulation and
low current harmonic content in the supply to the high
voltage motor with no need of a filter. IGBTs are used
due to the low energy necessary to switch them on, this
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allows fast turn-on and turn-off times on the order of
1�s, a small on-state voltage, small snubberless switch-
ing, small conduction losses. Combined with zero or
slightly negative gate drive current makes them a good
choice for moderate speed, high voltage applications.
Like lower voltage devices, the HVIGBT module in-
cludes a reverse connected fast/soft recovery free wheel.

e) Integrated Gate Commuted Thyristors (IGCT). An
IGCT is a special type of thyristor similar to a gate turn-
off thyristor (GTO). They can be turned-on and off by
a gate signal, have lower conduction losses as compared
to a GTO, and withstand higher rates of voltage rise
(dv=dt), such that no snubber is required for most ap-
plications. The IGCT faster turn-off times compared to
that of a GTO allows it to operate at higher frequen-
cies, up to several kHz for very short periods of time.
However, because of high switching losses, the typical
operating frequency is up to 500Hz. An IGCT enables
performance improvements of PWM converters for in-
dustrial and traction applications. IGCTs are the mature
devices for high voltage drives today. They are available
as multiple level voltage source inverters. With a series
connection of elements its power range can be higher
than 100MW.

Problems and Solutions with the Application
of VSDs

a) Problems that may arise with the application of VSDs
are:

A VSD with faster rise time and higher switch-
ing frequencies above 5 kHz, can produce high voltage
overshoots and voltage spikes, that can damage motor
windings. This problem also happens when the ca-
ble length between the VSD and the motor is longer
(above 50�100 feet, in general), resulting in a motor
impedance greater than the impedance of the cable, thus
reflecting the voltage wave and causing voltage over-
shoot and spikes at the motor terminals.

VSDs produce high frequency harmonic voltages
and currents. These harmonics increase the hystere-
sis losses that are proportional to frequency, as well
as eddy current losses that are proportional to the fre-
quency squared, leading to additional core losses, and
as a consequence a temperature increase of the core
and windings surrounding the core. The harmonics also
increase the joule and stray-load losses. Besides these
effects there is the possibility of an interaction between
the positive and negative sequence harmonic magnetic
fields causing torsional oscillations of the motor shaft,
that in turn, lead to shaft vibrations that may be ampli-
fied if the frequency of the oscillations coincides with
the natural mechanical frequency of the shaft, resulting
in severe damage to the motor shaft.

Even when overvoltage is not high enough to cause
voltage spikes, the fast rise time pulses from a VSD
may cause the appearance of currents flowing through
the bearings. This current is due to a voltage called the
shaft voltage that may appear due to a voltage imbal-
ance at the motor terminals because the voltage output
of a VSD is made up of a series of square waves.

b) To avoid eventual problems with VSDs the fol-
lowing possible solutions should be implemented as
required.

To avoid overshoots:

� Use an inverter fed motor with a voltage of 230V or
less when possible.� Use the lowest carrier frequency that satisfies the
motor requirements. A lower switching frequency
results in less overshoots per second.� The control of multiple motors in parallel by the
same VSD should be avoided. The use of multiple
motors with a single control can result in a higher
probability of having problems with repetitive high
voltage overshoots at the terminals of the motor.� If the peak voltage is over the recommended limit,
a filter or reactor between the VSD and the motor
must be used.� Avoid long lead lengths. The maximum recom-
mended cable distance between VSD and mo-
tor is about 50�100 feet or less, depends on the
impedances of the cable and the motor. If a short ca-
ble is not possible and if the peak voltage is over the
recommended limit, use a filter or reactor between
the control and the motor.� Use premium varnish conductors to reduce partial
discharges.

To avoid excessive overheating:

� Oversize the motor and control� Provide an independent cooling system (external
ventilation) when the load is of the constant torque
type, and the motor runs at low speed� Install a drive filter.

To avoid shaft currents:

� Use an inverter fed motor with a voltage of 230V or
less when possible.� Use the lowest carrier frequency that satisfies the
motor requirements.� Add a shaft grounding device to the motor. Some
devices have a brush that rides on the motor shaft.
Current does not go through the bearing but is
instead conducted directly to ground through the
brush. These brushes are especially selected to tol-
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erate misalignment and maintain rotating contact
throughout the brush’s life when properly main-
tained.� Use a motor with both bearings insulated. This ap-
proach will avoid damage to the motor’s bearings.� Use nonconductive couplings for restricted and
loads or which may be damaged by bearing cur-
rents.� Ensure that the control and motor are grounded per
the manufacturers’ instructions.

6.2.13 Power Quality

General Considerations About Power Quality
Power quality may be defined as the control of a power
system, in order to assure the reliable operation of the
entire system, including generation, transmission and
ultimately electric power distribution, during steady-
state and transient/dynamic conditions. The complexity
of the system to move electric energy from the point
of production to the point of consumption combined
with variations in weather, generation, demand and
other factors provide many opportunities for the qual-
ity of supply to be compromised. The quality of the
electrical power may be described as a set of condi-
tions and values for some parameters, whose deviations
must be within prescribed limits so that they do not af-
fect consumers and system performance. The following
conditions and parameters must be observed and con-
trolled in order to assure the power quality supply:

� Variations in voltage magnitude� Harmonic content in the AC waveforms� Variations in frequency� Low power factor.

Variations in Voltage Magnitude. Undervoltage
may occur, for instance, when there is the disconnection
of a capacitor bank or an increase of the apparent power
in lines and equipments over their nominal ratings, due
to the loss of one element of the system, causing an
overload in the power supply. The undervoltage is char-
acterized by a decrease in voltage, typically to 80�90%
of the nominal for more than 1min. A voltage sag,
a type of undervoltage, happens when the voltage de-
creases between 10 and 90% of nominal voltage with
a duration varying from 3 s to 1min, when a severe con-
dition like a short-circuit happens. Overvoltage occurs
when the voltage rises above 110% of the nominal for
more than 1min, for instance, due to a load disconnec-
tion. A swell is a momentary voltage increase in the
range from 1.10 to 1.80 per unit of nominal voltage,
with a duration varying from 0.5 cycles to 1min, and it
may be caused by a single line to ground fault and when

large capacitor banks are switched-on, for example.
Abrupt, very brief increases in voltage, called spikes,
impulses, or surges, are caused by nonlinear loads, such
as VFDs operation or more severely by lightning. An-
other cause of problems is the voltage imbalance when
the phase voltages are unequal. The primary source of
voltage imbalances are single-phase loads on a three-
phase circuit.

Harmonic Content in the AC Waveforms. One of
the sources of voltages and currents departure from
the ideal sinusoidal, is due to nonlinear drives, such
as VSDs, where the harmonics cause distortions in the
sinusoidal waveforms. The relative contribution of har-
monics to the distortion of the ideal waveform is called
total harmonic distortion (THD). Low harmonic content
in a waveform is desirable because harmonics can cause
many problems. Harmonics, arising within the cus-
tomer’s own installation if propagated onto the network
may affect other customers and system operation. High
voltage DC transmission systems with their associated
rectifiers and inverters, and transformers due to satu-
ration of their magnetic core also produce harmonics.
Harmonic problems can be dealt with by a combination
of good design practice and well proven harmonic re-
duction equipment.

Variations in Frequency and Low Power Factor.
Frequency variations occur when the dynamic balance
between load and generation is severely disturbed. The
main cause of frequency variations that may affect the
reliable performance of a power system and loads are
due to short-circuits with the disconnection of more
than one high-voltage transmission line and equipments
on the bulk-power transmission system, and also by
a large power plant going off-line or by the discon-
nection of a large block of load. On modern intercon-
nected power systems, significant frequency variations
are rare. Low power factors are due to the consumption
of reactive power by the loads. They increase the losses
in equipment, feeds, distribution and transmission lines,
most of time requiring the addition of capacitors.

Power Quality Problems in Induction Motors
Electric motors are everywhere in modern society. In
industry they comprise about 80% of the electrical load
and their failure or disconnection cause loss of pro-
duction and consequently economic losses. Motors are
a prime example of the ways electrical equipment can
be both a source and a victim of power quality disrup-
tions in an industrial facility. Large motors can cause
voltage sags in local and adjacent areas when they are
started, individually or in groups. Induction motors can
have a negative impact on a power factor, due to their
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need for reactive energy. However, motors can also
be negatively affected by disturbances in a number of
ways, with results that can include decreased efficiency,
reduced lifespan and even complete failure. Generally
the factors mentioned above are the cause of several
types of power quality problems commonly seen in in-
duction motors, described as follows.

Overvoltage may cause, depending on the design
of the motor, saturation of the core iron, leading to
generation of harmonics and motor overheating. The
induction motor torque may be increased significantly
over the load torque and the motor may reach an un-
desirable overspeed. On the other hand an undervoltage
decreases the torque and the current increases in order
to supply the load torque. The decrease in torque may
be enough as to not start the load or the motor may stall
due to insufficient running torque. The increase in cur-
rent results in greater joule losses in the rotor and stator,
that may lead to overheating. A voltage imbalance may
cause overheating of one or two phase windings, as
well as shaft vibrations. Imbalance should be less than
1% in order to properly supply the load and the motor
should not operate if the voltage imbalance exceeds 5%.
The aforementioned situations result in a decrease in
motor efficiency and shortens its life. A voltage sag usu-
ally leads to a motor disconnection from the supply by
the protection system. Voltage transients stress motor-
winding insulation, causing degradation over time, or
even complete failure. All the voltage problems de-
scribed can lead to a load disconnection impairing the
power quality of the consumers supplied by the motors.

A major effect of harmonic voltages and currents
in induction motors is increased heating, as already
mentioned, due to iron and copper losses at the har-
monic frequencies, especially due to the harmonics of
low orders, that have larger magnitudes. The harmonic
components thus affect the machine efficiency, and can
also affect the torque developed. Harmonic currents in
a motor can give rise to a higher audible noise emission
as compared with sinusoidal excitation. The harmonics
also produce a resultant flux distribution in the airgap,
that can cause or enhance phenomena called cogging
(refusal to start smoothly) or crawling (very high slip)
in induction motors.

Each harmonic voltage, the fifth, seventh, eleventh,
etc., will induce a corresponding harmonic current in
the stator of the machine. Each of these harmonics is
a positive or negative sequence symmetrical component
of the total current. These currents will induce addi-
tional heating in the stator windings, thus adding to the
temperature rise caused by the fundamental current.

Another generally greater concern is the flow of har-
monic currents in the rotor. The flow of each current in
the stator will produce a magnetomotive force in the

airgap that will induce current flow in the rotor of the
machine. Just as each characteristic harmonic can be
defined as being a positive or negative sequence, the
rotation of that harmonic will be either forward or back-
ward with respect to rotor rotation. The fifth harmonic
will rotate in a backward direction (negative sequence),
so a harmonic current will be induced in the rotor with
a frequency corresponding to the net rotational differ-
ence between the fundamental airgap frequency and the
fifth, i.e., the fifth plus one, or the sixth harmonic. Since
the seventh harmonic will rotate in a forward direction
(positive sequence), a harmonic current will be induced
in the rotor with a frequency corresponding to the net
rotational difference between the seventh and the fun-
damental airgap frequency, i.e., the seventh minus one,
or the sixth harmonic. Thus, from a rotor heating stand-
point, the fifth and the seventh harmonics in the stator
combine to produce a sixth harmonic current in the ro-
tor. The 11th and the 13th harmonics act in the same
manner to produce the 12th harmonic current in the ro-
tor, and so on with higher order harmonic pairs. There
are two major concerns with these rotor harmonics:

� Resultant rotor heating� Pulsating or reduced torques.

The amount of rotor heating that can be tolerated, as
well as the amount that is incurred in a given case,
depends on the type of rotor involved. Wound-rotor
machinery is more likely to be more seriously af-
fected than squirrel-cage rotor machinery, and deep bar
squirrel-cage rotors are more affected than ordinary
squirrel cages. Winding losses generally are of more
concern than iron losses. The sum effect of the har-
monics is a reduction in the efficiency and life of the
machinery. Neither reduction is pronounced for nor-
mally encountered harmonic content, but the harmonic
heating typically reduces performance to 90�95% of
that which would be experienced with pure fundamen-
tal sine waves applied.

As noted before, the harmonics can also cause a pul-
sating torque output. This can affect product quality
where motor loads are sensitive to such variations, e.g.,
in some synthetic fiber spinning or some metal work-
ing applications. In cases in which substantial inertia
is coupled to the rotor shaft, e.g., in a motor-generator
or engine-generator, the electrical harmonics can excite
a mechanical resonance. The resulting mechanical os-
cillations can cause shaft fatigue and accelerated aging
of the shaft and connected mechanical parts.

In an induction motor due to the airgap a large mag-
netizing current is needed to produce the required flux
in the motor. At zero-load the active component of the
current is very low while the magnetizing current is
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high, and as a consequence the power factor is very low,
between 10 and 20%. When the motor is loaded, the
power factor increases because the active component of
current increases while the magnetizing component re-
mains about the same, and the power factor is between
85 and 90% at full load. A low power factor demands
more current from the supply than a load with a high
power factor. The higher currents increase the energy
lost in the distribution and transmission systems and
require larger wires and sometimes the installation of
new equipment, such as power transformers, circuit-
breakers, current transformers. etc. Because of the costs
of larger equipment and the wasted energy, electrical
utilities will usually charge a higher cost to industrial
or commercial customers where there is a low power
factor.

6.2.14 Advanced Motor Technologies

Advanced technologies such as the squirrel-cage AC in-
duction motors that use die cast copper rotors and linear
induction motors are briefly presented.

Die Cast Copper Rotor Motors
Until recently, die cast motor rotors were universally
produced using aluminum because rotor fabrication by
aluminum pressure die-casting was an established prac-
tice, and copper pressure die-casting was not. When
die-casting copper rotors using conventional die-casting
techniques, the short die life results from the large tem-
perature difference between the pouring temperature
of the liquid copper (melting temperature is 1083 ıC)
and the temperature of the die (typically 100�200 ıC),
while for aluminum the melting temperature is 660 ıC.
When the hot copper contacts the die, the resultant
thermal expansion of the die surface results in the gen-
eration of extremely large plastic strains following each
shot. However, this problem has been surpassed when
the die is pre-heated and operating temperatures are in-
creased to about 600 ıC, so that the surface strain can
be reduced into the elastic range, greatly reducing heat
checking and so extending die life [6.49, 50].

Although the cost of die-casting a copper rotor is
higher than that of die-casting an aluminum rotor, the
overall cost of the motor utilizing the copper rotor can
be lower. General purpose die cast copper rotor mo-
tor costs are about 11�17% higher than conventional
premium efficiency motors (IE3 class), but the overall
loss reductions may be around 25%. As the reduction
in losses implies a lower temperature in the motor, the
use of a small fan is possible, that in turn causes a re-
duction in friction and windage losses. Running the
motor cooler is known to extend motor life. An em-
pirical law suggests that a 10 ıC reduction in operating

temperature will extend the motor life by a factor of
two. Low losses implies less energy consumption, re-
ducing the stress on the environment as a result of low
CO2 emissions. Copper rotor motors generally exceed
the premium minimum full-load efficiency motors (IE3
class), by 0:6�2 percentage points. High efficiency im-
plies reduced electrical energy consumption year after
year due to significantly lower losses, with attractive
payback and return on capital investment. Due to the
higher efficiency of the copper rotor, the overall length
of the rotor (and motor) can be decreased. Shortening
the motor eliminates some of the rotor and stator lam-
inations, decreases the amount of stator windings, and
reduces the length of the shaft, reducing cost in each
case. The increased cost of die-cast copper rotors is
more than off-set by the cost savings elsewhere in the
motor.

Copper rotor motors are being manufactured in
small sizes where permanent magnet synchronous mo-
tors are also a choice for higher energy efficiency,
although the latter are generally more expensive. Thus,
die cast copper rotor motors, because of their higher ef-
ficiencies appear to be the appropriate advancement for
the general industrial motor population. As the size of
the motor increases the efficiency gains of the die cast
copper rotor motors are expected to decrease, as over
200HP other motor technologies will provide better ef-
ficiency improvement opportunities. However, for the
majority of industrial motors, in the range 1�200HP,
die cast copper rotor motors are the newest technology
for lowering motor operating costs, especially in the
lower horsepower ranges. Die cast rotor motors come
in NEMA and IEC frames, so they can be drop-in re-
placements for conventional motors [6.51].

Linear Induction Motor
In a linear induction motor (LIM) both the primary
and secondary are laid out flat. The primary consists
of a three-phase coil assembly, equivalent to the stator
of a rotary motor. The secondary, known as a rotor in
a traditional rotary induction motor is a plate, made of
aluminum or copper. In fact the basic difference with
respect to a conventional induction motor is the substi-
tution of the angular movement by a linear movement.
Thus, the properties of a linear induction motor are
almost identical to those of a conventional induction
motor. Thus, the slip is

s D vs � v

vs
; (6.185)

where vs D synchronous linear speed and v D rotor
speed.

When three-phase AC power is applied to the pri-
mary, a traveling flux wave with a wavelength of �
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and linear velocity vs D �f , where f is the supply fre-
quency, induces an electric current in the secondary
plate. The induced electric current interacts with the
magnetic flux to produce a linear force or thrust that
moves the secondary plate in the direction of the travel-
ing flux wave

F D P

vs
; (6.186)

where F is the force or thrust and P is the power
transferred from the stator to the rotor.

In general, the rotor has a single plate, while two flat
stators are usually mounted, face to face, on opposite
sides of the rotor to increase the power and to reduce
the reluctance of the magnetic path. The direction of the
motor can be reversed by interchanging any two stator
leads. The speed of the motor can be varied by changing
the input frequency using an adjustable frequency drive.

A typical three-phase linear induction motor is
shown in Fig. 6.69. The primary core has grooves,
and the windings are laid into them on top of each
other. An aluminum plate above (not shown) serves as

Fig. 6.69 Typical three-phase linear induction motor
(from Wikipedia)

the secondary and will move relative to the primary if
a three-phase AC is applied.

LIMs have been built in fractional-horse-power rat-
ings up to several thousand horsepower. The main
application of the LIM is in transportation and in elec-
tric traction systems. The primary is mounted on the
train and the secondary is laid on the track. It is also
used in: metallic conveyor belts, material handling in
cranes, pumping of liquid metals, freight cars in yards,
reciprocating motion for machine tools and actuators
for the movement of doors.
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7. Transformers

Peter Werle , Hartmut Brendel

All industrialized countries depend on functioning
and flawless power transmission and distribu-
tion at various voltage levels, which is achieved
through the use of power transformers. This im-
plies that power transformers are among the most
important (and expensive) devices used in power
transmission and distribution systems. Indeed,
transformers are indispensable, as they are used to
transition between voltage levels at the junctions
of energy supply systems. A transformer failure
can therefore cause an interruption in the power
supply, which can have terrible consequences.
However, many transformers remain in service
for many decades without showing any notable
malfunctions, and these devices are generally con-
sidered to be reliable and efficient.

In this chapter, the fundamental design and
functional principles of a power transformer are
described in detail, differentiating between its ac-
tive and passive parts. Power transformer testing
is also discussed, referencing various international
standards. Finally, various types of transformers
are briefly introduced. Thus, the chapter provides
a comprehensive overview of all the basic tech-
nical aspects of power transformers, although the
servicing, maintenance, and asset management of
transformers are only outlined here, as a more de-
tailed discussion of these important topics would
require an additional chapter.
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7.1 Fundamentals

7.1.1 History

As is often the case for important inventions, the trans-
former was not devised by just one person. The design
of this invaluable device is the cumulative result of
a whole series of groundbreaking discoveries and in-
ventions. In 1831, Michael Faraday discovered the
principle of induction using a device that presented all
of the characteristics of a transformer [7.1], as shown in
Fig. 7.1a.

Faraday applied two windings of copper wires that
were insulated from each other using fibers and calico
on a soft-iron ring. As shown in Fig. 7.1b, he placed
one winding around a magnetic needle and connected
the other winding to a battery. By switching the bat-
tery supply on and off, Faraday generated an alternating
current and was able to demonstrate magnetic induction
in the second coil because the magnetic needle started
to move. This arrangement of two separate windings
that are magnetically coupled by a soft-iron ring fulfills

© Springer Nature Singapore Pte Ltd. 2021
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https://orcid.org/0000-0002-7560-0030
https://orcid.org/0000-0002-2951-1352
https://doi.org/10.1007/978-981-32-9938-2_7


Section
7.1

444 7 Transformers

Iron ring

To batteryA

B

a) b)To galvanometer

Fig. 7.1 (a) Sketch of Faraday’s experiment [7.1]. (b)Modern version of the experiment [7.2]

the principles of a transformer, but it took more than
50 years for Faraday to develop a practical use for this
system [7.3].

In 1856, Cromwell Fleetwood Varley obtained an
English patent (3059/1856) for the first apparatus with
a closed magnetic circuit in the form of a shell-type
transformer. However, a practical use for this circuit re-
mained elusive during that period.

In 1882, Lucien Gaulard and John Gibbs invented
a transformer with disc windings on an iron core (En-
glish patent 4362), as shown in Fig. 7.2. They called
their transformer a secondary generator, which subse-
quently led to the classification of the transformer as
an electrical machine – a classification that is still used
today. At the same time, they also patented an energy
distribution system based on alternating currents with
transformers connected in parallel in a circular network
several kilometers long. Light bulbs were connected to
the secondary sides of the transformers; this represented
the first commercial application of transformers.

In 1885, George Westinghouse purchased the trans-
former patents of Gaulard and Gibbs. In the same
year, the Hungarians Károly Zipernowsky,Miksa Déri,
and Ottó Bláthy received a patent (Deutsches Re-
ichspatent, DRP 40414) for the parallel connection of
generators, transformers, and consumers, and used the
term transformer for the first time [7.4]. They devel-
oped a kind of shell-type transformer, as illustrated in
Fig. 7.3, with a core made from soft magnetic wires
wrapped around the coils. This represented the first
example of a transformer with a closed iron core. It
was subsequently manufactured by the company Ganz
& Cie in Budapest and commercialized around the
globe.

All of these breakthroughs relate to single-phase
systems. Further development was achieved through
the work of Westinghouse, based on Nikola Tesla’s
invention of two-phase alternating current, and this de-
velopment allowed the alternating current promoted by
Westinghouse and Tesla to prevail against the direct cur-

Fig. 7.2 Model in the Museo Galileo (Florence, Italy) of
the transformer constructed by Gaulard and Gibbs [7.4]

rent championed by Thomas Edison in the so-called
battle of currents.

The three-phase system was essentially developed
by Mikhail Dolivo-Dobrovolsky while he was working
for the Berlin-based company Allgemeine Elektricitäts-
Gesellschaft (AEG), where he later took on manage-
rial positions. He introduced the term Drehstrom (ro-
tary current) for German-speaking countries; in other
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Fig. 7.3 The transformer manufactured by Ganz &
Cie [7.4]

territories, the term three-phase (alternating) current
is used. Energy transmission using a 15 kV three-phase
system occurred for the first time in a successful exper-
iment to transmit energy over the considerable distance
(175 km) from the hydroelectric power plant in Lauffen
(on the Neckar River in Germany) to the international
electrotechnical exhibition of 1891 in Frankfurt [7.5].
Figure 7.4 shows the oil-insulated transformers thatwere
used in this experiment. These transformers, made by
AEG, were based on a design known as temple core. The
basic principle of this oil-insulated transformer design
resulting from the pioneeringwork of Dolivo-Dobrovol-
sky at AEG in the 1920s is still employed today.

After that, power transformer development con-
tinued in a discontinuous manner: phases of new in-
ventions were repeatedly interrupted by new advances
based on new materials and technologies. After 1945,
there were particularly notable advances in oil-insulated
power transformer reliability and service life. Among
the most important innovations were the transitions
from hot-rolled core sheets to cold-rolled textured
sheets and from soft paper insulation to molded parts
made from pressboard. These innovations, which were
incorporated into transformer construction over a pe-
riod of just a few years, had a major impact on the
quality and longevity of transformers.

As already mentioned, the definition of a trans-
former as an electrical machine can be traced back
to Gaulard and Gibbs, who defined the transformer
as a secondary generator. Note that, in principle, all
electrical machines can be considered electromagnetic
energy converters.

According to the European Machinery Directive,
a machine should contain at least one moving part [7.6].
This requirement is met by all rotating electrical ma-
chines. However, all of the components of a transformer

Temple-type

Fig. 7.4 Three-phase oil-insulated transformer with a tem-
ple core, as constructed by the company AEG in 1891 [7.5]

are rigidly connected to each other. Thus, a trans-
former can be categorized as a stationary electrical
machine that electromagnetically transfers electrical
energy from one system with particular current and
voltage values to another system with different current
and voltage values at the same frequency [7.7].

It should be noted that the device referred to as
a transformer in this chapter is actually known by
various names, depending on the area of electrical en-
gineering considered:

In power engineering ) power transformer
In information technology ) transducer
In measurement technology ) instrument transformer.

In the following, only transformers in the area of
power electrical engineering are considered.

7.1.2 Functional Principle and Basic Design

In a transformer, two separate windings are coupled via
a magnetic circuit in the form of an iron core, as de-
picted in Fig. 7.5.
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Fig. 7.5 Principal components of
a transformer [7.2]

A magnetic field is generated in a transformer ac-
cording to the following general principle:

A moving electric charge generates a magnetic field
of intensity H.

The moving electric charge can be a current flow-
ing in an electrical conductor with current density J or
a time-varying displacement current density D caused
by a temporally changing electrical field. Both types of
moving charge are generalized as a flux 	 . Mathemat-
ically, this is formulated as Ampère’s law, the fourth of
Maxwell’s equations, which states that the ring integral
around the closed curve x is equal to the sum of the cur-
rent densities through the surface A, i.e., [7.7]

I

x

Hdx D
“

A

�

JC @D
@t

�

dA D 	 : (7.1)

Transformers operate with quite slowly changing fields
that are termed quasi-stationary fields. The displace-
ment current in the highly conductive materials used in
a transformer is negligible compared to the conduction
current. Therefore, (7.1) can be simplified to

I

x

Hdx D
“

A

JdA D
X

I D 	 : (7.2)

This equation directly links the magnetic field strength
H to the current.

The closed loop integral of the magnetic field
strength is equal to the current in the loop. From
Fig. 7.6,

H

x Hdx is i1 C i2 C i3, which is equal to w i,
where w is the number of turns of the winding in
Fig. 7.7 and i is the current through the winding. The
magnetic field strengthH (in Am) is independent of the
surrounding medium. The magnetic flux density B (in
V s=m2 D T) is a function of the magnetic field strength

H

i1 i2 i3

Fig. 7.6 Ring
integral of the
magnetic field
strength

and the permeability � of the surrounding medium (as
a proportionality factor). Thus, the expression

B D �H (7.3)

is valid.
The permeability is the product of the vacuum per-

meability or magnetic constant �0 and the relative
permeability �r, i.e.,

�D �0�r : (7.4)

The value of the magnetic constant �0 is given by

�0 D 4 � 10�7 V s

Am
D 1:257�10�6 V s

Am
: (7.5)

The materials used for transformer cores are ferromag-
netic (�r 	 1); meaning that they can bundle a mag-
netic flux ˚ and conduct it along a specified path. The
magnetic flux ˚ [V s] is given by the area integral of
the magnetic flux density

˚ D
“

A

BdA : (7.6)
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H

Fig. 7.7 Cylindrical winding with w turns

When the flux density over a surface A is constant, the
flux ˚ is equal to the product of the flux density B and
the surface area A, i.e.,

˚ D B �A : (7.7)

If the primary voltage V1 in Fig. 7.5 is a direct current
(DC) voltage and therefore I1 is a DC current, an elec-
trical flow is generated and a constant magnetic flux ˚
builds up in the core, but no permanent voltage is in-
duced in the secondary winding.

Only when V1 is an alternating voltage, and there-
fore I1 is an alternating current, an alternating voltage
(V2) is induced in the secondary winding. This happens
due to the alternating magnetic flux ˚ generated in the
magnetic circuit by the presence of I1, thus an electrical
field E is induced according to the second of Maxwell’s
equations. This equation is called Faraday’s law of in-
duction, and can be written in an integral form as [7.8]

I

x

Edx D � @

@t

“

A

BdA : (7.8)

The voltage along the edge of the surface is the time
derivative of the magnetic flux ˚ through the surface A.
If the edge of this surface is a conductor loop (e.g.,
a winding turn of the secondary winding in Fig. 7.5),
a voltage Vi is induced, as shown in Fig. 7.8.

B(t)

Vi(t)

Fig. 7.8 Voltage Vi.t/ induced in a time-varying magnetic
field B.t/

Assuming a varying flux ˚ through area A, the
winding turn voltage Vi.t/ of the conductor loop of area
A is calculated according to Fig. 7.8 as

Vi.t/D �d˚.t/

dt
D �A � dB.t/

dt
: (7.9)

The negative sign in (7.9) indicates that the induced
voltage is in the opposite direction to the magnetic field
that creates it (Lenz’s law). A voltage V2 is induced
across all of the turns w2 of the secondary winding in
Fig. 7.5.

V2.t/D �w2
d˚.t/

dt
D �w2A � dB.t/

dt
: (7.10)

This form of induction is called mutual induction.
If the magnetic flux is sinusoidal, the change in

flux is zero at the maximum value of the flux, whereas
the change in flux is greatest at the zero crossing of
the sinusoidal function. Therefore, the induced voltage
Vi.t/ is phase shifted by a 90ı lag with respect to the
magnetic flux ˚.t/. The maximum induced sinusoidal
voltage can be calculated via

Vmax D w

�

d˚

dt

�

max
D wA �

�

dB
dt

�

max
: (7.11)

For sinusoidal functions such as sin.!t/ with a circular
frequency ! of

! D 2 f ; (7.12)

this results in

Vmax D w2 f˚max D w2 fA �Bmax : (7.13)

Since the root mean square (RMS) value of the induc-
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V1 V2 V3

Fig. 7.9 Different
conductor loops
around a core with
�r D 1

tion voltage is V D Vmax=
p
2, the RMS value of the

induced voltage can be obtained as

Vi.RMS/ D 2 fp
2
w˚max D 2 fp

2
wA �Bmax : (7.14)

This is known as the transformer equation. It shows
that, for a transformer operating at a constant frequency
f , the magnitude of the induced voltage is determined
by the magnitude of the magnetic flux ˚max [7.9].

According to Ampère’s law, no winding voltage is
induced in incomplete windings.

The iron core of the simple transformer shown in
Fig. 7.5 has a particularly high magnetic conductivity
and encloses the magnetic flux. Although it is not infi-
nite, the relative permeability of the core material is so
high that it can be assumed that all magnetic field lines
pass through the iron core. Such a transformer with no
leakage of magnetic flux is said to be ideal.

Therefore, the closed loop integrals of the areas en-
closed by the conductors in the arrangements shown in
Fig. 7.9 are identical, meaning that the induced volt-
ages V1, V2, and V3 are also identical, irrespective of
the path shape. Thus, only the effective cross-sectional
area of the core column AFe in Fig. 7.5 is relevant to the
induction. For the secondary winding of the transformer
shown in Fig. 7.5, the RMS of the induced voltage V2

can be determined via the transformer equation as

V2 D 2 fp
2
w2˚max D 2 fp

2
w2AFe �Bmax : (7.15)

For a constant frequency, the magnitude of the in-
duced voltage depends on the number of turns w and
the effective core cross-section AFe. For power trans-
formers, the primary voltage is usually specified by the
network. However, the primary winding also encloses
the core and therefore the magnetic flux, so a voltage is
induced, which is known as the self-induction voltage

V1. This voltage is calculated as

V1 D 2 fp
2
w1˚max D 2 fp

2
w1AFe �Bmax : (7.16)

For an ideal transformer, the primary voltage V1 applied
determines the magnitude of the magnetic flux ˚max.
If the flux distribution in the core cross-section AFe is
uniform, the resulting flux density Bmax determines the
secondary induced voltage V2 [7.8]. Therefore, using
(7.15) and (7.16), the voltage ratio for an ideal trans-
former can be determined as

V1

V2
D

2 fp
2
w1˚max

2 fp
2
w2˚max

D w1

w1
; (7.17)

which results in
V1

V2
D w1

w2
D n : (7.18)

According to the law of conservation of energy for an
ideal lossless transformer, the equation

V1I1 D V2I2 (7.19)

is valid, which yields the current ratio

I1
I2

D V2

V1
D w2

w1
D 1

n
: (7.20)

Given that the impedance Z D V=I, the impedance ratio
can be determined as

Z1
Z2

D V1

I1
� I2
V2

D V1

V2

I2
I1

D
�

w1

w2

�2

D n2 : (7.21)

It is clear from the ratio equations that a transformer
can be used for different purposes: voltage transforma-
tion is used to generate the high voltages needed to
facilitate low-loss electrical energy transmission; cur-
rent transformation is employed to produce the high
currents needed by various industries (e.g., for melting
processes); and impedance transformation is performed
in transducers utilized in information technology appli-
cations.
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Technical Design
Any transformer can be divided into two parts: the ac-
tive and passive parts (see Fig. 7.10).

Components in the active part (shown in yellow in
Fig. 7.10):

� The magnetic circuit, consisting of the core with
limbs, reflux limbs, and yokes� Electrical circuits along with the windings and tap
changers.

Components in the passive part:

� Supporting and pressing elements� Bushings� Containers, such as a tank, cover, or housing and the
cooling system� Protection, measuring, and control equipment, in-
cluding their power supplies.

Sometimes the active part is considered to comprise all
of the components that can be lifted out of the tank.

E

OQ

A

C
B

K M

J

L

I

G

H

F

D
P

N

Fig. 7.10 Components of a liquid-filled power transfor-
mer [7.10]. A: high voltage bushing, B: low voltage bush-
ings, C: tertiary winding bushings, D: HV neutral bushing,
E: LV neutral bushing – rigidly grounded, F: top of on-
load tap changer (OLTC), G: diverter switch with seperate
compartment, H: selector, I: OLTC motor drive, J: winding
block, K: part of the lead system, L: core, M: voltage de-
pendent resistor, N: control cabinet, O: cooling radiators,
P: cooling fans, Q: connection to current transformer

Depending on the transformer design, such a definition
is only partially correct, because supporting elements
and tank parts (such as the cover) are sometimes lifted
out along with the main active components.

The components of a transformer are explained in
more detail in the next section.

7.1.3 Single-Phase Considerations

According to the induction law, a single-phase trans-
former can only be operated in an alternating current
(AC) network. This network usually has various con-
sumers, so the transformer interacts with these con-
sumers. This operational interaction is discussed in
more detail in the following.

Equivalent Circuit
In order to investigate the interaction mentioned above,
the transformer is simplified by representing it as an
equivalent circuit with ideal components. For sinusoidal
processes, the relationships between electrical param-
eters are presented using phasor diagrams. However,
the transmission ratio for a real transformer is usually
	 1, meaning that the voltage and current phasors have
different lengths on the primary and secondary sides,
which causes problems. Therefore, either the phasor
scale must be adjusted or a transformation ratio of n D 1
must be assumed. The latter is a simpler approach and
is used below.

A circuit diagram of a single-phase transformer is
shown in Fig. 7.11. The primary and secondary sides
are each represented by a coil, so a secondary voltage
V2 is induced through the coupling based on the primary
voltage V1.

It is clear from the circuit diagram shown in
Fig. 7.11 that a single-phase transformer is a two-port
network. If the coils or windings have the same number
of turns (i.e., if n D 1), the equivalent circuit can be sim-
plified by using an inductive reactance Xk, as depicted
in Fig. 7.12.

I1 I2

V1 V2

Core

Magnetic coupling

Fig. 7.11 Circuit diagram of a single-phase transformer
with primary and secondary windings
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I1 I2

V1 V2Xk

Fig. 7.12 Single-
phase transformer
with windings
represented by an
inductive reactance
Xk

In order to determine the operational behavior of
a real transformer, it is necessary to consider the fol-
lowing deviations from ideality and incorporate them
into the equivalent circuit scheme:

1. The relative permeability of the iron core is not infi-
nite (�Fe ¤ 1). The relationship between B and H
is given by the hysteresis loop as the nonlinear de-
pendence B D f .H/ (see the next section). Losses
occur in the core material due to the change in di-
rection of the magnetic flux in the iron core. These
are called hysteresis losses.

2. The resistance of the core material is not infinite.
According to the law of induction, eddy currents
can also form within the core material, causing
ohmic losses. Accordingly, when n D 1, the sum of
the primary and secondary currents is not equal to
zero in Fig. 7.12 (I1 C I2 ¤ 0). The hysteresis and
eddy current losses in the transformer core are in-
corporated into the equivalent circuit diagram by
including a resistor RFe connected in parallel, as
shown in Fig. 7.13.

3. The relative permeability of the material surround-
ing the core and the windings (air, insulating fluid)
is �air;fluid ¤ 1. This, together with the fact that the
relative permeability of the iron core is not infi-
nite (�Fe ¤ 1), implies that a small portion of the
magnetic flux flows not only through the core but
also through the surrounding materials. This part
of the magnetic flux is called the leakage flux. The
flux through the primary winding is larger than the
flux through the secondary winding, as shown in
Fig. 7.14.

4. The resistance of the conductor used in the wind-
ings is not zero. The current flowing through the
primary and secondary windings generates ohmic
losses. According to the law of induction, leak-
age fluxes can also prompt the formation of eddy
currents within the winding material, which leads
to further ohmic losses. The winding losses there-
fore consist of the ohmic losses of the winding
conductors and the eddy current losses in them as
a function of the leakage flux. In the equivalent cir-
cuit of the transformer, the primary and secondary

I1 I2

V1 V2XkRFe

Fig. 7.13
Accounting for core
losses through RFe

V1 V2

Φk

ΦS

Fig. 7.14 Main flux ˚k and leakage flux ˚S

leakage fluxes are represented by leakage or stray
inductances XS1 and XS2, and the sums of the ohmic
and eddy losses in the windings are denoted by the
ohmic winding resistances R1 and R2, as illustrated
in Fig. 7.15.

Due to the voltage drops at the winding resistances
and reactances, the primary and secondary voltages are
not equal .V1 ¤ V2/.

No-Load Operation
No-load operation is the operating state of the trans-
former in which a voltage V1 is applied on the primary
side with no load (consumer) on the secondary side, as
illustrated in Fig. 7.16.

The applied voltage V1 produces the no-load cur-
rent I0. The no-load current consists of the iron leakage
current Iv (a pure active current) and the magnetiz-
ing current I� (a pure reactive current) to build up the
magnetic flux. The no-load current I0 generates the al-
ternating magnetic flux ˚ in the core, which induces
the voltage V2 in the secondary winding and the self-
induction voltage V in the primary winding. The small
difference between the voltages V1 and V drives the tiny
current I0, which is delayed compared to V1. In modern
transformers, the no-load current is on the order of just
1�2% of the rated current on the primary side [7.11].

The phasor diagram for no-load operation is illus-
trated in Fig. 7.17. This diagram shows the no-load
situation qualitatively, whereas the voltagesVR1 andVS1
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I1 I2

V1 V2Xk

XS1 XS2

RFe

R1 R2
Fig. 7.15 Equivalent circuit of
a single-phase transformer

I0 I0
Iv Iμ

I1 = 0

V1

VR1

V2V Xk

XS1

VS1

XS2

RFe

R1 R2

Fig. 7.16 Equivalent circuit for
no-load operation

VS1

VR1

V1

V

I0
Iv

Iμ

–V2

Φ

n = 1

Fig. 7.17 Phasor
diagram for no-load
operation according
to the equivalent
circuit shown in
Fig. 7.16

can be neglected in reality, meaning that the voltages
V1;V, and V2 are almost equal.

The magnitude of the no-load current I0 can be
influenced by the construction of the transformer; in
particular the design of the transformer core.

Inrush Current. When transformers are energized,
current impulses with high amplitudes can occur. As
shown in Fig. 7.16, the primary voltage V1 is shifted
with respect to the magnetic flux ˚ by 90ı. If the
transformer is connected to the network at maximum
voltage, the magnetic flux ˚ is zero. As the voltage

decreases sinusoidally, the magnetic flux increases si-
nusoidally, and no unusual stresses occur. However, if
the transformer is energized at the zero crossing of the
primary voltage V1, the magnetic flux˚ should be at its
maximum value, which causes a high inrush magnetiz-
ing current to flow in order to establish the maximum
magnetic flux so that the normal situation between V1

and ˚ is attained. Due to the high magnetization cur-
rent, the core can be driven to saturation because the
magnetization current can be up to 50 times higher than
the normal magnetizing current in unfavorable circum-
stances [7.12]. Due to the ohmic resistance R1 and the
leakage inductance XS1 of the primary winding, the in-
rush magnetization current is strongly attenuated and
therefore decays rapidly. The inrush current can be lim-
ited in power networks by reducing the supply voltage
as far as possible before energization. Another way to
limit the inrush current is to use compensation induc-
tances in the network.

Operation Under Load
When the transformer is loaded, a voltage V1 is applied
on the primary side and a load ZA is connected to the
secondary side, as shown in Fig. 7.18. Hence, the cur-
rent I2 flows through the secondary winding and the
load. The primary current I1 flows through the primary
winding and, despite the galvanic isolation between the
primary and secondary circuits, load changes on the
secondary side affect the current on the primary side.

The applied voltage V1 establishes the primary cur-
rent I1, which consists of the no-load current I0 and
the current I2 corresponding to the secondary load. I1
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I0 I2

Iv Iμ

V1

VR1

ZAV2

I2

V Xk

XS1

VS1 VS2 VR2

XS2

RFe

R1 R2

Fig. 7.18 Equivalent circuit for
operation under load
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Φ

n = 1
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–V2

–I2

–VR2 –VS2

–V

Φ

a) b)
Fig. 7.19 (a) Phasor diagram for
ohmic-inductive load. (b) Phasor
diagram for ohmic-capacitive load

generates the primary voltage drops on R1 and XS1 and
creates the magnetic flux ˚ , whereas the secondary
current I2 generates voltage drops on R2 and XS2 and
influences the magnetic flux ˚ .

The pointer diagrams for operation with an ohmic-
inductive load and an ohmic-capacitive load are shown
in Fig. 7.19a,b, respectively. The phasor diagrams are
again presented for a transmission ratio n D 1, and
some voltage drops and the no-load current are shown
larger than in reality to highlight the qualitative correla-
tions.

When the transformer is subjected to a more ca-
pacitive load, as assumed in Fig. 7.19b, the secondary
winding and the capacitive load form an oscillating cir-
cuit, so the voltage V2 can be greater than V. This is
called a capacitive voltage increase.

In reality, the phasor diagrams can be simplified
by neglecting the no-load current I0 (which is much
smaller than the rated current) so that the currents I1
and I2 coincide. If the voltage drops on the winding re-
sistances VR1 and VR2 are combined to give VR and the
voltage drops VS1 and VS2 are combined to give VS, the

phasor diagram shown in Fig. 7.20a is obtained. The
triangle created by the voltages VR, VS, and Vsc (short-
circuit voltage) is called the Kapp triangle after its
developer Gisbert Johann Eduard Kapp [7.13].

The Kapp triangle as shown in Fig. 7.20b describes
the load-dependent longitudinal voltage drop of a trans-
former. This consists of an ohmic component and an
inductive component.

If a transformer is short-circuited on the secondary
side and the primary voltage V1 is increased until the
rated current flows on the primary side, the primary
voltage at this point is called the short-circuit voltage
Vsc. Based on Fig. 7.20a, this voltage can be calculated
as the sum of VR and VS. The voltage Vsc can be deter-
mined by splitting the voltages VR and VS back into the
voltages VR1, VR2, VS1, and VS1 and by considering the
transformer ratio n and therefore the current I2 D nI1;
in other words,

Vsc D .VR1 C nVR2/C .VS1 C nVS2/ ;

jVscj D
q

.VR1 C nVR2/
2 C .VS1 C nVS2/2 : (7.22)
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Fig. 7.20 (a) Simplified phasor diagram (ohmic-inductive
load). (b) Kapp triangle (shaded area)

Therefore, the short-circuit voltage Vsc of a transformer
is the geometric sum of its internal voltage drops at
nominal load.

A transformer can increase or decrease voltages, so
it has two different transmission ratios and two different
short-circuit voltages. However, normalizing the abso-
lute short-circuit voltage to the primary nominal voltage
via

vsc D Vsc

V1
� 100% (7.23)

gives a percentage value that is identical for both cases.
The relative short-circuit voltage vsc has the advantage
that it is valid for both the primary and the secondary
sides. At the same time, it allows different transformers
to be compared. Analogous results can be achieved for
the ohmic and inductive voltage drops, as shown below.

vR D VR

V1
� 100 ; (7.24)

vS D VS

V1
� 100 ; (7.25)

vsc D
p

vR2 C vS2 : (7.26)

The short-circuit voltage influences:

� The magnitudes of the secondary voltage and the
load-dependent voltage changes� The magnitudes of the surge and continuous short-
circuit currents� The load distribution for transformers operating in
parallel.

The short-circuit voltage Vsc is influenced by the design
of the transformer and – in particular – the design of the
windings.

From the vector diagrams shown in Figs. 7.19 and
7.20, it is clear that the magnitude of the secondary
clamping voltage V2 depends on the load ZA connected
to the transformer. For resistive or inductive loads, the
secondary voltage V2 decreases with increasing load.
For capacitive loads, this voltage increases with in-
creasing load. The influence of the type of load on
the secondary voltage can be illustrated in a simplified
form by an extended Kapp diagram. This assumes that
the applied primary voltage V1 is constant for an ideal
transformer with a transmission ratio n D 1, which is
sufficiently accurate if a power network is connected to
the primary side of the transformer. The extended Kapp
diagram depicted in Fig. 7.21 can be drawn based on
the equivalent circuit shown in Fig. 7.18. At its base
point A, the Kapp triangle is drawn with Vsc, VR, and
VS. Semicircles with radii corresponding to the applied
voltage V1 are drawn around A and B. Semicircle I
with A at its center represents the locus curve for V1,
whereas semicircle II with B at its center is the locus
curve for the secondary voltage V2.

The diagram in Fig. 7.21 illustrates the decrease in
V2 for an inductive load and the increase in voltage for
a capacitive load.

Efficiency. The efficiency � of an electrical machine is
defined as the ratio of the active output power Pout to
the active input power Pin, i.e.,

�D Pout

Pin
: (7.27)

The difference between these power terms corresponds
to the total losses Ploss; in other words,

Ploss D Pin �Pout : (7.28)

Transformer losses can be divided into no-load losses
P0 and short-circuit losses Psc. The no-load losses (also
known as iron losses) include hysteresis losses (re-
magnetization losses) and the eddy current losses in
the core. The short-circuit losses arise mainly from
ohmic losses and the eddy current losses in the wind-
ings, meaning that these losses depend on the current.
If a transformer is only partially loaded, the losses
decrease quadratically according to Psc D I2R, which
means that the short-circuit losses drop to 36% (D
L2fPsc) of the load losses Psc when the load is 60% (load
factor Lf D 0:6). Therefore, the total losses Ploss can be
calculated via

Ploss D P0 CLf
2Psc : (7.29)
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Fig. 7.21 Extended Kapp diagram
illustrating the effect of load type

The efficiency is then determined as

�D Pout

Ploss CPout
: (7.30)

Today, the efficiency of a modern power transformer
at rated power is usually above 98%. As an example,
a modern generator step-up transformer with a power
level of a few hundred MVA has a typical efficiency ex-
ceeding 99:5%.

Short-Circuit Behavior
During operation, power transformers can be exposed
to short circuits in the electrical network. The closer the
short circuit to the transformer, the greater its impact
on the transformer. The worst-case scenario is a ter-
minal short circuit on the secondary side. Every power
transformer must be able to withstand a secondary ter-
minal short circuit for a short period of time (typically
only a few seconds, e.g., 2 s). Since the current of-
ten exceeds the rated current when there is a short
circuit, the no-load current can be ignored in an equiva-
lent circuit. With the collapse of the secondary voltage,
the magnetic flux in the transformer core is also dras-
tically reduced, and the short-circuit current is only
limited by the internal resistances of the transformer.
The circuit diagram of a transformer for short-circuit
operation with the short-circuit current Isc is shown in
Fig. 7.22.

The complex impedance Zi in the network includes
the internal impedances R and X of the transformer
and the impedances of the network transposed with the
transmission ratio n. The latter depend on the location
of the transformer and are therefore not taken into ac-
count when designing the transformer. This means that,
in reality, the short-circuit current Isc that occurs upon

=^

Isc Isc

V1 V1 Zi

Fig. 7.22 Simplified equivalent circuit of a transformer for
short-circuit operation

isc(t)

R X

t = 0V sin(ωt)ˆ

Fig. 7.23 Equivalent circuit for a short circuit

a secondary-side terminal short circuit is always smaller
than that considered in the design.

In the following considerations, only the complex
internal resistance Zi of the transformer is taken into
account. During a short circuit, a balancing process that
brings the transformer to stationary short-circuit condi-
tions occurs. The simplified circuit shown in Fig. 7.23,
in which the internal resistances R and X of the trans-
former are connected to an AC source, is used.

If the switch in Fig. 7.23 is closed, the current isc.t/
is time dependent, as illustrated in Fig. 7.24. As can be
seen, the current initially has a higher amplitude than
the stationary short-circuit current.
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Fig. 7.24 Variation in the short-circuit current over
time [7.9]
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Fig. 7.25 Three-phase bank using three single-phase trans-
formers

For X D L (inductance), the time-dependent func-
tion isc.t/ in Fig. 7.25 can be approximated by

isc.t/D OI
h

sin
�

!t�  

2

	

C e� tR
L

i

; (7.31)

where OI is the peak current. The maximal value of the
current is obtained for !t D   as

OIscmax D Isc
p
2k ; (7.32)

where k is the correction factor determined via

k D 1C e�  R
X D 1C e�  

	 : (7.33)

For the typical ratio R=X D 1=8, the calculated cor-
rection factor k is 1.675, which results in a surge
short-circuit current of OIscmax D 2:37Isc.

This surge short-circuit current dictates the forces
that occur in the windings during a short circuit.
The continuous or stationary short-circuit current Isc D
V1=Zi D Vsc=Zi according to Fig. 7.22, and can be ob-
tained from the relative short-circuit voltage using

Isc D I1
100

vsc
: (7.34)

The relative short-circuit voltage vsc for power trans-
formers is typically between 3% and 12:5%, depending
on the size of the transformer. According to (7.34),
this results in continuous short-circuit currents that are
8 times higher for large transformers and 33 times
higher for network transformers. Knowledge of the con-
tinuous short-circuit current is important when defining
the permitted short-circuit duration and designing cur-
rent transformers and circuit breakers.

7.1.4 Three-Phase Operation

Concatenating three 120ı phase-shifted alternating
voltages leads to the creation of a three-phase system
that allows effective energy transmission. This is the
system used in conventional electrical power transmis-
sion networks. It can be realized by combining three
single-phase transformers to form a transformer bank,
as shown in Fig. 7.25. Single-phase transformers are
still used in modern networks with voltages of 750 kV
or more, since three-phase units for such networks
would be too large and heavy to transport. Indeed,
single-phase transformers may even be installed in net-
works with lower voltages, as only one unit needs to be
put out of operation when there is a single-phase failure,
and a spare unit is often stored on-site, meaning that
power interruption can be minimized. Thus, although
this setup is much more expensive than using one three-
phase transformer, this extra expensemay be acceptable
given that it should lead to increased reliability of the
power supply.

Transformers become highly effective when they in-
clude three or five limb cores. This approach was first
adopted in 1891 with the utilization of the so-called
temple core, as shown in Fig. 7.4. Ensuring that the volt-
ages in the symmetrical three-phase network and thus
the magnetic fluxes in the core legs of the transformers
are zero saves materials and costs.

If the windings of three single-phase transformers
are wound on only one leg, the cores can be assembled
at an angle of 120ı so that the unwound cores touch
each other, as illustrated in Fig. 7.26.

When a symmetrical three-phase voltage is applied,
the cores are magnetized. The voltages are phase shifted
by 120ı, so their geometric sum is zero. Therefore,
the unwound core limb in the center can be elimi-
nated and the wound limbs can either be joined together
in a temple configuration or, as developed by Dolivo-
Dobrovolsky for AEG, they can be joined together in
one plane [7.14]. This is demonstrated in Fig. 7.27. It is
assumed that the magnetic flux˚ flows from the bottom
to the top for a positive magnetizing current. Therefore,
various magnetic fluxes ˚.t/ result in the core at times
A, B, and C.
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Fig. 7.26 The magnetic fluxes in three single-phase cores
add up to zero at the center [7.8]
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Fig. 7.27 Magnetic flux distribution in a three-leg core
with a symmetrical load [7.8]

Figure 7.27 clearly shows that the center limb in
Fig. 7.26 can be removed, so a core with three limbs
is typically used for a three-phase system. Windings are
mounted on each limb, and they can be connected sep-
arately on the low- and high-voltage sides (e.g., using
a star or delta connection).

Vector Groups
The connection possibilities for the three low-voltage
or high-voltage windings on the three core limbs are
shown in Fig. 7.28a–c. The zigzag connection repre-
sents a special case.

Table 7.1 Abbreviations used for terminals and connec-
tions [7.10]

Winding HV LV
Terminals Start A B C a b c

End X Y Z x y z
Connections Delta D d

Star (wye) Y y
Zigzag z
Open I I I i i i

Winding HV LV
Terminals Start A B C a b c

End X Y Z x y z
Connections Delta D d

Star (wye) Y y
Zigzag z
Open I I I i i i

For the delta connection, the phase-to-phase volt-
age (e.g., VAB) is equal to the line voltage VAX D VA,
whereas the line current IAX is equal to the phase cur-
rent IA divided by

p
3. The delta connection is therefore

not suitable for very high voltages because the full volt-
age is always applied to each winding. Consequently,
the delta connection is more suitable for low-voltage
(LV) windings, and it has the additional advantage that
the current through the windings IAX is smaller than the
phase current IA. The opposite is true of the star con-
nection: the phase and line currents are equal but the
line voltage VA D VAX is equal to the phase voltage VAB

divided by
p
3, which makes the star connection more

suitable for high-voltage (HV) windings. The compli-
cated zigzag circuit is a combination of the star and
delta connections. It is particularly useful for compen-
sating for unbalanced loads in the network, but it is only
used for a small number of transformers because the
winding production process is more complicated and
the number of turns in the windings is 15% higher than
in the star connection [7.15].

The connections Yy, Yd, Yz, Dy, Dd, and Dz (see
the list of abbreviations used for various types of HV
and LV connections in Table 7.1) are possible and are
used in practice, whereas Zy, Zd, and Zz are theoreti-
cally possible but are not used.

The abbreviation Yy means that both the HV and
LV windings are connected in a star, but, as illustrated
in Fig. 7.29, there are various possible configurations
for a Yy connection.

If the neutral winding is accessible from outside
(a separate bushing on the tank), an N (for the HV side)
or n (for the LV side) is added after the code letter for
the type of connection. As an example, the vector group
YNd5, which is typically used for generator step-up
transformers, implies that:

� A star connection is used for the HV windings, and
the star is accessible� The LV windings are connected in a delta� The high voltage is 5�30ı D 150ı ahead of the low
voltage.

It can be shown that phase shifts of multiples of 30ı
between the HV and LV sides can be generated by
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Fig. 7.28 (a) Delta connection. (b) Star connection. (c) Zigzag connection
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Fig. 7.29a,b Possible configurations for a Yy connection:
(a) high-voltage windings; (b) low-voltage windings [7.8]

applying particular star, delta, and zigzag intercon-
nections [7.16]. This is indicated by the number or
phase-shift index at the end of each vector group, which
corresponds to a multiple of 30ı. The vector diagram for
the vector group Yd5 is shown in Fig. 7.30.

Among the 42 possible vector groups, there are 12
that are particularly important. These are listed in Ta-
ble 7.2. The vector groups Yy0, Yd5, Yd11, and Dy5
are the most popular.

Operation Under Unsymmetrical Load
As shown in Figs. 7.26 and 7.27, the number of core
limbs can be reduced to three for a symmetrical load.
In three-phase networks, however, asymmetrical loads
can occur, with only one phase supplying a load in the

VC

VB

VA

Vb

Vbc

Va Vca
Vc

Vab

V a
LV

V A
HV

150°

a) b) c)

Fig. 7.30a–c Vector diagram for the vector group Yd5: (a) HV windings (star connection), (b) LV windings (delta
connection), and (c) phase shift between the HV and LV sides [7.13]

worst case. Therefore, in the following, a single-phase
loaded transformer is considered.

Based on (7.3) and (7.7), the magnetic flux ˚ can
be calculated for a core cross-section of A via

˚ D B �A D A ��H : (7.35)

According to Ampère’s law for a quasi-stationary field,
I

x

Hdx D
X

I D w i ; (7.36)

the magnetic field strength H is strongly dependent on
the number of turns w in the winding and the current
i through the winding. The closed loop integral can be
simplified to

I

x

Hdx D H�x D HLFe ; (7.37)

where LFe is the average core length through which the
flux ˚ flows. This leads to

˚ D A ��H D A ��w i
LFe

/ .w i/ ; (7.38)

which implies that the magnetic flux in a core limb is
directly proportional to the product of the number of
turns w of the winding around the core limb and the
magnetizing current i flowing through this winding.
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Table 7.2 Phasor and connection diagrams for a selection of vector groups, as defined by the International Electrotech-
nical Commission (IEC) 60076 [7.17]

Index Vector
multicolumn

Phasor diagram Connection diagram
HV LV HV LV

0 D d 0

Y y 0

D z 0

5 D y 5

Y d 5

Y z 5

6 D d 6

Y y 6

D z 6

11 D y 11

Y d 11

Y z 11

Index Vector
multicolumn

Phasor diagram Connection diagram
HV LV HV LV

0 D d 0

Y y 0

D z 0

5 D y 5

Y d 5

Y z 5

6 D d 6

Y y 6

D z 6

11 D y 11

Y d 11

Y z 11
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Fig. 7.31 Single-phase loading of
a Yy6 transformer

These considerations result in the scenario pre-
sented in Fig. 7.31. This figure shows the magnetic flux
for a Yy6 transformer in which only one phase has
a load (Za).

As shown in Fig. 7.31, amagnetic flux is generated in
eachof the three core limbs, and all of thesefluxes areori-
ented in the samedirection, so the sumof the fluxes in the
core yokes does not equal zero. As a consequence, core
saturation is exceeded and the flux searches for another
path, resulting in stray flux that passes through the tank
walls for instance. Consequently, high losses caused by
eddy currents and hysteresis losses lead to overheating in
some areas, which can result in transformer failure in the
worst case. These stray fluxes also induce voltages in the
windings that significantly shift the potential of the star
point. This leads to a voltage drop in the loaded phase,
whereas the voltages of the unloaded phases increase. To
avoid such a scenario, the star points of Yy transformers
are permitted to be loadedwith up to10%of the rated cur-
rent so long as there is no additionally installed compen-
sation winding (e.g., a tertiary winding system in a delta
connection). This is an important restriction on the use of
Yy transformers in three-phase networks.

However, if a Yy transformer is equipped with an
additional (tertiary) winding system in a delta connec-
tion, the tertiarywindings compensate for an unbalanced
load situation. In the case of a single-phase load, a cur-
rent flows in the tertiarywinding on the loaded phase and
conditionally through the tertiary windings on the other
two core limbs. These currents create counterfluxes that
compensate for the uniformly oriented magnetic fluxes
depicted in Fig. 7.31. For complete compensation, the
tertiary windings must be dimensioned for one-third of
the rated power of the transformer [7.18].

A B C

I1

I1

I2

Za a b c

Fig. 7.32 Single-
phase loaded Dy5
transformer

Figure 7.32 shows a Dy5 transformer with only one
phase connected to a load Za. In this case, it can be
deduced that the current I1 flows directly through the
network and not via the two unloaded phases when the
transformer is single-phase loaded. It is therefore pos-
sible to fully load the star point of this vector group
because the delta winding has a compensating effect.

For a LV-side zigzag connection, an asymmetri-
cal load is distributed over two phases, as shown in
Fig. 7.33. The voltages induced in the HV windings
and the currents flowing through them generate mag-
netic fluxes that compensate for the magnetic fluxes
generated on the LV side. The disadvantages of a zigzag
connection are that a higher number of turns are needed
for the windings, which are also more complicated to
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Fig. 7.33 Single-
phase loaded Yz5
transformer

produce. Therefore, this vector group is rarely used for
transformers with reduced power.

In summary, for transformers with a pure star con-
nection, the star point can only be loaded up to 10%
of the rated current. For all transformers with a delta-
connected winding designed for at least one-third of the
rated power, the star point can be fully loaded for as
long as permitted by the design and the rating plate.

Parallel Operation
According to the equivalent circuit diagram, trans-
formers connected in parallel represent voltage sources
connected in parallel, and must therefore fulfill certain
conditions [7.19]:

1. Parallel-connected transformers must have the
same transformation ratios.
If the transformation ratio deviates slightly, a com-
pensation current IA flows on the secondary side
of the transformer. If the internal resistance of the
transformer (see Sect. 7.1.3, Short-Circuit Behav-
ior) is replaced with the quotient of the relative
short-circuit voltage vsc and the voltage deviation

� in percent, this compensation current can be cal-
culated with sufficient accuracy via [7.8]

IA D �
vsc1
I1

C vsc2
I2

: (7.39)

If vsc1 D vsc2 D vsc and I1 D I2 D I, then

IA D �

2vsc
I : (7.40)

Note that a small deviation of the transformation
ratio can cause a significant current to flow continu-
ously, even during no-load operation. This needs to
be considered appropriately.

2. The short-circuit voltages must be approximately
the same (the maximum difference in short-circuit
voltage should not exceed ˙ 10%).
Since the short-circuit voltages represent the in-
ternal resistances of the transformers, deviations
lead to different load levels. The transformer with
the lowest short-circuit voltage will be overloaded,
while the transformer with the highest short-circuit
voltage will not be fully utilized.

3. The ratio of the rated powers should not be greater
than 3 W 1.
The ratio of the ohmic voltage drop to the leakage
voltage drop changes as the rated power is increased.
For larger transformers, the relative ohmic voltage
drop decreases. As a result, the currents have differ-
ent phase angles. The busbars of the parallel circuit
are loaded with the geometric sum of the currents,
which is smaller than the arithmetic sum of the cur-
rents. This limits the maximum power at the busbars
and reduces the utilization factor of the system.

4. The LV sides of the transformers connected in par-
allel must be in phase.
Both the effective and the instantaneous values of
the rated voltages must be the same. Therefore, no
phase shift between the LV sides of the parallel-
connected transformers is allowed. For example,
connecting vector groups with phase-shift indices
of 0 and 6 in parallel would result in a short circuit.

Transformers can be operated effectively in parallel
as long as these operational conditions are consistently
adhered to.

7.2 Active Part

7.2.1 Core

It was noted earlier that one way in which a real trans-
former deviates from an ideal one is that the relative
permeability of the iron core is not infinite (�Fe ¤ 1).

In ferromagnetic materials, the magnetic moments of
the atoms are aligned in parallel. The French physicist
Pierre Ernest Weiss discovered that, in ferromagnetic
materials, the process of magnetic alignment occurs
in large regions (known as Weiss regions) that are
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Fig. 7.34 Schematic depicting the enlargement of Weiss regions

approximately 10�1000�m in size. The direction of
magnetization is determined by the crystal lattice of the
material. Boundaries between Weiss areas are called
Bloch walls. Upon the application of a magnetic field
that increases in strength over time, the Bloch walls
shift to favor the creation of areas that are oriented to-
wards the external field [7.20]. More and more areas
change their polarities until saturation is reached, as
shown in Fig. 7.34.

Losses
The relationship between B and H is given by a non-
linear function B D f .H/ representing the hysteresis
loop. The magnetic flux density B is determined by the
surrounding magnetic field strength H. If H increases
above a certain threshold,B increases only very slightly
due to saturation. When the magnetic field decreases,
the flux density decreases too, but a residual magnetism
known as the remanence remains due to the aligned
Weiss regions. This remanence only disappears when
an opposite field with a coercive field strength is acti-
vated. The resulting curve (shown in Fig. 7.35) is called
the hysteresis curve.

The nonlinear hysteresis curve makes the trans-
former into a nonlinear two-port. A sinusoidal pri-
mary voltage produces a sinusoidal primary current but

B

H

Coercive
field strength

Remanence

Saturation

Hysteresis loop

Fig. 7.35 Hysteresis curve

a nonsinusoidal secondary voltage. For quasi-stationary
fields, the effective flux in the transformer winding is the
product of the current strength and the number of turns.
As shown in Fig. 7.36, a nonlinear flow can be generated
pointwise by mirroring the hysteresis curve [7.21].

The hysteresis curve cannot be represented as a co-
hesive mathematical function. This causes some prob-
lems when constructing transformers and attempting to
perform calculations for them. In particular, the switch-
on behavior and possible resonances in the network are
influenced by the nonlinearity. Today, this can be cal-
culated and simulated very precisely using numerical
methods, but the effort involved is still significant be-
cause the nonlinearity generates unwanted harmonics
in the network.

Remagnetization of the Weiss regions generates
losses known as hysteresis losses PLHysteresis. These are
proportional to the area of the hysteresis curve and are
a component of the iron losses PLFe. However, the al-
ternating magnetic flux induces a voltage in not only
the surrounding windings but also the iron core itself.
This voltage induced in the core drives eddy currents in
the core perpendicular to the magnetic flux, resulting in
eddy current losses PLEddyCurrents. Thus,

PLFe D PLHysteresis CPLEddyCurrents : (7.41)

The eddy current losses heat up the iron core. As these
eddy currents flow perpendicular to the magnetic flux,
they can be effectively reduced by laminating the core,
as illustrated in Fig. 7.37.

Another effective way of reducing eddy currents in
the iron core is to increase the ohmic resistance of the
core material.

Acoustic Noise
The transformer core produces noise due to magne-
tostriction. As already discussed, the Weiss regions
align themselves when an alternating magnetic field is
applied. As the dipoles rotate, the length of the ma-
terial changes in the direction of the field. Depending
on the material, this change in length can be as much
as 2mm=m [7.22]. Since the operating frequency for
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Fig. 7.37 Eddy currents in the iron core (left) and the use
of core lamination to reduce these currents (right)

transformers and reactors in Europe is 50Hz, noise with
double this frequency (100Hz) is typically generated.
The noise generated in this way is directly dependent
on the induction in the transformer. Since acoustic noise
is an important type of noise pollution in urban cen-
ters, the noise from transformers must be limited. Noise
development can be effectively reduced by lowering
the induction from the normal range of 1:7�1:85 T
to approximately 1:2T. However, lowering the induc-
tion leads to a larger and more expensive transformer.
Transformer noise can also be reduced by improving
the clamping of the core, as this suppresses the trans-
mission of the core noise via the tank walls to the
surroundings of the transformer.

Materials
Until the start of the 1960s, transformer cores were
manufactured with hot-rolled core sheets. Core sheets
with a thickness of 0:5�0:35mm were first hot-rolled
and then insulated with a layer of varnish. Due to their
magnetic properties, these sheets allowed a maximum
induction of � 1:55 T based on the isotropic proper-
ties caused by the melt and the resulting hysteresis. In
order to guarantee the strength of the limbs, both the
core limbs and the upper and lower yokes were held to-
gether by insulated, nonmagnetic steel bolts that passed

through holes punched in the core sheets. These bolts
braced nonmagnetic core clamping elements on both
sides of the core, thus tightening the whole core. A fur-
ther advantage of applying the varnish insulation to the
core sheets was that the edges of the punched holes
could be reinsulated with insulating lacquer. Unfortu-
nately, the insulating lacquer was found to detach itself
after several years of operation. The original insulating
lacquer, which was made of water glass and named af-
ter its inventor, Drengenburg, formed an ocher-brown
sludge after several years. Also, synthetic resin lac-
quers used subsequently were not permanently resistant
to oil and high temperatures, which led to a reduction
in the service life of the transformer due to repeated
core burns. Rapidly increasing energy demands in the
1950s resulted in increasingly powerful and large trans-
formers with high no-load losses, but this increase was
ultimately limited by the low induction in the hot-rolled
sheets, especially with regard to transportability. For
this reason, new processes were developed in the USA
in the mid-1950s in which transformer core sheets were
alternately cold rolled as strips and then annealed again,
yielding anisotropic grain orientation (texture) in the
magnetic regions. During annealing, a very thin layer
(2�5�m; similar to an enamel layer) of inorganic ma-
terial (phosphate) was applied as insulation to the very
thin glass surface of the metal sheet. This new insu-
lation proved to be long lasting and efficient even at
extreme temperatures (several hundred °C).

Along with using a higher silicon content to in-
crease the ohmic resistance, the core sheet quality was
drastically improved. The packing density of the core
sheets was increased, the sheet thickness was reduced
to 0:23mm, and the working induction in the cores was
increased to over 1:8T. Due to the higher silicon con-
tent and the application of selected alloys, magnetic
aging of the sheets was prevented. This breakthrough,
in conjunction with the development of indestructible
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Fig. 7.38 Evolution of losses in the core material over the
last half-century according to Thyssen Krupp Electrical
Steel [7.23]

core insulation, permitted the creation of transformer
cores that age extremely slowly.

Hysteresis losses were effectively reduced by in-
creasing the orientation of the grains, and eddy current
losses were decreased by making the sheet thinner and
by using a higher silicon content to increase the resis-
tance of the sheet material. However, this approach also
has its limits, because the number of sheets required for
the core increases as the sheet is made thinner, resulting
in the need for greater manufacturing effort and increas-
ing costs.

The development of so-called Hi-B sheets with
even stronger grain orientation and a special surface
coating led to a further reduction in losses and de-
creased magnetostriction, suppressing acoustic noise.
Current developmental work in the field of transformers
includes attempts to reduce the size of the magnetic do-
main walls, thus reducing eddy current losses, by laser
treatment of the sheet surfaces. Also, research aimed at
refining the domain structure by optimizing the coat-
ing and eliminating near-surface crystal defects appears
promising. Figure 7.38 illustrates the progress made in
reducing specific sheet losses in recent years.

Recently, cores made of amorphous material have
been produced for smaller transformers. The lack of

grain orientation eliminates hysteresis losses. The ap-
plication of new core designs such as strip or tape-
wound cores that have technological advantages also
enables cost savings. However, amorphous material is
yet to become established as a core material for larger
power transformers. Since the core losses from the
transformer occur during no-load operation, reducing
these losses also saves a considerable amount of energy,
aiding efforts to protect the environment and climate.
In recent years, substantial loss reductions have been
achieved with new metal sheets.

Construction Types
The first three-phase transformers (employed along the
previously mentioned Lauffen–Frankfurt test track in
1891) used a temple-type core construction, as shown
in Fig. 7.39. This core type is still used today for three-
phase reactors.

Later, core types diversified in two directions. In
the USA, shell-type cores became popular, whereas the
flat core types introduced by Dolino-Dobrowolski be-
came established in Europe. Figure 7.40 shows various
designs of the active parts of single- and three-phase
transformers. The windings are colored red (LV side)
or yellow (HV side).

Because they are vertically orientated, shell-type
cores require little floor space but considerable height
clearance during transportation. They are more com-
plicated to produce, but represent the only option for
power plants with little floor space. Flat-core types
(so-called limb cores) require more floor space but
a much lower height clearance during transportation.
Due to the generally low height clearance available
when transporting transformers by rail, flat-core types
have established themselves in Europe. The five-limb
core was developed for extremely large power trans-

Fig. 7.39 Three-
phase temple-type
core
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Fig. 7.40a–e Various designs of the active parts of single- and three-phase transformers. (a) Single-phase transformer
with a shell-type core. (b) Three-phase transformer with a shell-type core [7.10]. (c) Single-phase transformer with a flat
two-limb core. (d) Three-phase transformer with a flat three-limb core. (e) Three-phase transformer with a flat five-limb
core

formers. Since some of the magnetic flux flows through
the outer return flow limbs, which have half of the
core’s cross-section, the yokes can also be flatter in
flat-core types, so that even three-phase transformers
with a power range exceeding 1000MVA can be built
for rail transportation. There is also a design with two
additional outer return limbs on the single-phase trans-
former, resulting in a four-limb core.

Since there is no insulation at the cut edges of the
core laminations, transitions from the core limb to the
yoke are designed to have one protruding lamination
(achieved using bevel cuts). This means that each cut
edge without sheet insulation is always opposite a larger
sheet with insulation. This is known as step-lap con-
struction. The sheets of limbs and yokes are cut at an
angle such that the ends of the legs look like roofs (they
are said to be roof cut).

Core Clamping and Grounding Systems
To press the core sheets together, core clamps made
of wood or steel are used at the top and bottom. The
core clamps on the two sides of the core are connected
via bolts or straps. In order to absorb the short-circuit
forces and the forces of the own transportation weights,
the upper and lower core clamps are then connected
to tie rods on each side of the core. Each transformer
manufacturer has developed its own system of tie rods.
Originally, four external tie rods were used on each
side of a three-limb core. This configuration is still
frequently used today for smaller and medium-sized

Fig. 7.41 Transformer cores with step-lap and outer tie
rods [7.24]

transformers. Figure 7.41 shows transformer cores with
roof-cut, step-lap, and outer tie rods.

Internal tie rods that also act as vertical core clamps
are used in large transformers. The tie rods are installed
below the core clamps on the upper and lower yokes.
Originally, hot-rolled cores were bolted through holes
in the core sheets so that the core clamps on both sides
of the core could be connected, but this type of con-
struction cannot be used for cold-rolled cores. Punching
holes through cold-rolled core sheets destroys the sheet
insulation, and it is not possible to reliably reinsulate the
punched holes with paint. Therefore, cold-rolled cores
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Fig. 7.42a,b Modern three-limb (a) and five-limb (b) cores with inner tie rods [7.25]

are usually braced using circumferential strips of non-
magnetic steel or fiberglass tape (see Fig. 7.42). The
core clamps are still connected via bolts, but these are
placed above and below the yokes, as can be seen in
Fig. 7.42b. This approach also maintains the effective
core cross-section, unlike passing bolts through holes in
hot-rolled core sheets, which reduces the effective core
cross-section.

Connecting the tie rods directly to the yokes would
create short-circuit windings, so they are insulated from
each other. The different parts of the clamping system
as well as the core are connected to ground via cables,
and the ends of these cables are sometimes accessible
via small bushings on the tank cover. The core itself
is grounded using a core sword, which is a metallic
nonmagnetic sheet placed in between the core sheets.
This creates a capacitive grounding impedance. If this
grounding system is accessible via small bushings, it
is possible to perform measurements during servicing
to check that the core is still isolated from the clamp-
ing structure. This type of grounding is called CC/CL,
which refers to core clamping and core lamination.

7.2.2 Windings

In a transformer, high voltages and large currents are
concentrated into a small space, meaning that large
electric and magnetic fields and high temperatures and
forces are generated. This is due to the compact nature
of the active parts of the transformer (mainly the wind-
ings and core).

Calculation and Construction
In the following, the most important steps of the wind-
ing calculation are described. The basis of all trans-
former calculations, even when performing computer-

aided optimization, is the transformer equation (see
Sect. 7.1)

V D 2 fp
2
wAFe �Bmax : (7.42)

Assuming that the primary voltage V and the frequency
f are defined by the network and the maximum induc-
tion Bmax is limited by the core material, Bmax depends
on the number of winding turnsw and the effective core
cross-section AFe via

Bmax D V
2 fp
2
wAFe

/ 1

wAFe
: (7.43)

This equation enables a certain degree of flexibility in
transformer construction. For instance, the designer can
choose a large core cross-section AFe and a smaller
number of winding turns, leading to a reduced need
for conductor material at the expense of requiring more
core iron. On the other hand, the designer can in-
crease the number of winding turns w to reduce the
amount of core material needed. In order to find the
optimal solution based on many additional boundary
conditions, the calculation is performed iteratively until
a certain optimization criterion is reached. This is done
because various parameters are strongly dependent on
each other, so if one of them is modified, many oth-
ers will also be affected. Modern numerical calculation
programs used by transformer manufacturers perform
optimization based on not only technical parameters but
also economic ones. If, for example, the global mar-
ket price of the core lamination is low compared to
the price of copper, transformers with larger core cross-
sections AFe and fewer winding turns w are designed. If
the conductor material used in the windings (preferably
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Fig. 7.43 Simplified axial cut through
the active parts of a three-phase
transformer with a flat core

copper) is inexpensive but the core material is expen-
sive, smaller core cross-sections and a larger number
of winding turns are preferred. Therefore, it is possible
that a transformer that was calculated and built a few
years ago has identical technical data to a transformer
that has just been calculated using a completely differ-
ent active part design.

However, the design flexibility for transformers is
limited by numerous boundary conditions. For large
power transformers, the permissible transport height
limits the leg length, and the distance between the
legs cannot be increased infinitely, since the winding
diameter is limited by the transport width. In addi-
tion to the specified technical data such as nominal
voltage, test voltage, nominal power, vector group,
maximum no-load and short-circuit losses, short-circuit
impedance, temperatures, noise, and maximum dimen-
sions and masses, there are also a large number of
additional boundary conditions in the design, such as
specified connection dimensions. Due to the variety of
variables, optimization based on certain objective char-
acteristics such as costs, losses, maximumperformance,
or other parameters is only possible if restrictive bound-
ary conditions are assumed, even when using the latest
calculation software. Since each modified calculation
involves considerable design work, two different meth-
ods of dimensioning are used. For small and medium-
sized transformers, a modular principle is often used; in
other words, for the same core series, the windings are
provided according to the specified voltage and vector
group. This saves design costs and expenses associ-
ated with technological preparation, which are often
markedly higher than the possible savings from opti-

mization (e.g., in terms of material prices). However,
large power transformers are always recalculated and
redesigned. The repetition rate for these designs is usu-
ally on average about 2�3 objects per calculation for
manufacturers. In the following, the essential steps in-
volved in the design and calculation of a transformer
and its windings are addressed.

The dependencies of a simple design are shown in
Fig. 7.43, which illustrates parts of a section through
a three-phase core transformer with just one LV wind-
ing and one HV winding. The radial space available for
thewindings in the so-called corewindow (half the space
between the core limbs) is reduced internally by the in-
sulation distance of the windings from the core (a space
that also serves to support thewindings on the core limb).
On the outside half, the insulation distance between the
windings of the different phases must be subtracted.
This distance must be correspondingly large and well
designed in terms of insulation because the full phase
voltage is applied between the adjacent windings on dif-
ferent limbs. The available winding space is reduced ax-
ially at the top and bottom by the insulation distances to
the partially sharp-edged corners of the core yokes. Fur-
thermore, the structures used for the short-circuit-proof
axial bracing of the windings must also be accommo-
dated within this distance. The sizes of the mentioned
distances that reduce thewinding space depend to a large
extent on their type and design, and therefore vary from
manufacturer to manufacturer. However, regardless of
themanufacturer, the following simplified procedure for
transformer design along with winding calculations and
winding construction can be described, based on the sim-
ple design shown in Fig. 7.43:
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bs = 0.89 ds

0.75 ds

0.56 ds

a) b)

Fig. 7.44a,b Simplified representation of the transition
from the square leg cross-section (a) to the usual core grad-
ing (b)

1. Initial data.
The (phase-to-phase and phase-to-ground) voltages,
currents, and the rated power within the transformer
are calculated according to the specified data and (in
particular) the specified vector group.

2. Number of turns on the LV winding.
The integer number of turns wLV for the LV wind-
ing is calculated using (7.43), assuming typical
maximum induction Bmax and effective core cross-
section AFe values for the specified rated power.

3. Core sheet material, geometry, and dimensions.
This includes specifying the core lamination ma-
terial and lamination thickness, determining the
geometric core cross-section through back calcula-
tion from the effective core cross-section (with the
packing density of the core lamination considered
to be a design-dependent empirical value from the
respective manufacturer), determining the leg ge-
ometry along with the number of core leg steps and
their size, and deriving the core leg diameter.
Circular windings are produced because this shape
has the best ability to withstand short-circuit forces,
so the lamination distribution must be adapted to the
core diameter ds by grading the lamination stacks,
as shown in Fig. 7.44. The optimal lamination width
bs and the corresponding core steps are determined
using mathematical optimization programs.
The core diameter ds determined in this way serves
as the starting point for the radial winding design.

4. LV winding type, conductor cross-sections, parallel
wires, number of layers, and length and width.
This involves selecting the LV winding type, deter-
mining the required conductor cross-section based
on empirical values, and initial geometrical dimen-
sioning of the winding according to the parallel
wires, number of layers, and the length and width.

5. Number of turns for the HV winding.
The number of turns for the HV windingwHV is cal-
culated based on the specified voltage ratio, taking
the vector group into account.

6. HV winding type, conductor cross-sections, parallel
wires, number of layers, and length and width.
This includes selecting the HV winding type, deter-
mining the required conductor cross-section based
on empirical values, and initial geometrical dimen-
sioning of the winding according to the parallel
wires, number of layers, and the length and width.

7. Stray voltage.
The stray voltage Vs is determined as it provides
the basis for determining the short-circuit voltage.
Since the stray voltage is the main contributor by far
to the short-circuit voltage in normal transformers,
it is important to correctly dimension this parame-
ter. In the event of a short circuit, the induction in
the transformer core largely collapses. Therefore,
the stationary short-circuit current Ik is essentially
limited by the inductance X (see Sect. 7.1) that is
formed by the stray field in and between the wind-
ings. The idealized distribution of the leakage flux
for the two-winding transformer with just one stray
duct mentioned above is shown in Fig. 7.45.
From the above representation, the percentage stray
voltage drop vs can be derived starting from

X D 2 f�0w
2 U

hw

�

t12 C t1 C t2
3

�

.�/ :

(7.44)

Here, U is the mean circumference of the stray gap.
Using �0 D 4 � 10�7 N=A2 and XI D VS, we ob-
tain

VS D I8 2fw 2 U

hw

�

t12 C t1 C t2
3

�

� 10�7 .V/

(7.45)

if all dimensions are in meters. Upon introducing
the relative stray voltage vS D VS=V � 100 as well
as the winding turn voltage Vw with V D Vww , nor-
malizing the frequency to 50Hz, and dividing the
mean stray gap circumference U by the mean of the
inner and outer coil circumferences .U1 CU2/=2,
the following is achieved

vs D 8 250
f

50

I
Vw

w

� .U1 CU2/

2hw

�

t12 C t1 C t2
3

�

� 10�5 .%/ :

(7.46)

The leakage flux distribution shown in Fig. 7.45 is
idealized and based on various assumptions; for ex-
ample, that the windings are completely surrounded
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Fig. 7.45 Idealized leakage flux in the leakage channel and
in the windings

at the end sides by core laminations with infinite
permeability. This is not the case in reality, so
Fig. 7.46 shows the magnetic leakage field through
the windings and the leakage field duct determined
numerically with a 2-D model.
It can be seen that the magnetic stray field at the
upper and lower ends of the winding deviates from
the idealized field distribution. As it is still not
possible – even with modern simulation tools –
to calculate the leakage flux numerically in three
dimensions because a complete 3-D model of all
windings along with each individual conductor (in-
cluding junctions, insulating parts, and leads) is
required, a correction factor is used. This factor was
developed by Walter Rogowski in Germany at the
beginning of the last century. The Rogowski factor

Fig. 7.46 Simulation of leakage flux using a 2-D
model [7.10]

kR accurately determines the deviations of the actual
field curve shown in Fig. 7.46 from the original as-
sumed curve depicted in Fig. 7.45, and is calculated
via

kR D 1� t1 C t12 C t2
 hw

�

1� e�  hw
t1Ct12Ct2

	

: (7.47)

This leads to an equation for calculating the percent-
age stray voltage drop,

vS D 8 250
f

50

I
Vw

w � 0:5
.U1 CU2/

hw

�
�

t12 C t1 C t2
3

�

kR � 10�5 .%/ ; (7.48)

which can be simplified to

vS � 2
f

50

I
Vw

w
.U1 CU2/

hw

�
�

t12 C t1 C t2
3

�

kR � 10�2 .%/ : (7.49)

Today, various correction factors that allow pre-
cise calculations are available, even for complicated
winding arrangements. For very large transformers
where there is a risk of heating in the core clamp-
ing elements and tank walls due to eddy currents
caused by the leakage flux, the maximum leakage
flux in these components is determined via 2-D field
calculations for simplified winding models. These
results are then converted to be applicable in three-
dimensional reality using correction factors based
on empirical values.
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If the determined stray voltage is not within the
required range, the situation must be modified. In-
creasing the radial winding dimensions and the
width of the stray channel causes an increase in
the stray voltage, whereas increasing the winding
length and thus the stray gap length reduces the
stray voltage. Due to the eddy current losses ex-
plained below and the dependence of the ohmic
winding losses on the winding circumference, the
radial winding width must be kept as small as pos-
sible, which limits the flexibility of the electrical
designer accordingly.

8. Winding losses or short-circuit losses.
The preliminary specifications of the winding di-
mensions, the stray channel width, and the stray
channel length provide the fundamentals required
to calculate the short-circuit losses. The ohmic re-
sistance of each winding is the specific resistance of
the winding material multiplied by the average turn
circumference and the number of turns. The con-
ductor losses are determined as the product of the
squared current and the resistance. As the windings
are not evenly penetrated by the stray field, even in
the simplified diagram shown in Fig. 7.45, current
displacement occurs, leading to increased resis-
tance, which is accounted for in the calculations by
introducing correction factors. Eddy currents and
associated eddy current losses also occur in the
windings, analogous to the core laminations. The
alternating magnetic flux induces a voltage not only
in the windings but also in the winding wire itself.
This voltage drives eddy currents in the conductor
perpendicular to the magnetic flux lines, which ad-
ditionally heat up the windings and contribute to
the total losses from the windings. According to
the idealized stray flux distribution in the windings
shown in Fig. 7.45, the conductors that are clos-
est to the stray channel are subjected to the highest
stress and therefore become the hottest. In this
case, subdividing the conductor width can provide
effective compensation. Because the stray field de-
creases with distance from the stray channel, there
are different induced voltages in parallel conduc-
tors, leading to additional compensation currents.
In order to avoid these balancing currents that also
increase the temperature and the losses, the conduc-
tors are twisted parallel to the stray channel. These
conductors are called transposed conductors. The
percentage voltage drop vR can be then determined
from the sum of the ohmic losses and eddy current
losses. At the same time, it is important to check
that the heat caused by the losses in the windings
can be effectively dissipated. This can be roughly

estimated by considering both the losses and the
available cooling surfaces of the windings.

9. Determining the short-circuit voltage.
As discussed in the last section, the percentage
short-circuit voltage can be calculated via

vsc D
p

vR2 C vS2 : (7.50)

Thus, the calculated voltages vR and vS must be
adjusted until the specified short-circuit voltage is
achieved.

10. Core design and determining the no-load losses.
Provided the winding height and the diameter of the
outer winding have been specified, the dimensions
of various aspects of the core, such as the leg di-
ameter, the center limb distance between the legs,
and the leg length can be determined by adding the
empirical values for the distances in Fig. 7.43 to
the respective dimensions. It is then possible to cal-
culate the core losses. These are determined from
the respective inductions Bmax for the core limbs
and the yokes, which should be as equal as pos-
sible, and by multiplying by the respective sheet
masses, taking into account material parameters and
design correction factors. If parameters specified
by the customer or standard specifications are not
achieved, the calculation process is restarted. If the
calculated core losses are too low, the transformer
may be too large and heavy and thus too expensive.
If the no-load losses are too high, either the num-
ber of winding turns or the leg cross-section AFe

must be increased, see (7.43). Both of these actions
cause the induction and therefore the no-load losses
to decrease. However, the effect of decreasing the
induction by increasing the effective cross-sectional
area of the core limb is limited, just like the effect
of lengthening the core limb to increase the number
of winding turns, because both procedures increase
the core mass and therefore the no-load losses.

11. Determining the voltage stress in windings and
leads.
Winding insulation is dimensioned according to
the test voltages, which are defined in national
and international standards. For example, a mod-
ern 400 kV power transformer is usually tested by
applying a voltage of 630 kV for 1min, a switching
impulse voltage of 1175kV, and a lightning impulse
voltage of 1425 kV, based on the IEC standards. It
must be able to withstand these overvoltages with-
out showing any defects that could lead to partial
discharges (PDs). Normally, the insulation structure
of the windings would have to be calculated and di-
mensioned axially towards the yokes and radially
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towards the core leg and the adjacent winding for
complicated insulation arrangements such as that il-
lustrated in Fig. 7.47. Design engineers account for
the fact that insulation can withstand much higher
electrical field strengths if the field is active for
a very short time (lightning and switching impulses)
than if the field is active for a much longer period
(e.g., 1min in the applied voltage test). Therefore
conversion factors (which vary slightly from man-
ufacturer to manufacturer) are used to make the
various short-term and long-term voltage stresses
comparable. If the test voltage is multiplied by
a correction factor, a uniform comparison value
for different voltage stresses can be derived: the
so-called design insulation level (DIL), which rep-
resents the maximum voltage stress permitted for
the insulation. For normal power transformers, the
1min applied voltage test is usually assigned a cor-
rection factor of 1. High DIL values for the switch-
ing or lightning impulse tests are only obtained
using the conversion factors when the switching
or lightning impulse stresses are particularly high.
This process has led to standardized insulation de-
sign.
Paper impregnated with mineral oil has proven to be
the ideal insulator for high voltages, whereas insu-
lation systems based on epoxy resin or gas can be
used up to medium voltage levels. Therefore, trans-
formers can be split into three categories: liquid-
filled transformers, gas-insulated transformers, and
dry-type transformers. Mineral-oil-filled transform-

ers are very complex to manufacture, and when the
windings are pressed so-called goosenecks can be
formed, with fatal consequences (reduced cooling,
PD generation), as shown in Fig. 7.47. However,
the development of molded parts made from press-
board by the Swiss company Weidmann AG in the
1960s led to the creation of a much more techno-
logically stable manufacturing process and better
insulation [7.26, 27].
Insulation schemes have developed and improved
over time. Insulation of winding ends is now car-
ried out radially using pressboard barriers and ax-
ially with angle ring segments made from press-
board moldings and pressboard rings, as shown in
Fig. 7.48. High field strengths at the corners of
windings are reduced by shielding rings with con-
ductive foils that are connected to the potential of
the winding exit, as shown in Fig. 7.49.
To accelerate and thus optimize the winding assem-
bly process, the components of the insulation are in-
creasingly being preassembled by suppliers [7.28].
Electric field strengths and creepage distances are
taken into account when designing an insulating ar-
rangement. In the past, this was often a very difficult
task, but engineers now have access to powerful
workstations that can perform 2-D and 3-D calcu-
lations; the latter became available at the beginning
of this century. Since most of the insulation arrange-
ments used today were actually developed in the
1960s when computers were not available, there is
still room to improve these insulation arrangements.
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Fig. 7.48 Upper
edge field insulation
made with molded
pressboard parts,
which eliminates
goosenecks. The
components of the
insulation follow
the electrical field
better than the
arrangement shown
in Fig. 7.47

Fig. 7.49 Upper and lower edge field insulation with
shield rings and yoke collars (angle-shaped barriers) made
of pressboard segments. High-voltage windings are en-
closed by angle-shaped barriers towards the yokes and
shield rings at the winding ends for dielectric control

Switching and lightning voltages are not sinusoidal
and include higher frequencies due to their shapes.
Therefore, it is rather complicated to calculate the
propagation of these surge waves in the windings.
Calculations of detailed equivalent circuits have,
however, led to improvements in winding design,
such as the development of interleaved disc wind-
ings.

Following the calculations of the winding insula-
tion, the short-circuit strength must be verified.

12. Determining short-circuit forces and calculating
the winding pressure and compaction.
According to the Lorentz force law, a force is ex-
erted on each current-carrying conductor in a mag-
netic field. This force is always perpendicular to
the field lines of the magnetic field and the direc-
tion of the current. Assuming the ideal stray field
distribution shown in Fig. 7.45, the conductors of
the windings are only stressed by radial forces. The
forces on the inner winding are directed toward the
inside, and those on the outer winding are directed
towards the outside, as shown in Fig. 7.50. This fig-
ure also shows that the force has an axial component
as well as a radial one at the ends of the windings,
as also indicated by Fig. 7.51. The axial forces re-
sult in axial pressures in the windings, as shown in
Fig. 7.52 [7.29].
Winding wires are usually insulated with paper
and the winding supports are made of pressboard.
These insulating materials deform plastically under
high pressure, which reduces the winding tension.
This can destroy the winding because the reduced
winding tension cause the winding to vibrate more,
which leads to a grinding of the insulation until
the winding is destroyed. Thus, after the production
and drying processes, the windings are axially pre-
pressed under forces and pressures that are at least
as large as those that occur during a short circuit.
This allows the effect of a short circuit to be simu-
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lated in advance, and ensures that further loosening
of the windings cannot occur in an extreme case.
In addition, the axial forces can tilt the conductors
as shown in Fig. 7.53 if the geometric conductor di-
mensions are unfavorable (i.e., if the width is too
small in the radial direction and the axial length ex-
ceeds the maximumvalue). This must be considered
during the design process too. As a rule of thumb,
the finished windings are actually prepressed by ap-
plying forces and pressures that are almost up to
the tilting limit, markedly beyond those associated

A B

Fig. 7.52 Axial forces and pressure in the windings (A ax-
ial current forces, B resulting axial pressure)

F

F

Fig. 7.53 Conductor tilting under high axial stress

with axial short-circuit forces. If calculations indi-
cate that the wires are already tilting away when the
axial force applied is equivalent to that encountered
during a short circuit, the designer must redesign the
windings, even though many other calculations will
have already been carried out. This is necessary be-
cause selecting other winding wires changes almost
all of the other parameters.
However, short-circuit stress causes not only radial
and axial forces in the winding wires but also tan-
gential tensile forces, as shown in Fig. 7.54 [7.30].
If the tangential pressure stress on the windings is
too high, buckling occurs during the short circuit, as
illustrated in Fig. 7.55.
Every power transformer must be able to withstand
an external short circuit for a short time (usually
2 s). For calculation purposes, the short circuit is as-
sumed to occur directly at the transformer terminals.
However, if a short circuit occurs within the trans-
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former, the situation is completely different, and the
consequence is often the catastrophic destruction of
the transformer.

13. Calculating the cooling of the windings and wind-
ing hot spots.
Once the winding dimensions have been deter-
mined, the cooling of the windings and winding hot
spots must be calculated. Cooling liquids such as
mineral oils are incompressible, meaning that heat
flow calculations are simpler for oil-cooled than for
air-cooled transformers. However, the viscosity of
the insulating liquid is temperature dependent.
In the past, windings were usually cooled exclu-
sively by the thermosiphon effect, which is based
on the difference in density between hot and cold
insulating fluid. In this approach, the heated oil

a) b)

Fig. 7.56a,b Cooling without (a) and with (b) guided oil
flows

rises in the insulation channels of the windings,
which hinders the cooling process, especially for
disk windings. Increasing power ratings led to in-
creased heat generation in the windings, making
improvements necessary.
One of these improvements was the transition to
guided oil flows, as shown in Fig. 7.56. In this
process, barriers that take the form of oil control
segments around the winding in the axial cooling
channels force oil to flow over the entire surface of
each disc coil. For even better cooling performance,
pressure chambers are built into the winding blocks
at the lower end of the windings. These chambers
are filled with oil under pressure, which is then
forced into the oil channels of the windings.
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The insulation is usually made of cellulose, which
is subject to thermal aging. For this reason, main-
taining an appropriate temperature range is crucial
to achieving a long transformer service life. The hot
spot temperature in the upper area of the winding
is the most important factor to consider. In addi-
tion, the temperature jump between the oil inlet
and outlet for the winding must be maintained pre-
cisely to ensure the stability of the entire cooling
system. The whole temperature distribution is usu-
ally calculated through analogy: by simulating the
temperature transitions as thermal resistances based
on precise measurements and calculating the over-
all effect linearly in the form of a thermal resistance
network.
If any problems are encountered during the tem-
perature calculations, the calculations are usually
performed again until all of the requirements are
fulfilled. This process depends on the software used
and the experience of the designer. Modern com-
puter programs carry out the calculations several
hundred times to optimize the system.

Once the designer has finally successfully dimensioned
the windings using the procedure described above, and
assigned values to all of the specified parameters, the
mechanical designers begin their work. They prepare
production and assembly drawings according to the
specified winding data. Since engineering hours are ex-
pensive, the proportion of the transformer manufactur-
ing process that is devoted to electrical and mechanical
design is a decisive cost factor.

Conductors and Insulating Materials
Today, the conductors used in windings are generally
made of high-purity copper. In the past, winding con-
ductors were also made out of aluminum due to a lack
of affordable copper. Although aluminum is lighter than
copper, it also has a higher specific resistance, resulting
in larger windings that also require larger cores. How-
ever, changes in the prices of these two materials in the

a) b)

Fig. 7.57
(a) Conductor
strand with pa-
per insulation.
(b) Continuously
transposed conduc-
tors

global market have caused aluminum windings to be
virtually phased out.

Winding conductors usually have rectangular cross-
sections with slightly rounded corners to suppress the
generation of excessive electric field strengths. Smaller
transformers with round conductors that are usually in-
sulated with enamel lacquer are also manufactured. To
enhance the packing density, these round conductors are
flattened on both sides. In dry-type transformers, the
conductors are often cast directly with resin, or special
resin-impregnated fiberglass insulation is used. Rect-
angular copper conductors are used in fluid-insulated
transformers. These are usually insulated with overlap-
ping layers of thin paper up to the required thickness, as
shown in Fig. 7.57a.

Transposed conductors, as shown in Fig. 7.57b,
were developed to reduce eddy current losses and have
largely replaced so-called twisted winding, which is
a special form of single-layer winding containing sev-
eral parallel conductors that are twisted at intervals, as
shown in Fig. 7.58. Today, twisted winding is usually
only used in smaller transformers or in high-current
windings, where either the geometry or the price pro-
hibits the use of transposed conductors.

Especially when the windings are highly thermally
stressed, for example in industrial transformers or trac-
tion transformers, the paper insulation is replaced with
thermally upgraded paper or (even better, but much
more expensive) aramid paper. The decisive factor
when selecting the insulation material is the thermal
class, as shown in Table 7.3.

Dry-type transformers designed for thermal classes
E–H require special insulation materials. The insula-
tion materials previously used for class H contained
asbestos, which is carcinogenic, so it is no longer al-
lowed.

Conductors used in windings can also take the form
of a foil made of copper or aluminum. The utilization
of foils drastically reduces eddy current losses while of-
fering a high current-carrying capacity. They are mainly
used as LV windings in distribution transformers.
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Table 7.3 Thermal classes for transformers according to the relevant IEC standard [7.31, 32]

Transformer part Thermal resistance class
A E B F H

Dry-type transformer Windings (K) 60 75 80 100 125
Oil transformer Windings (K) 65 Normal

70 Forced cooling
Oil in upper layer (°C) 60 Normal case (conservator)

55 Without conservator and airtight closure
Iron core and other parts Excessive temperatures must not damage neighboring parts

Transformer part Thermal resistance class
A E B F H

Dry-type transformer Windings (K) 60 75 80 100 125
Oil transformer Windings (K) 65 Normal

70 Forced cooling
Oil in upper layer (°C) 60 Normal case (conservator)

55 Without conservator and airtight closure
Iron core and other parts Excessive temperatures must not damage neighboring parts

Fig. 7.58 Twisted winding

Winding Types
The long history of transformer development has re-
sulted in the creation of many different types of wind-
ings. The most important of these can be categorized
based on the following characteristics:

1. Geometric shape (e.g., foil, cylindrical, and disc
windings)

2. Function in the transformer (e.g., LV, HV, tertiary
voltage (TV), regulating windings (RW))

3. Manufacturing technology (e.g., layer, helical, and
disc windings).

Note that the disc winding referred to in geometric cate-
gorization is a special form of winding in which the LV
and HV disc coils alternate. Therefore, the stray chan-
nels are parallel to each other, leading to extremely low
stray voltages. This design is therefore used only for
special high-current and test transformers. On the other

hand, from the perspective of manufacturing technol-
ogy, disc winding is a cylindrical winding made of disc
coils. In the following, the most important windings are
categorized according to manufacturing technology.

Layer Winding. Layer winding, as shown in
Fig. 7.59a, is the simplest type of cylindrical winding.
It is manufactured on horizontally rotating winding ma-
chines and is mainly used for small and medium-sized
transformers. Its advantage is its low manufacturing
cost, but its disadvantage is its relatively low withstand
capability to incoming voltage peaks. This can be
increased by reinforcing the insulation of the wires at
the edge of the winding and by using edge collars.

In the regulating windings shown in Fig. 7.59b,
the individual regulating steps are wound as individ-
ual loop-layer windings. This is the most frequently
used winding type for regulating windings. The loops
that are wound into each other are connected or discon-
nected depending on the voltage regulation, resulting
in an even axial distribution of the magnetic field and
eliminating large transverse fields, thus reducing the
short-circuit strength of the transformer.

a) b)

Fig. 7.59 (a) Layer winding with edge collar. (b) Single-
layer winding used as a regulating winding
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Fig. 7.60 Single-layer helical winding

Helical Winding. This winding type using transposed
conductors was developed for windings with partic-
ularly high currents and combines the advantages of
layer and disk winding. Several conductors are wound
in parallel in the form of a helical coil as shown in
Fig. 7.60, whereby the individual winding turns are kept
apart by spacers. This type of winding is available in
single and double layers; in the latter case, the conduc-
tors are twisted in the layer transition.

Disc Winding. Disc winding (see Fig. 7.61) is usually
employed instead of layer winding when the winding
has a large number of turns (as required for high volt-
ages), as disc winding can better withstand transient
overvoltages due to an improved capacitive behavior. To
avoid the need to reconnect the conductors between the
discs after each coil, the second disc is wound in stock
and then rewound such that no solder joints are cre-
ated. Although disc winding is better suited than layer
winding to fast transient voltages, these voltages drop in
a very nonlinear manner over a few turns, especially at
the beginning of the winding in the middle or at the top

Fig. 7.61 Disc winding

a) b)
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Fig. 7.62a,b Comparison of conventional disc winding (a)
with interleaved disc winding (b)

of the disc. Inadmissibly high field strengths can arise
between the conductors and also between the discs. By
interleaving the conductors (i.e., returning the conduc-
tors as shown in Fig. 7.62), the capacities between them
are artificially increased. This achieves a linear distri-
bution of the transient voltages that penetrates further
along the winding. In this way, high local field strengths
at the top of the winding can be avoided.

Interleaved windings for large transformers (such as
that shown in Fig. 7.62) are usually manufactured on
vertically rotating, height-adjustable winding benches.

Drying, Compression,
and Winding Block Assembly

A winding block consists of all the windings together
with their radial and axial supports and press structures.
This block is mounted concentrically around one core
leg.

Drying. In liquid-insulated transformers that mainly
use cellulose-based insulating materials such as paper,
pressboard, or press wood, the insulation can absorb
moisture from the air, reducing the insulating perfor-
mance. The windings must therefore be dried immedi-
ately after manufacturing using thermo-vacuum drying
processes.

Compression. Subsequent to drying, the windings are
compressed axially and then tensioned under low pres-
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Fig. 7.63 Block layout of a 400 kV power transformer with oil-directed cooling via a pressure chamber [7.32]

sure. Two winding pressing processes can be distin-
guished:

� Hydraulic soft pressing in a vacuum drying oven
during drying is a complex (and therefore expen-
sive) but gentle process with high compression
efficiency.

� Conventional mechanical winding pressing after
drying is less complex and therefore less expensive.

Winding Block Assembly. The windings must be as-
sembled concentrically from the inside to the outside
while being radially insulated from each other with bar-
riers and oil ducts. The axial end insulations consist
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of yoke collars comprising overlapping segments with
axial spacer rings between them. Two technological ap-
proaches to winding assembly are available:

1. The windings are assembled one after the other di-
rectly on the transformer core leg, from the inside to
the outside. The winding insulations are completed
in the upper area after assembly on the core leg, and
the windings are dried and braced together with the
active part of the transformer. This approach to as-
sembly takes longer and risks axial elongation of
the individual windings due to moisture absorption
from the air.

2. A winding block is built separately outside the ac-
tive part. The windings are preassembled in a block,
dried, compressed again, and then mounted in one
piece on the core leg. This is much faster and avoids
the disadvantages of the first method, but is more
complex technologically and in terms of prepara-
tion. In this process, hydraulic soft pressing can be
used effectively for all windings on the entire wind-
ing block.

The main insulation diagram for the winding block of
a 400 kV power transformer with three windings (LV,
HV, and RWs from inside to outside) shown in Fig. 7.63
represents the classic winding distribution of an oil-
immersed power transformer.

7.2.3 Tap Changers

Aside from applying magnetic current regulation us-
ing the saturation properties of magnetic materials (e.g.,
using transductors), which is only employed in very
special transformers, the most effective way of regu-
lating a transformer in the grid is to change its ratio
by modifying the number of windings on one side. For
historical reasons, regulation is implemented on the LV
side in North America, whereas the rest of the world
regulates the voltage by changing the number of turns
on the HV side, usually at the neutral point. There are
three basic schemes for this type of voltage regulation,
as shown in Fig. 7.64. In this figure, the left bar always
represents the LV winding and the right bar represents
the HV winding, which can be divided into a main and
a regulation winding. The regulation winding can con-
sist of a fine winding only or a fine winding and a coarse
winding. The neutral point is connected to the regu-
lating winding such that the number of active winding
turns can be changed, meaning that the voltage can be
adjusted.

Voltage regulation requires a switch that can con-
nect the neutral to different taps on the winding in order
to increase or decrease the number of effective turns.

a) b) c)

Fig. 7.64a–c Voltage regulation schemes: (a) linear,
(b) plus-minus, and (c) coarse and fine

This switch is called an on-load tap changer if the volt-
age can be regulated during operation or an off-load tap
changer if it cannot. Depending on the number of volt-
age steps or taps involved, a lot of conductors (leads) for
each phase are needed between the winding blocks and
the tap changer, which is usually located on the front
side of the active part. Even if the regulation is done
on the HV side, several hundred amperes of current can
flow through these lead conductors, so their weight is
not negligible. Furthermore, forces are applied to these
leads during a short circuit, so the whole lead system
must be mechanically supported.

Lead Support System
The design of the lead support system depends on
the manufacturer. Some manufacturers use solid and
thickly insulated round copper conductors for the leads
because they are very strong. This results in high
insulation costs and a lack of mounting flexibility,
and requires a complex connection technology. Other
manufacturers use industrially insulated round copper
stranded wires, allowing greater mounting flexibility at
the expense of lower mechanical strength. In principle,
all lead support systems have a similar design, which is
shown in Fig. 7.65 [7.33].

Patented U-shaped pressboard channels that can en-
hance the mechanical stability, creepage path strength,
and installation are available under a registered trade-
mark [7.34], as shown in Fig. 7.66a,b.

Off-Load Tap Changers
Off-load tap changers (see Fig. 7.67) are relatively sim-
ple devices that can only be operated without voltage.
Modern off-load tap changers have 2�11 positions and
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Fig. 7.65 Leads and lead support system

can handle voltages across the whole tap-changer sys-
tem of up to 60 kV and maximum currents of 1250A.
Off-load tap changers are widely used in smaller dis-
tribution transformers, but are often not operated for
years. In such cases, chemical processes in the oil can
lead to the formation of deposits, increasing the resis-
tance at the contact surface and generating hot spots on
the corroded contact during operation. For this reason,
off-load tap changers must be cleaned regularly.

On-Load Tap Changers
The main challenge when switching the ratio of a trans-
former under load is to avoid interruptions in the current
flow, because the transformer will then act like an ig-
nition transformer in a vehicle and will probably be
damaged. Modern on-load tap changers (OLTC) op-
erate according to the Jantzen principle, named after
its inventor, in which the switching process is rapid
and is performed by contacts operated by energy-

a) b)

Fig. 7.66 (a) Lead support system with special channels for the leads [7.35]. (b) Diagram showing the lead support
system in more detail [7.34]

Fig. 7.67 Off-load tap changers used for voltage adjust-
ment in a high-current test transformer [7.36]

storage devices and switchover resistors without in-
terrupting the current flow. The process used is illus-
trated by Fig. 7.68. Here, the starting position is tap
6 (Fig. 7.68a), which needs to be switched to tap 5.
Therefore, the selector H must move from position 7 to
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Fig. 7.68a,b The
Jantzen principle for
tap changers [7.37]

position 5 (Fig. 7.68b), after which the diverter switch
is operated (Fig. 7.68c–f). In Fig. 7.68d, the switch
short-circuits taps 5 and 6 through resistors, which are
dimensioned such that the current through the short-
circuit loop is in the range of the rated current. In the
next step, the connection to tap 6 is interrupted and the
connection to tap 5 is established, first via a resistor and
then (in the final step) via a direct connection, thus by-
passing the resistor. The switch from tap 6 to tap 5 is
then complete.

When the contacts open during the changeover pro-
cess, arcs occur that are only extinguished when the
current passes the zero crossing. This results in strong
discharges in oil, which is why the tap changer is lo-
cated in a separate sealed compartment containing oil
and is not integrated into the transformer tank. The
relevant stages are preselected by the selector, which
is located below the diverter switch compartment and
installed inside the transformer tank (see Fig. 7.69).
When using plus–minus or coarse–fine regulation (see
Fig. 7.64), the selector must be equippedwith a separate
additional changeover switch.

If the tap changer is not working properly, serious
damage can be caused to not only the tap changer itself
but also the transformer windings – especially regulat-
ing windings. Due to the arcing, which leads to burnt
contacts and degraded oil, on-load tap changers need

to be periodically serviced. In recent years, improved
OLTCs in which the the contacts work in vacuum have
been developed. This can prolong the service life of
the device, but there are also some disadvantages of
a vacuum on-load tap changer that make it necessary
to check the types of transformers that it can be used
with. Figure 7.69 shows a conventional on-load tap
changer [7.38].

7.2.4 Bushings and Lead Exits

Structure and Types of Bushings
While unencapsulated dry-type transformers can be
connected directly to the network, transformers that
use tanks require components that conduct the current
through the metallic tank and insulate the high potential
of the conductor from the ground potential of the tank.
This is achieved through the use of bushings – typically
oil-air bushings (i.e., one part of the bushing is in oil,
the other part is in air), which can be divided into LV
bushings, high-current LV bushings, and HV bushings.

Low-Voltage Bushings. For nominal voltages of up
to � 36 kV, simple, standardized bushings are suf-
ficient, as shown in Fig. 7.70. These consist of an
insulator with an inner conductor and are sealed on the
cover of the transformer by flat seals or round rubber
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Fig. 7.69 On-load tap changer with a diverter (red frame),
selector (blue frame), and motor drive (silver cabinet)

seals. Due to their low voltages and the resulting low
field strengths between the conductor potential and the
edge of the feedthrough hole in the tank cover, the elec-
tric field does not need to be controlled.

High-Current Bushings. A high-current bushing
is a special type of LV bushing, as shown in
Fig. 7.70 [7.39]. Although high-current bushings do
not differ fundamentally from LV bushings, they can
conduct currents of up to 30 kA. These high currents
generate large magnetic fields around the conductor,
which can cause enormous eddy currents in the tank
cover (which is up to 30mm thick), and these eddy cur-
rents can cause the tank cover to glow if constructive
countermeasures are not taken. Therefore, nonmagnetic
steel is used around the high-current bushing holes in
the tank cover.

High-Voltage Bushings. For higher voltages, so-
called condenser bushings are used, which are equipped
with metal foils radially and are graded axially to-
wards their ends, as shown in Fig. 7.71. The metal
foils have equipotential surfaces, so the electrical field

a) b)

Fig. 7.70a,b Low-voltage (a) and high-current (b) bush-
ings

is controlled and homogenized. The foils also act as ca-
pacitors, so the voltage and PDs can be evaluated at an
integrated measurement tap at the flange of the bush-
ing. The bushing is connected to one of the outer metal
layers, forming a capacitive divider.

As can be seen in Fig. 7.71, a HV bushing consists
of a solid conductor around which insulating material is
wrapped, together with conductive layers at certain dis-
tances from the central conductor. An insulator made
of porcelain or silicone rubber is used on the outside
of the bushing, and the central conductor of the con-
denser body extends into the liquid-filled transformer
tank without any additional insulation. Various types of
bushings can be distinguished based on the insulation
material used:

� OIP (oil-impregnated paper)� RBP (resin-bonded paper)� RIP (resin-impregnated paper)� RIS (resin-impregnated synthetics).

Although OIP bushings are the oldest type of bushing,
they are still used today, in contrast to RBP bushings,
which can create a lot of problems when they age. RIP
bushings are state of the art, although they may be
replaced in the future by the newest technology: RIS
bushings. In the latter, the paper used in RIP bushings
is replaced with a synthetic material that absorbs less
moisture and is more resistant to aging. It should be
noted that the lifetime of a transformer usually exceeds
the lifetime of a HV bushing, so HV bushings need to be
replaced after few decades [7.40]. A bushing failure will
often lead to the catastrophic failure of the whole trans-
former, and the resulting damage will be much more
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Fig. 7.71
High-voltage
bushing [7.7]

expensive than the cost of a new bushing. Thankfully,
there are various diagnostic techniques for assessing the
condition of a HV bushing.

Lead Exits
The components of the transformer that connect the
windings directly to the bushings are called lead exits
or line leads.

LV Lead Exits. The lead exits on the low-voltage side
have a similar construction to the leads of the regula-
tion winding shown in Fig. 7.65. Either parallel round
conductors or bars made of copper (or, in rare cases,
aluminum) are used when there are high currents. It is
important to fix the bars in the transformer so that they
are protected against short-circuit forces. When there
are high currents, the magnetic field generated by the
conductors must be included in the stray voltage calcu-
lation.

HV Lead Exits. For rated voltages of up to 220 kV, the
lead exits consist of thick, round conductors that are
insulated with thick crepe paper and fixed like the stan-
dard lead exits. The field strengths must be observed,
and creepage distance stresses on the holders must be
limited. For rated voltages above 220 kV, and especially
those above 400 kV, the field strength approaches the
critical region, so special connections must be used. In
this case, the lead exits pass through insulated shielding
tubes made out of metal that are connected to the lead
exit potential. These thin-walled shielding tubes made
from aluminum or copper reduce and homogenize the
electrical field strength. The diameter of the tube used
increases with the nominal voltage (e.g., a diameter of
at least 80mm is used for a nominal voltage of 400 kV).
The insulation on the screen tubes, which is also made
thicker for higher voltages, has two negative effects:

1. In thick insulation, dielectric losses can cause heat-
ing, which eventually leads to thermal breakdown.

2. In the presence of various dielectric materials, the
field strengths are distributed according to the in-
verse ratio of their permittivities. The permittivities
of crepe paper and pressboard are in the range of
3:5�3:8, while the permittivity of insulating oil is
2.2. This means that field stress is higher in the oil,
which has a lower dielectric strength than paper and
pressboard.

This problem was solved through the development of
lead exits with barrier insulation [7.41]. The theoretical
basis for this approach (see Fig. 7.72) was developed by
a team of researchers and presented in 1998 [7.42].

Instead of pressboard barriers, another approach
uses barriers that are made from calendered special
crepe paper over flexible strips, which makes the barri-
ers more resistant to breakdown. This approach allows
any number of bends to be realized in the lead exit with
minimal effort [7.43–45]. Figure 7.73 shows a model
and a real-world example of a flexible lead exit sys-
tem.

7.2.5 Cooling Types and Insulating Fluids

The cooling systems used in transformers are inter-
nationally standardized and categorized. Each type of
cooling system is assigned a two- or four-character
code, as described below:

First character: type of coolant inside the trans-
former.
O: Mineral oil or similar with

a flash point below 300 °C
A: Air (for dry-type transformers)
K: Alternative liquid with a flash

point above 300 °C
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Fig. 7.72a,b Com-
parison between
(a) conventional
and (b) barrier lead
exits. The dielectric
strength of the
barrier insulation is
high, whereas the
field enhancement
in the oil gaps
and the insulation
volume (and thus
the related costs)
are minimal [7.42]

Fig. 7.73 3-D model of a flexible lead exit system, and a real-world example of a lead exit with three bends (right)

Second character: method used to circulate the internal
coolant.
N: Natural
F: Forced
D: Directed (directly pumped

through the windings from the
bottom)

Third character: type of external coolant.
A: Air
W: Water

Fourth character: method used to circulate the external
coolant.
N: Natural
F: Forced.

The cooling types AN or AF are used for dry-type
transformers; additional fans are installed at the trans-
former if the air is forced. More effort is required for
liquid-filled transformers, which usually have higher
power ratings, so a medium-sized power transformer
below 50MVA will often use ONAN, whereas such
a transformer below 100MVA will often use ONAF.
Water-cooled OFWF systems in which there is forced
oil flow driven by pumps are used for industrial or

large power transformers. The best cooling that can be
achieved is ODWF (oil/directed/water/forced), which
is, however, also the most expensive cooling method.

Insulating and Cooling Fluids
The most popular transformer coolants are now dis-
cussed.

Mineral Oil. The transformers used in the experiment
in Frankfurt in 1891 were filled with oil. Since then,
there have been notable advances in the use of min-
eral oil in transformers, as well as setbacks. The first
oils were not stable over the long term. In the 1950s
and 1960s, oils that formed black, soot-like deposits
on the active parts were used. Later, it was discovered
that certain types of oils were contaminated with toxic
polychlorinated biphenyls (PCBs). In the 1990s, cer-
tain types of oils were found to release corrosive sulfur,
leading to partial discharges and ultimately to break-
downs. Modern transformer oils may be refined from
crude oil or produced synthetically from natural gas.
Inhibitors can be added to delay the aging of the oil.
Thus, today, inhibited mineral oil and inhibited gas-to-
liquid (GtL) oil are the most cutting-edge oils that are
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used in transformers. Considering the total volume of
each type of liquid used in transformers worldwide, oil
is by far the most important, representing over 95%
of the total volume of all liquids used in transform-
ers.

Other Insulating Fluids. Other insulating fluids are
usually more expensive than mineral oil, but they can
have the advantage of being more environmentally
friendly or having higher flash points. Their dielectric
properties are usually different from those of oil. Thus,
given their different permittivities and electrical field
strengths, it is not possible to swap from mineral oil to
another insulating fluid in a transformer design without
performing appropriate verification. Due to the fact that
oil has a market share among all transformer insulation
fluids of more than 95%, the most important alternatives
to mineral oil are mentioned only briefly below:

� Silicone liquids (still seldom used)� Synthetic esters� Natural esters.

There are only a few companies in the world that pro-
duce synthetic and natural esters, but the market share
is slowly increasing (especially in the distribution and
wind-energy sectors), albeit from a low level. Natu-
ral esters cannot be used in free-breathing transformers
(i.e., transformers that have a conservator – an oil ex-
pansion vessel – with nomembrane) because the natural
ester would be in direct contact with ambient air in such
transformer, leading to highly accelerated aging of the
liquid.

7.2.6 Tank and Protection System

Dry-Type Transformers
Dry-type transformers cannot be operated outside be-
cause the resin does not exhibit long-term UV stability.
Furthermore, these transformers are not usually de-
signed to operate under ambient conditions such as rain

and snow, so dry-type transformers are installed inside.
Given that dry-type transformers of up to 145 kV are
available [7.46], some larger units can have a special
housing, but these cases are rare.

Dry-type transformers are usually equipped with
a temperature monitoring system that prevents overtem-
peratures and can detect abnormal hot spots.

Liquid-Filled Transformers
Small distribution transformers are usually manufac-
tured with finned vessels, and it is becoming increas-
ingly common for them to be hermetically sealed.
Medium-sized power transformers are usually built
with housings that are equipped with radiators onto
which additional fans can be mounted. Hermetic ar-
rangements are possible up to approximately 100MVA,
but are difficult for higher power ratings than this.
Power transformers are either built with a tank and
a cover or with a bell-type tank with a bell-shaped
cover. When this cover is removed, the active part,
which stands in a kind of tub that forms the rest of
the housing, is freely accessible. As demonstrated by
the examples shown in Fig. 7.74, it is easy to distin-
guish between a free-breathing transformer equipped
with a conservator and a hermetically sealed trans-
former without an oil expansion vessel on the top of
the tank. In recent years, a membrane has often been
integrated into the conservator to reduce the absorption
of oxygen and moisture from the ambient air and thus
suppress insulating fluid aging.

The most important protection system for power
transformers is the Buchholz relay, as shown in
Fig. 7.75. This relay was developed in 1921 and named
after its inventorMaxBuchholz. It is installed in the pipe
from the tank to the expansion vessel, collects gas, and
monitors the oil flow speed in the pipe. It is equipped
with at least one float that triggers a warning in the event
of slow gas development or an oil loss. Furthermore,
a damper detects the rapid oil or gas flow caused by
a sudden fault, thus the transformer is tripped.

7.3 Testing Power Transformers

There are various reasons for testing a transformer, but
three are particularly common:

� The final acceptance test (FAT) of a new transformer
after it has been manufactured� The acceptance test of a repaired transformer� Diagnostic/service tests.

The scope of the tests performed as well as the sequence
of tests and the equipment used vary depending on the
type of testing performed.

Thefinal acceptance test is performedon anew trans-
former after it has been manufactured, in order to verify
that the transformer fulfills the contractual specification
as well as the requirements of applicable standards. In
addition, the FAT is part of the internal quality assurance
ormanagement systemof themanufacturer. Thus, the re-
sults of this final quality check should be used to gauge
whether the transformer can be put into service.

Sometimes a transformer is produced and tested in
a workshop but is then completely disassembled and
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Fig. 7.74a–c Examples of (a) small, (b) medium-sized, and (c) large (400 MVA, three-phase) power transformers [7.47]

Oil

Fig. 7.75 Scheme of a Buchholz relay [7.48]

transported to the site, where it is reassembled again.
In this context, completely disassembled means that
the whole active part is disassembled; it is not the
case that only bushings or the conservator are/is re-
moved, which is the usual approach for transformer
transportation. This very special case can occur if it is
not possible to transport the assembled unit to the site
due to several restrictions (e.g., when the transformer
is to be installed underground). In such cases, the cus-
tomer and the manufacturer must agree upon the tests
that should be repeated (and passed) before the trans-
former is put into operation. CIGRE Working Group
WG A2.59 deals with these questions and provides
some recommendations regarding this matter [7.49].

The second category is similar to the first because
tests must be performed after a repair to check the spec-
ification and quality of the repair. However, since some
components of the transformer may reused, and de-
pending on how long the asset has been in operation,

the voltage tests performed after a repair are carried out
at a lower voltage level than used in the FAT, which
is in accordance with the standards. Due to the fact
that the number of repairs performed on-site is increas-
ing [7.50], the number of on-site tests is also rising,
which has led to the development of special equipment
for on-site tests over the last decades. The scope of
these tests after a repair is similar to the scope of the
tests performed during the FAT, as long as the tests are
performed in a high-voltage test field. If the tests are
performed on-site, the scope of the tests is usually re-
duced due to the higher complexity involved, increased
costs, and problems with the availability of the test
equipment to be used.

For diagnostic tests, the scope of the tests is usu-
ally significantly reduced compared to the scope of the
tests performed during a FAT, because only tests that
are useful for detecting a possible failure are carried
out. One example is when an induced voltage test with
partial discharge (PD) measurement is performed be-
cause DGA (dissolved gas analysis) has indicated PD
activity. Therefore, only certain tests are performed, but
often with additional special equipment. Thus, for the
PD example, aside from the electrical PD measurement
(which is implemented in the same way as during the
FAT), acoustic or UHF (ultra high frequency) PD de-
tection techniques are applied to localize the source of
the PD, which is required before the risk of failure can
be quantified. Therefore, most of the tests performed
during the FAT can also be used to assess the condition
of the transformer, which enables efficient asset man-
agement [7.51] because each test probes the likelihood
of a different type of failure. This why many of these
tests are also carried out during maintenance or a ser-
vice [7.52].
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7.3.1 Types of Tests

Compared to other components of the HV transmission
systems, power transformer testing is far more compli-
cated. This is simply because so many more tests are
available and necessary for power transformers. Fur-
thermore, most HV assets only require single-phase HV
tests, whereas single- and three-phase dielectric tests
are necessary for a three-phase transformer. Each test
that is available for a power transformer can be catego-
rized as one or more of the following:

� A routine test (RT)� A type test (TT)� A special test (ST)� A diagnostic test (DT).

All transformers must undergo routine tests as part of
the FAT, whereas type tests are performed on just one
representative transformer among a group of transform-
ers that are identical in construction. Special tests do not
belong in the previously mentioned categories and are
usually agreed upon by the customer and the manufac-
turer. Diagnostic tests include all tests that may aid the
identification of the cause of a failure, so such tests are
mainly performed on transformers that are in service or
on a transformer that did not pass the acceptance test
and requires further failure analysis. All routine tests
and diagnostic tests can be performed on-site, so these
tests are also used during a service and during main-
tenance to assess the condition of the transformer. Of
course, some of these tests are quite complex and there-
fore expensive, so they are only carried out if there are
certain indications or problems.

Due to the fact that transformers are often unique
and specially designed components, the scope of the
testing is usually defined by the customer or agreed
upon by the customer and manufacturer. Table 7.4 pro-
vides an overview of the most important tests and
their categories as well as the corresponding IEC and
IEEE (Institute of Electrical and Electronics Engineers)
standards. The tests listed in the table increase in mea-
surement complexity and the stress exerted on the
transformer from top to bottom.

Table 7.4 shows that tests on power transformers
are multifarious and extensive, so not all of the tests
mentioned in the table are discussed in detail below.
More information or detail can be obtained from the
corresponding IEC and IEEE standards mentioned in
the table, or from relevant literature [7.77, 78] (there are
books that focus entirely on the testing of power trans-
formers).

In the following, short descriptions of the tests
together with some remarks about them are pre-
sented [7.77].

Tests of the Liquid Insulation
The liquid that is used in power transformers can be
subjected to different physicochemical and electrical
tests. The standard oil test (SOT) affords information
on the condition of the liquid insulation. Thus, the main
parameters are tested, such as the breakdown voltage,
dielectric dissipation factor, moisture content, acidity,
interfacial tension, inhibitor content, and the purity of
the oil. It is necessary to perform the SOT before any
HV test and before the transformer is put into operation
because the dielectric strength of the liquid must ful-
fill the requirements defined in the standards mentioned
above. If, for example, the breakdown voltage of the
liquid is not appropriate considering the voltage level
of the transformer, the transformer can neither be tested
nor be put into service. The SOT is also performed
regularly during the whole lifetime of the transformer
because the measured parameters provide insight into
the performance and aging of the whole insulation sys-
tem. If the liquid no longer fulfills the requirements,
a special cleaning procedure (e.g., a regeneration) must
be performed [7.79].

Another test that must be carried out regularly is
a dissolved gas analysis (DGA), which is among the
most well-established diagnostic methods for liquid-
immersed power transformers. When there is a defect,
specific gases are generated that dissolve in the liquid.
For example, partial discharges produce predominantly
hydrogen and methane. Based on the concentrations
and the ratio of these fault gases, a DGA can provide
information on the nature of the fault [7.80]. In addi-
tion, the rate of increase of the fault gas concentration
within a certain time interval delivers information about
the severity of the fault. There are a number of in-
terpretation guidelines for the data acquired via DGA
measurements; examples include [7.81, 82]. The IEC
standard 60599 enables faults to be assessed and evalu-
ated by distinguishing between types of electrical faults
(PD, D1, and D2: partial discharges, low-energy dis-
charges, and high-energy discharges, respectively) and
thermal faults (by dividing them into three temperature
ranges: T1, T2, and T3), and by gauging the degree of
paper aging (via the CO2=CO ratio). In addition, a low
oxygen concentration indicates oxidation processes for
free-breathing transformers. Furthermore, when there is
a severe failure, a huge amount of gas can be produced
that cannot rapidly dissolve fully in the oil, meaning
that gas bubbles rise to the top and can be collected in
the Buchholz relay (for instance). These free gases can
also be analyzed and compared to the results of a DGA,
allowing additional conclusions about the failure to be
drawn.

Regarding HV tests, it is recommended that a DGA
should be performed both before and after the tests in
order to check whether there are any small weak points
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Table 7.4 Test types for transformers

Test Standards RT TT ST DT
Standard oil test (SOT) IEC 60422 [7.53]

IEEE Std. C57.106-2015 [7.54]
ı ı

Dissolved gas analysis (DGA) IEC 60599 [7.55]
IEEE Std. C57.104-2019 [7.56]

ıa ı

Functional test of tap changer and auxiliary equipment IEC 60076-1 [7.17]
IEC 60076-3 [7.57]
IEEE Std. C57.12.00-2015 [7.58]

ı ı

Measurement of voltage ratio and vector group IEC 60076-1 [7.17]
IEC 60076-11 [7.32]
IEEE Std. C57.12.90-2015 [7.59]

ı ı

Frequency-response analysis (FRA)
Frequency-domain spectroscopy (FDS)

IEC 60076-18 [7.60]
IEEE Std. C57.149-2012 [7.61]
IEEE Std. C57.161-2018 [7.62]

ı ı

Measurement of dielectric dissipation factor and capacitances IEC 60076-1
IEEE Std. C57.12.90-2015

ı ı ı

Measurement of winding resistances IEC 60076-1
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ı

Measurement of insulation resistance IEC 60076-1
IEEE Std. C57.12.90-2015

ı ı

Determination of no-load losses IEC 60076-1
IEC 60076-8 [7.63]
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ıa

Measurements of the harmonics of the no-load current IEC 60076-1
IEC 60076-11

ı

Sound level measurement IEC 60076-10 [7.64]
IEEE Std. C57.12.90-2015

ı

Measurement of short-circuit voltage IEC 60076-1
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ı

Determination of load losses IEC 60076-1
IEC 60076-11
IEC 60076-8
IEEE Std. C57.12.90-2015

ı ıa

Temperature rise test IEC 60076-2 [7.65]
IEC 60076-7 [7.66]
IEC 60354 [7.67]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı

Zero-sequence measurement IEC 60076-1
IEEE Std. C57.12.90-2015

ı

Impulse tests IEC 60060-1 [7.68]
IEC 60060-2 [7.69]
IEC 60076-1
IEC 60076-3 [7.57]
IEC 60076-4 [7.70]
IEC 60076-11
IEEE Std. C57.12.00-2015
IEEE Std. C57.98-2011 [7.71]

ı

Applied voltage test IEC 60076-1
IEC 60076-3
IEC 60076-11
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı ı

Test Standards RT TT ST DT
Standard oil test (SOT) IEC 60422 [7.53]

IEEE Std. C57.106-2015 [7.54]
ı ı

Dissolved gas analysis (DGA) IEC 60599 [7.55]
IEEE Std. C57.104-2019 [7.56]

ıa ı

Functional test of tap changer and auxiliary equipment IEC 60076-1 [7.17]
IEC 60076-3 [7.57]
IEEE Std. C57.12.00-2015 [7.58]

ı ı

Measurement of voltage ratio and vector group IEC 60076-1 [7.17]
IEC 60076-11 [7.32]
IEEE Std. C57.12.90-2015 [7.59]

ı ı

Frequency-response analysis (FRA)
Frequency-domain spectroscopy (FDS)

IEC 60076-18 [7.60]
IEEE Std. C57.149-2012 [7.61]
IEEE Std. C57.161-2018 [7.62]

ı ı

Measurement of dielectric dissipation factor and capacitances IEC 60076-1
IEEE Std. C57.12.90-2015

ı ı ı

Measurement of winding resistances IEC 60076-1
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ı

Measurement of insulation resistance IEC 60076-1
IEEE Std. C57.12.90-2015

ı ı

Determination of no-load losses IEC 60076-1
IEC 60076-8 [7.63]
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ıa

Measurements of the harmonics of the no-load current IEC 60076-1
IEC 60076-11

ı

Sound level measurement IEC 60076-10 [7.64]
IEEE Std. C57.12.90-2015

ı

Measurement of short-circuit voltage IEC 60076-1
IEC 60076-11
IEEE Std. C57.12.90-2015

ı ı

Determination of load losses IEC 60076-1
IEC 60076-11
IEC 60076-8
IEEE Std. C57.12.90-2015

ı ıa

Temperature rise test IEC 60076-2 [7.65]
IEC 60076-7 [7.66]
IEC 60354 [7.67]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı

Zero-sequence measurement IEC 60076-1
IEEE Std. C57.12.90-2015

ı

Impulse tests IEC 60060-1 [7.68]
IEC 60060-2 [7.69]
IEC 60076-1
IEC 60076-3 [7.57]
IEC 60076-4 [7.70]
IEC 60076-11
IEEE Std. C57.12.00-2015
IEEE Std. C57.98-2011 [7.71]

ı

Applied voltage test IEC 60076-1
IEC 60076-3
IEC 60076-11
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı ı
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Table 7.4 (continued)

Test Standards RT TT ST DT
Induced voltage test, including PD measurement IEC 60076-1

IEC 60076-3
IEC 60076-11
IEC 60270 [7.72]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı ı

Acoustic and UHF PD measurements IEC 60270
IEC TS 62478 [7.73]
IEEE Std. C57.12.90-2015
IEEE Std. C57.113-2010 [7.74]
IEEE Std. C57.127-2018 [7.75]

ı

Short-circuit withstand test IEC 60076-5 [7.76]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı

Test Standards RT TT ST DT
Induced voltage test, including PD measurement IEC 60076-1

IEC 60076-3
IEC 60076-11
IEC 60270 [7.72]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı ı

Acoustic and UHF PD measurements IEC 60270
IEC TS 62478 [7.73]
IEEE Std. C57.12.90-2015
IEEE Std. C57.113-2010 [7.74]
IEEE Std. C57.127-2018 [7.75]

ı

Short-circuit withstand test IEC 60076-5 [7.76]
IEEE Std. C57.12.00-2015
IEEE Std. C57.12.90-2015

ı

a Sometimes/depending on the size of the transformer

in the active part. A temperature rise test is usually ac-
companied by several DGA measurements in order to
verify whether hot spots are present inside the active
part, and to determine if the fault gases have exceeded
certain limits.

Functional Tests
All auxiliary equipment must be subjected to functional
testing. For example, the fans or pumps of the cooling
system and all of the control equipment must be tested
to check that it is operating appropriately. In addition,
all of the auxiliary wiring must pass a 60 s dielectric AC
separate-source test to prove that the insulation system
is suitable.

If the transformer is equipped with a tap changer,
this system must also be tested. If this is an on-load tap
changer, various switching operations must be carried
out with the transformer energized and deenergized.

Voltage Ratio and Vector Group
The transmission or voltage ratio must be evaluated for
all tap positions by directly measuring the voltages on
the primary and secondary sides using voltmeters, or by
using ratio-measuring bridges. For three-phase trans-
formers, this measurement is usually conducted for one
phase at a time. The maximum error in the relative ratio
or the deviation of the measured from the nominal ra-
tio in percent should be within ˙0:5% or less than than
0.1 times the actual short-circuit voltage (whichever is
lower) according to IEC 60076-1.

Furthermore, it is essential to check the vector group
of the transformer and the phase displacement between
the LV andHV side for each phase. This is especially im-
portant when the transformers are operated in parallel.

Several compact systems are on the market that
integrate voltage ratio, vector group, and winding resis-
tance measurements into one system. Such devices are
usually fitted to a small trolley, which makes it easier
to position the measuring system at appropriate points
close to transformers of differing sizes.

Frequency Response
Some additional tests have become increasingly popu-
lar over the last decades. These are used as diagnostic
tests for transformers that are in service and to ob-
tain a fingerprint during the FAT of a new transformer.
They are based on systems theory, which states that
if a system is changed, the system response must also
change. Therefore, the system response (the fingerprint)
is measured and compared with a previous response
(the reference fingerprint) of the same system. If a refer-
ence fingerprint is not available, the result is compared
with either the response of a similar system or a sim-
ulated reference. In the following, two methods that
are increasingly being used in transformer testing and
servicing are described. Both methods examine a sys-
tem response: one probes the dielectric system response
(FDS), whereas the other examines the electric system
response (FRA).

Frequency-domain spectroscopy (FDS) involves the
measurement of the dielectric dissipation factor over
the frequency range of 1mHz to 1 kHz. The response
is then compared to a reference that depends on the
insulation system of the transformer – in particular
concerning the relation of the amount of liquid to
solid insulation – and this comparison allows the av-
erage moisture content in the solid insulation to be
gauged [7.83].
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In frequency-response analysis (FRA), an electrical
transfer function (typically a voltage–voltage transfer
function) is measured for each phase of the LV and HV
sides over a typical frequency range of 1 kHz to 1MHz.
Afterwards, the measured transfer function is compared
with a corresponding measurement performed during
the FAT or (more commonly, since FRA measurements
were not performed during the FAT for older trans-
formers) with the measured transfer function of another
phase. Differences between the transfer functions can
indicate winding deformations or core problems, al-
though the precise interpretation of these differences is
still being researched [7.84].

Small portable devices that can perform these meth-
ods are available. These devices are often connected to
a computer such as a laptop, as this allows the mea-
surements to be controlled and the resulting data to be
evaluated and visualized graphically using a software
package.

Dielectric Dissipation Factor and Capacitance
The dielectric dissipation factor (tan ı) of an insulation
system is defined in the relevant IEC standard as the re-
lation between the active and the reactive power when
a sinusoidal voltage is applied to the insulation. The
power factor PF is defined in the relevant IEEE stan-
dard as the relation between the active and the apparent
power. The relation between the dielectric dissipation
factor and the power factor is

PF D tan ıp
1C tan2 ı

: (7.51)

The value of the dissipation factor is usually small,
and it is clear from the equation that the difference be-
tween the dielectric dissipation factor and the power
factor is often negligible for small values of the dis-
sipation factor. The dielectric dissipation factor or the
power factor as well as the capacitance of the insula-
tion system can be measured using the famous Schering
bridge [7.85]. The dissipation factor can be used to as-
sess the condition of the insulation, although this factor
depends on many parameters such as the temperature,
frequency, and electrical field strength. Compact sys-
tems of a similar size to the voltage ratio measurement
devices mentioned above are available to measure the
dissipation factor.

Winding Resistance
The winding resistance is defined as the temperature-
dependent ohmic DC resistance of a winding. It is
measured at room temperature and then converted to the
winding resistance at the standard temperature of 75 °C.

The winding resistance is used to extrapolate the copper
losses (I2R) of the transformer, as well as for diagnostic
purposes. Measuring the winding resistance allows the
path of the electrical current to be probed: it can high-
light contact problems at the tap changer or between
windings and bushings, interruptions within the wind-
ings, and even significant interturn short circuits. For
transformers with tap changers, the winding resistances
of all phases are measured at all tap changer positions.
In this case, to avoid unacceptable heating, the direct
current supplied may not exceed 10% of the nominal
winding current according to IEEE Std. C57.12.90-
2015, but it must also be at least 1.2 times the value
of the no-load current to ensure core saturation.

Different approaches are used to measure the resis-
tance. A simple method involves injecting a current into
the winding and measuring the corresponding voltage
drop across it. Ohm’s law can then be used to calcu-
late the winding resistance. Another method is to utilize
a bridge to measure the resistance by balancing the two
arms of the bridge circuit. Thus, a comparison is per-
formed, with a known resistance to determine the exact
value of an unknown resistor.

Insulation Resistance
The insulation resistance between winding systems or
between windings to ground is measured. To do this,
an applied voltage test is performed: one winding sys-
tem is short-circuited and connected to a voltage source,
while the other winding systems are short-circuited and
connected to ground. A DC voltage of a few kV is then
applied and the insulation resistance is measured inM�
using a typically small and portable device.

The insulation resistance depends on various pa-
rameters; aside from the design of the transformer,
external influences such as humidity and dirt on the
bushings significantly affect the insulation resistance.
It also depends on the duration of application of the
voltage because of dielectric effects in the insulating
medium, so the resistance is often measured after 15,
60, or 600 s. The ratio of the resistance after 60 s of volt-
age stress to that after 15 s of voltage stress (R60=R15) is
often in the range 1:3�3, and its value is linked to the
quality of the insulating medium. Furthermore, values
of the polarization index (PI; i.e., the ratio R600=R60)
that are above 2 are indicative of good insulation, while
values of less than 1 indicate unsatisfactory insula-
tion.

As a rule of thumb, the insulation resistance should
be at least 1M� per kV of nominal voltage, so an
insulation resistance of at least 110M� is required
for a 110 kV transformer. The insulation resistance of
a new transformer is usually more than ten times higher
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than this rule of thumb, and is therefore in the G�
range [7.86].

No-Load Losses and Harmonics
of the No-Load Current

The no-load losses are guaranteed by the manufacturer
because they are an important influence on the opera-
tional economics, given that they occur whenever the
transformer is energized. The setup for measuring the
no-load losses is rather simple: one winding system is
energized with the nominal voltage at the nominal fre-
quency, while none of the other winding systems are
connected to a load. It is necessary to energize the
transformer with an appropriate voltage waveform and
the exact nominal frequency since the no-load losses
strongly depend on the waveform of the voltage as well
as the frequency. In the tests, the voltage is usually de-
creased from 115 to 110, 100, 90, and 80%, because
overexcitation at the beginning reduces any effects on
the remanence (caused by DC winding resistance mea-
surements for example). The active power must be
remeasured with a calibrated power analyzer, and the
measured value is corrected to the no-load losses us-
ing a factor that considers the harmonics in the voltage
waveform.

The no-load losses can also be used to diagnose the
condition of the core of an old transformer, so they are
usually measured before an old transformer undergoes
a repair or an overhaul.

As a special additional test, the harmonics of the
no-load current can also be measured. In the past, or
for older transformers, information on the harmonic
content of the no-load current was used to adjust the
transformer protection relays, especially when elec-
tromechanical systems were used. However, such mea-
surements have become less important for modern
power transformers because their no-load currents are
below 1% of the nominal current.

Sound Level Measurements
The measurement of the sound level is a special test that
is becoming increasingly important because transform-
ers are being installed closer and closer to populated
areas, where there are various rules and regulations
concerning sound emissions. In order to check that
a transformer is operating within specified noise lim-
its or the noise range guaranteed by the manufacturer,
sound level measurements can be performed in various
configurations: no-load/load, cooling on/off, and pumps
on/off.

Aside from the cooling system, the sound generated
by an operational transformer is a combination of core
noise (no-load sound) and winding noise (load sound).
The no-load noise arises from magnetostriction (small

elastic variations in the length of a magnetic material) of
the core, whereas the load noise is a result of vibrations
of the windings and the tank due to magnetic forces
caused by the load current. For modern low-induction
transformers, the load noise is usually louder than the
no-load noise. The sound level measurement proce-
dure is quite complicated because a lot of sound level
measurement points need to be recorded and evaluated
given the sizable dimensions of large power transform-
ers.

A simple sound measurement can also be used to
make a rough estimation of the condition of the core or
core clamping, but this is a seldom-used procedure and
is usually only performed under no-load conditions.

Short-Circuit Voltage and Load Losses
By definition, the short-circuit voltage is the AC voltage
that must be applied to the primary terminals of a trans-
former that is short-circuited on the secondary side so
that nominal currents flow on the primary side, in which
case the absorbed active power of the transformer corre-
sponds to the load losses. Both the short-circuit voltage
and the load losses are guaranteed by the manufac-
turer and must therefore be measured precisely using
calibrated power analyzers. For transformers with tap
changers, the short-circuit voltage must be determined
for the two extremes as well as for the main tap position,
because the short-circuit voltage is important when op-
erating two or more transformers in parallel.

The difference between the measured and calcu-
lated load losses provides insight into the eddy losses
caused by the leakage fluxes in metal mechanical parts
of the transformer (e.g., the tank walls).

Depending on the size of the transformer and the
test equipment available, capacitive compensation is
usually needed to perform the test. Therefore, capaci-
tor banks are connected in parallel to the transformer,
increasing the effort required for the test. In order to
measure the short-circuit voltage on-site, usually low
voltage is applied to the primary side while the sec-
ondary side is short-circuited. The current and voltage
on the primary side are then measured, and the mea-
sured voltage is multiplied by the ratio of the rated cur-
rent to the measured current to obtain the short-circuit
voltage. The reason for determining the short-circuit
voltage on-site is that this measurement can be also
used as a diagnostic procedure, because the short-circuit
voltage is very sensitive to changes in the winding struc-
ture, meaning that it can be used to detect winding
deformations.

Temperature-Rise Test
When a transformer is operating, heat is produced,
which increases the temperature of the internal struc-
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ture of the transformer. Since temperature is one of the
main influences on the overload capability and life ex-
pectancy of a transformer, the temperature-rise test is of
great importance to both manufacturers and operators.
The temperature-rise test uses the same setup as em-
ployed to determine the short-circuit voltage and load
losses, and is performed to check that the temperature
rises for the windings and the oil are compliant with
the values guaranteed by the manufacturer. A two-step
approach is performed:

� The rise in top-oil temperature when the total losses
are injected is determined� The average winding temperature rise for rated cur-
rents is evaluated.

In step 1, the voltage is regulated such that the total
losses are the sum of the load losses and the no-load
losses. During this test, the current is slightly above the
rated current, and the test ends when the top-oil tem-
perature reaches a steady state. The rise in the top-oil
temperature can then be determined as the difference
between the top-oil temperature and the temperature of
the external cooling medium (the ambient temperature
for air-cooled systems or the water inlet temperature for
water-cooled transformers).

After the top-oil temperature rise has been deter-
mined, the test immediately moves on to the second
step, in which the current is reduced to the rated cur-
rent for a 1 h period. After that, the winding resistances
must be measured to determine the average temperature
of the windings and therefore the average winding tem-
perature rise as defined in the standards.

Sometimes fiber-optic temperature sensors are in-
stalled in the windings or the active part of the trans-
former. These are used to determine the temperature
distribution across the active part as well as the hot-spot
temperature during the temperature rise test. The sen-
sors are installed during production and subsequently
(when the transformer is operational) integrated into
a monitoring system to produce a thermal image of the
transformer [7.87] that is used to optimize the cooling
efficiency or calculate the aging factor due to thermal
stress.

As mentioned before, the temperature-rise test is
often accompanied by DGA tests because an analysis
of the gases dissolved in the oil can be used to detect
possible local overheating that does not show up as an
unusual temperature rise during the test.

Zero-Sequence Measurement
Asymmetrically loaded three-phase systems can be cal-
culated using the method of symmetrical components.
In this method, an asymmetrically loaded three-phase

1U 1V 1W I

I
3
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G~

Fig. 7.76
Zero-sequence
impedance for a star
winding

system is divided into three superimposed subsys-
tems: the positive-sequence phase system, the negative-
sequence phase system, and the zero-sequence phase
system. Each of these three systems comprises corre-
sponding symmetrical voltage, current, and impedance
components. For transformers, the positive-sequence
impedance is usually equal to the negative-sequence
impedance, whereas the zero-sequence impedance can
significantly differ from the other two impedances.

The zero-sequence impedance can only be deter-
mined for star or zigzag winding connections, and is
measured at the rated frequency between the intercon-
nected terminals of the winding system and its neutral
point.

If the voltage V is applied between the intercon-
nected winding terminals and the neutral, as shown in
Fig. 7.76, the zero-sequence impedance Z0 can be cal-
culated as

Z0 D V
I
3

D 3
V

I
: (7.52)

For the setup shown in Fig. 7.76, it is important
to note that the current at the neutral point must not
exceed the maximum permissible value. Also, the zero-
sequence magnetic flux should be considered for dif-
ferent transformer designs. For example, for an YNyn
transformer with a three-limb core, if the voltage V
is applied between Y and N while the LV side yn is
open, the flux – which is ˚=3 in each limb – needs
to close over the tank walls, cover, clamping construc-
tion, etc. This may generate excessive heat in these
metallic parts, so the measured current should be dras-
tically reduced compared to the rated current. If the
YNyn transformer has a five-limb core, the situation
is completely different because the two outer limbs are
available to close the flux, and because a YNyn trans-
former with a five-limb core usually has a delta tertiary
winding that will generate an appropriate compensation
current [7.88].

This example shows that the zero-sequence
impedance depends strongly on the design (i.e., the
vector group and core construction) of the transformer,
meaning that various test circuits are used to measure



Section
7.3

492 7 Transformers

v(t)/v

0.9

0.5

0.3

0

1.0

01 TAB

T1 T2

t

V(t)

Vmax

t1 tc t

a) b)ˆ

B

A

Fig. 7.77a,b Lightning impulse voltage: (a) full waveform with front time T1 and time to half-value period T2 and
(b) chopped at the tail (t1 is the front time and tc is the time until chopping is performed)

the zero-sequence impedances of transformers with
various high and low winding connections. Therefore,
in some cases, the test circuit to be used will need
to be agreed upon between the manufacturer and the
operator.

Dielectric Tests
Dielectric tests include the most important transformer
tests – those that verify the integrity of the trans-
former under operational and also abnormal stresses.
This requires the application of voltage levels that are
significantly above the nominal voltage stress. There-
fore, unsurprisingly, transformers that do not pass the
final acceptance test have often failed one of the fol-
lowing dielectric tests:

� Impulse tests� Applied voltage test� Induced voltage test with PD measurement.

The levels used in these dielectric tests are defined in
the standards and depend on the voltage Vm, which is
the highest rms phase-to-phase voltage in a three-phase
system for which a transformer winding is designed in
respect to its insulation according to IEC 60076-3.

Impulse Tests. Transformers must be subjected to im-
pulse tests to verify the integrity of their insulation
during transient overvoltages, which may appear due
to atmospheric lightning or switching operations in
the network. There are therefore two different impulse
tests: the lightning impulse (LI) test and the switching
impulse (SI) test. The LI test can be subdivided into
a full voltage wave test and a test where the voltage
wave is chopped at either the front or the tail, as shown

in Fig. 7.77. Impulse tests are routinely performed for
transformers that are designed to operate above a cer-
tain voltage level, but the voltage limit is different for
full LI tests, chopped LI tests, and SI tests. In addition,
these limits are slightly different in the IEC and IEEE
standards.

According to Fig. 7.77, the typical 1.2/50�s full
lightning impulse waveform can be characterized by
three values:

� The peak voltage (the test voltage with a tolerance
of ˙3%)� The front time T1 D 1:2�s˙ 30%� The time to half value T2 D 50�s˙ 20%.

For a chopped LI, instead of the time to half value,
the waveform is characterized by the time until chop-
ping is performed, Tc. A SI has a similar waveform to
a LI, so both impulses can be generated with the same
system but with different setups of the Marx genera-
tor (designed in 1923 by Erwin Marx in Braunschweig,
Germany).

However, the SI is longer than the LI. Therefore,
according to the IEC standards, the time to peak Tp of
a SI must be at least 100�s, the time Td spent above
90% of the specified amplitude must be at least 200�s,
and the time to zero TZ must have a minimum value
of 1ms. Due to the longer voltage stress on the SI, its
test level is lower than that of the LI, whereas the test
level of the chopped LI is usually 110% of the full LI.
The LI and SI tests are usually carried out with negative
polarity in order to avoid external flashovers, and both
tests start with a reduced voltage level as a calibration
impulse. Afterwards, three full waveforms are typically
applied. This test sequence must be performed on all
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phases. The tap-changer positions change for each of
the three phases of a three-phase transformer during the
LI tests, so the two extreme tap positions as well as the
main tap position are used once. For SI tests, it is often
necessary to apply a number of reduced impulses with
opposite polarities prior to each test impulse in order to
avoid core saturation and therefore reduced impedance,
which will influence the SI waveform.

Generally, the transformer passes these tests if there
is no voltage breakdown during the tests and when the
calibration and full impulses for the recorded LI wave-
forms are almost identical.

Applied Voltage Test. During the separate-source AC
withstand test or the so-called applied voltage test, the
integrity of the main insulation is examined, meaning
that the insulation between the windings themselves,
between the windings and the ground, and between all
connections to ground and to each other is tested. The
setup is rather simple and is also used for insulation re-
sistance measurements: all winding systems (HV, LV,
TV) are interconnected or short-circuited (all terminals
of a winding system as well as the neutral, if applicable,
are connected to each other), the winding system that
is being tested is connected to the test voltage, and all
other windings and parts are grounded. This procedure
is repeated until all of the winding systems have been
tested. The applied voltage test is usually performed at
the rated frequency, and the test voltage is applied for
60 s, as specified by the IEC. The test is passed if the
voltage does not collapse and there are no other fault
indications, such as a sudden increase in the test cur-
rent.

For large power transformers, the neutral often has
a reduced level of insulation compared to the phase ex-
its. Thus, for such nonuniform windings, the test level
must be determined according to the test level specified
for the neutral.

Induced Voltage Test with PD Measurement. The
induced voltage test is one of the most conclusive tests
of the quality of the transformer insulation system.
During this test, the insulation between turns, discs,
windings, and terminals at different phases is evalu-
ated by applying electrical stress from a voltage that
is around 1.5 times higher than the rated voltage to
all of them simultaneously. Any deficiencies in the
design, insulation dimensioning, or manufacturing pro-
cess will cause weaknesses in the insulation system of
the transformer, leading to PD activity during the in-
duced voltage test. These weak points can be detected
by simultaneously performing electrical PD measure-
ments according to IEC 60270. Since the test voltage is

higher than the rated voltage, the test frequency is usu-
ally increased to at least twice the rated frequency in
order to avoid core saturation.

The relevant IEC and IEEE standards exhibit some
important differences for the induced voltage test. In
fact, these differences between the standards are more
significant than for any other test mentioned so far, and
include dissimilar voltage limits for the PD measure-
ment as well as differences in the procedure itself, the
test setups, and the test duration. In general, the induced
voltage is increased stepwise until the HV test level is
reached, and this voltage is maintained for a rather short
time (around a minute, depending on the voltage fre-
quency). The voltage is then reduced stepwise. Both
standards state that the first step down after the high-
est test voltage should be held for up to 1 h (this time
mainly depends on the voltage Vm of the transformer).
The test is passed if there is no collapse of the voltage,
the PD levels do not reach certain limits, and the PD
activity does not show any increasing trend.

The PD measurements performed during the in-
duced voltage test are usually electrical PD measure-
ments, as they can be calibrated and can be used to
detect various failures that generate PD activity. If the
transformer does not pass the test due to PD activity, ad-
ditional PDmeasurement techniques such as acoustic or
UHF methods can be used to determine the location of
the PD fault. However, for the following main reasons,
these techniques should not be used during the induced
voltage test to judge whether the system has acceptable
levels of PD activity [7.89, 90]:

� Neither acoustic nor UHF PD techniques can be cal-
ibrated. Thus, the apparent charge associated with
the PD cannot be measured and compared with the
PD acceptance criteria. This means that these tech-
niques do not comply with the standards.� Neither acoustic nor UHF PD methods can reliably
detect an increasing trend in PD activity.� Neither acoustic nor UHF PD measurements are
able to detect all defect types, since their sensitiv-
ity depends on the location of the sensor.

For these reasons, the recommended PD measurement
is an electrical measurement according to IEC 60270.

PD measurement is the most sensitive method of
detecting weak points in the insulation system, so the
induced voltage test with PD measurement is usually
the last test that the transformer is subjected to. If
a defect developed during previous tests but was not
detected in those tests, it will most likely be detected
during the PD measurement, so carrying out this test
ensures that even small defects will be discovered.
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Short-Circuit Withstand Test
A short-circuit withstand test cannot usually be per-
formed in the high-voltage test lab of the manufacturer
because a high-voltage and high-power laboratory is
needed, and there are only a few such labs around the
world. Therefore, this is a special test, and one that
requires agreement between the manufacturer and the
purchaser regarding the setup to be used. In general,
this expensive test checks the overall performance of
the insulation system of a transformer in the case of
a severe short circuit that produces strong mechanical
forces. This test should be implemented on a new trans-
former that has just passed the FAT. In the test, the fully
assembled transformer is subjected to a number of short
circuits within a period that is usually shorter than 1 s
(and often between 0.25 and 0:5 s). Either of the fol-
lowing actions may be performed:

� A breaker is closed in order to apply a short circuit
to the energized transformer (post-established fail-
ure)� A breaker between the power supply and the pri-
mary side of the transformer which is short-cir-
cuited on the secondary side is closed (pre-estab-
lished failure).

Post-established failure is closer to reality, so this test
is often preferred. However, due to the great expense of
this test as well as the fact that a transformer failure usu-
ally leads to catastrophic damage and extremely high
costs, so-called mock-up tests are becoming increas-
ingly popular as an alternative to testing new complete
transformers. During a mock-up test, a special model
of the transformer or a certain part of the transformer
is tested in order to prove the general integrity and me-
chanical stability of the design [7.91].

Test Sequence
The international standards IEC 60076-1/60076-3 and
IEEE Std. C57.12.90-2015 both provide some general
advice and remarks regarding the test sequence. They
recommend performing the tests in a way that ensures
that the stress experienced by the transformer increases
gradually rather than rapidly. Regarding the overall
sequence of all the tests mentioned above, the stan-
dards provide recommendations but also state that an
agreement between the manufacturer and the purchaser
regarding the sequence is still allowed. On the other
hand, more obligatory instructions are given regarding
the sequence that should be used for the dielectric tests.
In general, the following sequence seems to comply
with the standards [7.77]:

� Basic tests without power (oil, ratio, vector group,
FDS, FRA, etc.)

� No-load test (followed by a sound level test if re-
quired)� Short-circuit voltage and load losses� Zero-sequence impedance (if specified)� Dielectric tests:
– Switching impulse tests (if required)
– Lightning impulse tests (if required)
– Applied voltage test
– Induced voltage test with PD measurement.

Depending on the size of the transformer and the num-
ber of tests specified, a period of some days up to
2 weeks in the high-voltage laboratory are typically
needed to perform the FAT.

7.3.2 High-Voltage Test Equipment

High-voltage tests are usually performed in the high-
voltage laboratory of the manufacturer, which should
contain the following devices:

� A Marx generator for impulse tests� A single-phase transformer for the applied voltage
test� A motor–generator set connected to a three-phase
adaption transformer for the induced voltage test
(including filters that enable sensitive PD measure-
ment)� Capacitor bank for the compensation required dur-
ing load loss tests.

However, there is an increasing trend for perform-
ing high-voltage tests on power transformers on-site;
for instance, after a repair on-site, after the complex
transportation of a new transformer, or for diagnostic
purposes. Therefore, in the following, state-of-the-art
techniques for performing high-voltage tests on-site are
presented.

High-Voltage Tests On-Site
Aside from the electrical and economic parameters, the
requirements for high-voltage test systems that are used
to test transformers on-site are mainly a compact design
for simpler transportation, mechanical stability, fast in-
stallation, and operability with only a few personnel.
The newest technologies allow this, so there are systems
on the market that can be used to perform complete di-
electric tests, even on the largest transformers. These
systems are usually installed in containers, guarantee-
ing efficient transportation around the world.

Motor–generator sets were often used in the past
for high-voltage AC tests on-site. However, these are
usually quite heavy and therefore difficult to transport,
and so modern techniques are superseding these old
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Fig. 7.78 HV-AC mobile test system

systems. The example shown in Fig. 7.78 focuses on
a state-of-the-art three-phase AC test system installed
in a 40 ft container. This system essentially consists of
the following four devices [7.92]:

� Control and measurement system� Static frequency converter (SFC)� Adaption transformer� Reactor for the single-phase applied voltage test.

The heart of the system, as shown in Fig. 7.78,
is the static frequency converter, in which an exter-
nal three-phase supply voltage is first rectified, so the
direct voltage is buffered by a capacitor bank. The
DC voltage then feeds an inverter module, which con-
sists of insulated-gate bipolar transistors (IGBTs) and
is driven by a microcontroller, thus generating sinu-
soidal modulated voltage pulses of adjustable frequency
and amplitude. A controlled power sine-wave filter con-
nected to the converter output is used to filter the
fundamental wave, which finally feeds a step-up trans-
former [7.93]. This SFC system is integrated into two
cabinets, each with dimensions of approximately 2m
(height) � 1m (width) � 0:5m (depth).

The adaption transformer has various bushings on
its cover, allowing various voltage ratios and various
vector groups to be realized in order to adjust the
adaption transformer to the transformer being tested
as well as possible. In the case of an induced voltage
test, the adaption transformer is then connected to the
transformer being tested using special HV cables and
superior filters (see Fig. 7.79) that reduce the noise from
the voltage source, permitting sensitive PD measure-
ments.

In an applied voltage test, the transformer being
tested is connected to a reactor supplied by one phase
of the adaption transformer, as illustrated by Fig. 7.79.
The frequency converter is then automatically tuned to
the resonant frequency of the reactor in series with the
tested transformer, which represents a capacitor in an
equivalent circuit. The ability to tune the frequency in
the region between 15 and 200Hz in 0:1Hz steps is one
of the advantages of modern converters. A high-voltage
divider that is parallel with the transformer being tested
and is directly connected to the reactor is used to mea-
sure the applied voltage.

All tests are controlled from the control room using
a compact device tower that contains the control system
to which a power analyzer and the PD measurement ap-
paratus are connected.

This system can have a converter power of up to
1350 kW and a 2MVA adaption transformer with an
output of 90 kV, so induced voltage tests can be per-
formed up to 90 kV with a total harmonic distortion that
is typically below 2% [7.94]. Applied voltage tests of up
to 500 kV are possible with a reactor, which is usually
enough foreven the largest transformersbecausenonuni-
form winding systems are used at high voltage levels.

The power from an adaption transformer is some-
what higher than that from a frequency converter
because a compensationmodule (also installed in a cab-
inet) can be connected on the low-voltage side of the
transformer, as shown in Fig. 7.78. More information
on this can be found in [7.95].

Electrical PDmeasurements usually utilize the mea-
suring taps at the HV bushings of the tested transformer
(see Fig. 7.79), or – rarely – separate capacitive coupling
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Fig. 7.80a,b Heat run tests (a) with a connected capacitive compensation module (b)

capacitors. The noise level on-site obviously depends on
the environmental conditions andon thefilters integrated
into the PD measuring equipment, so noise levels of be-
tween 50 and 100 pC are typically achieved, although
10 pC is possible under favorable conditions [7.96].

If the power of the mobile test system described
above is insufficient, it is theoretically possible to run
up to eight systems in parallel, although this will not
be economically efficient. Thus, a maximum of two
parallel operating systems are used in rare cases. For
heat run tests, additional capacitive compensation can
be used. This can also be installed into a 40 ft container,
as shown in Fig. 7.80. In other words, all HV AC tests
can now be performed on-site [7.97].

It should be mentioned that the SFC technique used
in mobile AC test systems is also increasingly be-
ing used in stationary HV test laboratories instead of
old motor–generator sets. In such cases, the previously
mentioned SFC modules are generally used, but several
of these modules are connected in parallel to increase
the power. Using this approach, HV-SFC systems with
active powers of more than 8MW have been built,
and much higher power levels are undoubtedly possi-
ble [7.98].

Aside from AC voltage tests, it is sometimes nec-
essary to perform impulse voltage tests on-site, and
systems are available to achieve this. Figure 7.81 shows
a mobile impulse generator systemwith a charging volt-



7.4 Types of Transformers 497
Section

7.4

Fig. 7.81 A mobile impulse test system

age of 2MV and an energy of 300 kJ [7.99]. Lightning
impulse tests up to 1800kV and switching impulse tests
up to 1300 kV can be performed using this system,
which is installed in a 40 ft container. The ten-stage
Marx generator in the container is transported horizon-
tally. The roof of the container must be opened before
the impulse generator is erected automatically using
a hydraulic system. This procedure takes less than 1 h
and requires no manpower [7.100].

The voltage divider needed for the test (see
Fig. 7.81) is stored together with the generator. A spe-
cial telescopic system is used to ensure the appropriate
distance from the divider, so neither a crane nor spe-
cial tools are needed to erect the system, which can of
course be used to test other HV equipment [7.101].

These examples demonstrate that it is possible to
perform HV tests of power transformers on-site, even
for the largest units that are located far from labs.

7.4 Types of Transformers

Transformers can be categorized into types based on
their main applications in the electrical network or in in-
dustry. Power transformers can be divided into dry-type
transformers and liquid-filled transformers. Dry-type
transformers have insulation made from epoxy resin,
enamelled wires, or gas, whereas liquid-filled trans-
formers – also called oil-immersed transformers – use
an insulating fluid in combination with paper insulation
around the wires. Insulating liquids are usually based
on mineral oil. However, synthetic or natural esters and
silicone liquids are becoming more popular because
they are more environmentally friendly and have higher
flashpoints than mineral oil. Transformers that are filled
with a gas such as SF6 have a market share of less
than 1%, but are useful in special applications, such
as underground installations with special fire safety
requirements [7.102]. Dry-type transformers are now
available up to a voltage level of 100 kV and a power
level of around 60MVA [7.103]. However, only a few
dry-type transformers with such high voltage and power
levels have become available, so typical applications
of dry-type transformers involve the medium voltage

level, with a power rating of less than 10MVA. In con-
trast, liquid-filled transformers are available up to the
highest voltage levels – e.g., 1200kV in India [7.104] –
and the highest power levels, so three-phase power
transformers with more than 1GVA have been installed.
Due to the enhanced cooling characteristics and su-
perior dielectric properties of liquid-paper insulation,
there are almost no restrictions on the voltage and
power levels of transformers that use such insulation,
but there is a limit on the weight of the components; the
main restriction is therefore the transportability of the
transformers [7.105]. A huge generator step-up (GSU)
transformer with a power level of around 1GVA can
have a total weight of more than 500 t, so it would
normally be transported without oil, which reduces the
weight transported by around 100 t.

Below, different types of transformers used for var-
ious applications are briefly introduced, and typical
differences in design are discussed. However, it should
be noted that large transformers in particular are tailor-
made, so it is not possible to provide universal design
rules for them.
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7.4.1 GSU Transformers

The traditional generator step-up (GSU) transformer is
located in a large power-generation plant. These oil-
filled transformers often use kraft paper or thermally
upgraded paper on the HV side, whereas a special
varnish coating that provides enhanced mechanical sta-
bility after it has undergone the oven process may be
used on the LV side. They are typically built as core-
type units, and a five-limb core is often used for power
levels above several 100MVA. GSUs may also be built
as shell-type units, although the estimated market share
of such units is less than 20%. The main function of
GSU transformers is to elevate the voltage from the
generator, which is normally less than 30 kV, to the
transmission network voltage, which normally exceeds
several 100 kV. This is why GSU transformers typi-
cally have a voltage transformation ratio above 1:10,
which is higher than those for some other types of
transformers. Step-up transformers usually use a star-
delta (Yd) vector group, have an on-load tap changer
(OLTC), and can be implemented as either a three-
phase unit or three single-phase units. The cooling
systems of large GSUs are often oil-forced (OF) or oil-
directed (OD) in combination with air-forced (AF) or
even water-forced (WF), so a service lifetime of ap-
proximately 30 years and a risk of failure of around
1% per year have been estimated for these GSUs by
a CIGREworking group [7.106]. As shown in Fig. 7.82,
large GSUs have a conservator, which may be unsealed
(as a free-breathing transformer) or sealed with a mem-
brane, which is the state of the art.

Due to the global demand for more renewable en-
ergy, more and more wind and solar parks are being
installed. The transformers used in these power gener-
ation systems are also generator step-up transformers,
but with power levels that are often below 10MVA and

Fig. 7.82 1100MVA step-up transformer with a nominal
voltage of 19 kV/345 kV [7.10]

voltage levels on the HV side of a few tens of kV.
Therefore, sealed liquid-filled or dry-type transform-
ers that usually contain epoxy-resin insulation are used.
They are equipped with an off-load tap changer, not
an on-load tap changer. Under typical conditions, con-
ventional large GSU transformers operate with a high
constant load, whereas wind-park GSUs are subjected
to drastic changes in the load. Furthermore, in many
cases, the transformers are installed inside the wind
power station, so the size of the transformer must be
minimized. Thus, instead of mineral oil, a synthetic or
natural ester is used in combination with aramid pa-
per, as this allows the transformer to be operated at
higher temperatures during strong wind periods. In ad-
dition, these liquids are more environmentally friendly
and therefore facilitate a green energy strategy. In such
cases, the cooling system is usually KNAN, because the
transformers should be as maintenance-free as possible,
but AF is also applied in some cases.

7.4.2 Substation Transformers

Substation transformers serve as interconnections be-
tween different points of the network and act as step-
down and regulating units. They are installed across the
transmission network at voltage levels of 100 kV and
higher and operate at a wide range of voltages. The
transmission ratios of these transformers are typically
less than 1:5. Substation transformers, as depicted in
Fig. 7.83, are usually filled with mineral oil, have an
on-load tap changer, and are mainly designed as core-
type units, although shell-type units are occasionally
produced (their market share is less than 5%).

The cooling systems of such transformers vary
according to the design requirements. Normal config-
urations are oil-natural (ON) or oil-forced (OF) and
air-natural (AN) or air-forced (AF). For higher power
levels, free-breathing systems are widely used, but
the conservators are increasingly being equipped with
membranes. Sealed units with a gas cushion are also
constructed, and expansion radiators can be used up to
power levels of approximately 150MVA [7.107].

If the HV and LV sides of a substation transformer
have voltage levels above the 100 kV level, a star–star
(Yy) vector group is normally used, and a tertiary sys-
tem with a voltage of a few tens of kV is added to the
active part of the transformer to facilitate induced volt-
age tests. In HV tests, typical voltages ranging up to
almost 100 kV can be generated for the induced volt-
age tests, so the device under test (DUT) should have
a winding system with a nominal voltage of a few tens
of kV that can be used for excitation during the FAT.

The service life of a substation transformer can
exceed 40 years, as they (usually) do not operate contin-
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Fig. 7.83 Transformer in a substa-
tion [7.10]

uously under high load, which also explains the reduced
failure risk of approximately 0:5% per year for a sub-
station transformer as compared to a GSU transformer,
based on the CIGRE statistic mentioned above [7.106].

7.4.3 Autotransformers

Autotransformers have a special design in which the
same winding system is used for the HV and LV sides,
as shown in Fig. 7.84. This construction is only reason-
able for relatively small transmission ratios that usually
do not exceed 1:5, so autotransformers can be used as
substation transformers at all voltage levels and power
rates. Therefore, the other design characteristics (the
preferred insulation, core, and cooling) of autotrans-
formers are similar to those of substation transformers.
Construction as either a three-phase unit (as shown in
Fig. 7.85) or a single-phase unit is possible, but each
phase of a three-phase unit will typically have a sepa-
rate on-load tap changer.

Especially for low transmission ratios, the compact
construction of an autotransformer means that less ma-
terial is used during construction, so cost, weight, and
volume savings become possible. That said, there are,

U1

U2

Fig. 7.84 The func-
tional principle of
an autotransformer

Fig. 7.85 220/110/10 kV and 250MVA autotransfor-
mer [7.38]

of course, certain disadvantages of autotransformers.
For instance, due to the galvanic connection between
the HV and LV sides, there is the possibility that the
HV will be on the common winding and therefore on
the LV side of the transformer during a failure. In or-
der to avoid such a breakdown on the LV side, it is
necessary to design the LV part to withstand higher
voltages. Furthermore, the main leakage flux between
the primary and secondary windings is relatively small,
resulting in a low impedance. Thus, high short-circuit
currents may occur if there is a fault. The main disad-
vantage of the galvanic connection between the voltage
systems is that the zero-sequence currents generated by
line-to-earth failures (the most common short circuits in
the network) are transferred from one voltage system to
the other. All of the equipment and protection for both
voltage systems must be designed for those short-circuit
currents.
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However, the expected lifetime and failure rate of
autotransformers are comparable to those of substation
transformers.

As can be seen in Fig. 7.85, a tertiary system (in
this case with a nominal voltage of 10 kV) is also nec-
essary when performing an induced voltage test on an
autotransformer.

7.4.4 Distribution Transformers

These transformers operate at the medium-voltage level
and distribute the energy to the low-voltage network, to
which the end users are connected. Due to the low volt-
ages and the typical power levels of these transformers
(below 10MVA), they can be liquid-filled transform-
ers or dry-type transformers with epoxy-resin insulation
(Fig. 7.86). These transformers have a core-type de-
sign and tend to have an ONAN cooling system. They
are equipped with an off-load tap changer, but due to
the drive to switch to renewable energy sources, so-
called RONT (adjustable local network transformer;
regelbarer Ortsnetztransformator in German) systems
that have an on-load tap changer are increasingly being
installed [7.108]. For liquid-filled transformers, sealed
systems are preferred, but free-breathing transformers
(without conservator membrane) are also available.

The service life of this type of transformer, which
often uses a delta-star (Dy) vector group, generally ex-
ceeds 50 years due to its low utilization rate.

Fig. 7.86 2MVA 36/0:4 kV dry-type distribution trans-
former [7.109]

7.4.5 Phase Shifters

Phase-shifting transformers, sometimes called phase-
angle regulators (PAR) or quadrature/quad boosters, are
the largest and most expensive transformer units. They
are used to regulate the power flow between electri-
cal networks, so they are often located, for example, at
transnational interconnections with nominal voltages of
400 kV or more. They work by adding a voltage that is
usually shifted from the line voltage by 90ı, thus chang-
ing the phase angle of the line voltage and allowing the
load flow to be controlled. Sometimes a voltage that is
phase shifted by only 60ı compared to the line volt-
age is added to the line voltage. Phase shifters usually
consist of two active parts – a series unit and an ex-
citer unit (often called a shunt unit). The output of the
exciter unit supplies the series unit, the secondary wind-
ing of which is connected to the line (as shown in the
schematic presented in Fig. 7.87), althoughmany differ-
ent connection schemes are possible. Usually (in more
than 90% of all phase shifters), the exciter unit is con-
nected in YNyn while the series unit is connected in
IIId, and the terminals on the source side are generally
named S1, S2, and S3 whereas the load-side terminals
are called L1, L2, and L3.

As depicted in Fig. 7.87, the shunt unit consists
of windings that are connected across the phases to
generate an output voltage that is shifted by 90ı in com-
parison to the input or supply voltage. By using this
voltage as the input voltage to the series unit, the output
voltage will be the sum of two voltage vectors: the sup-
ply voltage and the 90ı quadrature voltage. This yields
an output voltage that is shifted by a certain degree or
angle compared to the supply voltage, and this angle
can be adjusted using an OLTC inside the shunt unit in

S1 L1

L2

L3

S2

S3

Series unit

Exciting (shunt) unit

Fig. 7.87 Schematic representation of a phase-shifting
transformer
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Fig. 7.88 Phase-shifting transformer [7.110]

order to vary the magnitude of the 90ı quadrature com-
ponent.

As illustrated in Fig. 7.88, large phase-shifter trans-
formers with power ratings of up to the 1500MVA level
are installed in two tanks, resulting in a total weight that
can exceed 1000 t. The two tanks are therefore trans-
ported separately and connected on-site. Typical phase
shifters have a core-type design, are filled with min-
eral oil and use a forced-forced cooling system, employ
a conservator with an integrated membrane, and have
a transmission ratio of 1:1. For nominal voltages above
110 kV, tertiary windings are often necessary for in-
duced voltage tests, similar to substation transformers
or autotransformers. Another property that they share
with autotransformers is the fact that each phase usu-
ally has a separate OLTC, which is necessary to change
the phase angle of the line voltage.

The typical lifetime and failure rate of a phase
shifter are estimated to lie between those of a GSU and
a substation transformer.

7.4.6 HVDC Transformer

High-voltage direct-current (HVDC) power transmis-
sion is usually quite expensive, but it has some ad-
vantages over high-voltage alternating-current (HVAC)
power transmission. For instance, HVDC does not
generate any reactive power, so there is no need for
compensation. For very long distances, or when the ca-
pacitance of the transmission line would be too high
(e.g., if an offshore wind park is connected through
a 100km long undersea cable to an onshore station),
HVDC connections are preferred. HVDC systems up to
a voltage level of 1100kV are currently in use, meaning
that HVDC transformers stand alongside phase shifters
as the largest and most expensive types of transform-
ers.

A simplified scheme of a basic HVDC transmis-
sion system is presented in Fig. 7.89, from which it is
obvious that two converter stations are necessary for
the whole transmission line. Each station consists of
a HVDC transformer and a valve system, which makes
HVDC transmission expensive. Figure 7.90 shows a 12-
pulse rectifier, which is typically used in such systems,
fed by a HVDC transformer, which usually has a star
and a delta valve winding. However, for large volt-
ages and high power levels, the symbol of the HVDC
transformer shown in Fig. 7.90 actually corresponds to
several single-phase transformers. Thus, HVDC trans-
formers are normally single-phase transformers. Some-
times the core of a HVDC transformer will consist of
two main limbs and two return limbs, with one valve
winding placed on each main limb, whereas the primary
winding is split into equal parts on the two main limbs.
In that case, the valve windings are connected outside
the transformer to a star and delta system, each feeding
a six-pulse converter. Another configuration uses only
one main limb and two return limbs, so primary and
valve windings are placed on the main limb.

Figure 7.91 shows a large HVDC transformer with
the primary bushing on the top and the two valve
bushings on the front of the tank. HVDC transform-
ers are also equipped with an OLTC that usually has
a wide tapping range in order to control the service
voltage adequately. HVDC transformers commonly use
an oil-immersed paper insulation system, forced cool-
ing, and a conservator with an integrated membrane. It
is thought that the lifetime and failure risk of a large
HVDC transformer is similar to that of a large GSU
transformer.

HVDC transformers are subjected to additional tests
during the FAT. A separate-source DC voltage with-
stand test as well as a polarity reversal test are per-
formed according to IEC 61378-2 [7.112] on the valve
windings. From a design perspective, it is necessary to
account for the fact that currents flowing through the
windings of HVDC transformers contain certain har-
monics that influence the losses of the transformer.

7.4.7 Arc-Furnace Transformer

Arc-furnace transformers are used in the metallurgical
industry for smelting purposes.When they are connected
to the electrical network, they reduce the voltage to lev-
els that are often around 1 kV or less in order to obtain
high currents that are used in the melting process. Their
mode of operation resembles short-circuit operation and
requires special design considerations that are atypical
for other types of transformers. The most unusual char-
acteristic is the position of the LV winding, which is not
the innermost winding close to the core (as is usually the
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Fig. 7.91 800 kV HVDC transformer [7.111]

case) but the outermost winding because of the high cur-
rents that need to be transferred to the outside of the tank.
This is often achieved not through the use of traditional
bushings butwith a special bus bar system integrated into
the tank wall, as shown in Fig. 7.92.

Usually, arc-furnace transformers are filled with
mineral oil and employ thermally upgraded or aramid
paper. However, because aramid paper is expensive,
mixed insulation is sometimes used. In this mixed
insulation scheme, only certain LVwinding parts are in-
sulated with aramid paper; the other parts use thermally
upgraded paper to reduce the costs. On the HV side,
voltages of 100 kV or more are possible, while on the
LV side, only a few kV will be generated, with power
rates reaching approximately 200MVA, meaning that
extremely large systems can be produced. Normally
a core-type design is used, and three- or single-phase
systems are available, typically with the Diii or Ii vec-
tor group. Each phase in the three-phase system usually

Fig. 7.92 Arc-furnace transformer [7.10]

has its own OLTC, which is operated much more of-
ten than in any other transformer. Therefore, systems
for purifying the oil in the OLTC compartment are also
often installed. Large arc-furnace transformers are free-
breathing transformers or have a membrane inside the
conservator. An enhanced cooling system is commonly
installed, so a forced-forced cooling system is typically
used, often with water as the coolant.

Themode of operation of an arc-furnace transformer
is close to the continuous full-load regime, typically
combined with overloading situations that have a nega-
tive impact on the lifetime (estimated at 20�30 years).

7.4.8 Rectifier and Converter Transformers

Rectifier transformers are typically used in the met-
allurgical and chemical industries and therefore ex-
hibit some similarities with arc-furnace transformers,
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Fig. 7.93 Active part of a rectifier transformer [7.113]

whereas converter transformers are used for variable-
speed drives in different areas.

In a normal 12-pulse rectifier unit, two output wind-
ing systems are installed in a double-tier design – one
system in a delta and one in a star connection. Due to
the high currents (which can exceed 100 kA) at the out-
put windings, large copper bus bars are needed to form
the star or delta connection, so these low-voltage wind-
ings are the outermost windings (see Fig. 7.93), just as
in arc-furnace transformers. Another way in which they
resemble arc-furnace transformers is that a special bus
bar system is integrated into a tank wall to transfer the
high currents to an external valve unit.

Due to the direct connection between the trans-
former and the converter, the load currents contain
higher harmonics (just as in HVDC transformers), lead-
ing to increased losses. Regulating transformers are
commonly used between the supplying network and the
rectifier transformer in order to adapt the voltage for
the rectifier transformer. A regulating transformer usu-
ally has a lower current harmonic content than a rectifier
transformer because the harmonics of the combined 12-
pulse system are lower than those for the individual
6-pulse system. Often, an additional filter is installed to
further reduce the harmonics transferred to the network
and to compensate the high reactive power generated
by the rectifier. On occasion, the regulating transformer
and the rectifier transformer are installed in the same
tank, resulting in a compact but heavy arrangement.

These transformers are usually filled with oil and
use thermally upgraded paper, sometimes in combi-
nation with aramid paper. Such transformers tend to
employ a core-type design and a conservator equipped

with a membrane. With a forced cooling system, power
ratings of up to around 200MVA are achievable.

The lifetime of such a transformer is assumed to be
similar to that of an arc-furnace transformer. However,
dry-type rectifier and especially converter transformers
with epoxy-resin insulation have also been constructed;
these have power levels of up to a few 10MVA.

7.4.9 Traction Transformers

Traction transformers are used in railway vehicles and
therefore have some special characteristics such as
compactness, mechanical robustness, reduced down-
time and maintenance, and high reliability. There is also
a particular focus on their safety and environmental
behavior. They have special load profiles with supply
frequencies ranging from 16.7 to 60Hz, depending on
the country. A typical traction transformer is a single-
phase transformer with an input voltage of up to 25 kV
at 50Hz or up to 15 kV at 16:7Hz and a rated power
of up to around 10MVA for liquid-filled systems. The
input voltage is stepped down to a voltage in the kV
range, which is often used to feed a rectifier that is em-
ployed to run DC traction motors. Nevertheless, some
systems use a DC input voltage, in which case the trac-
tion transformer unit has an internal converter.

An important design goal is to increase the ef-
ficiency of traction systems, which is influenced by
the transformer losses and the short-circuit impedance
(this impedance has a significant effect on the con-
verter efficiency). Further design aims are to reduce the
volume and weight of a traction transformer without de-
creasing its mechanical stability. This can be achieved
by reducing the amount of material used in its con-
struction, although this leads to increased temperatures.
Therefore, insulation systems that can withstand higher
temperatures are preferred; instead of paper, glass-fiber
insulation and aramid-paper insulation are often used
in combination with high-temperature liquids instead
of mineral oil in a free-breathing system. Nowadays,
dry-type traction transformers are also available up to
a power level of � 4MVA. These are insulated with
epoxy resin, as shown in Fig. 7.94.

Both types typically use a core type with two limbs,
employ a forced cooling system, and have many bush-
ings (oil type) or output connections (dry type) to
feed systems such as the motor, a heating and cool-
ing system, and the internal supply. In contrast to
most other transformer types, traction transformers are
similar to distribution transformers in that they are
mass-produced, so large quantities of these transform-
ers are manufactured. Furthermore, these transformers
must pass special mechanical and safety tests because
they are mounted on rolling stock systems.
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Fig. 7.94 (a) Liquid-filled and (b) dry-type traction transformers [7.114]

7.4.10 Test Transformers

High-voltage quality-control tests of newly manufac-
tured HV components are mandatory. These tests are
usually applied voltage tests, so a single-phase test
transformer is needed to apply the test voltage. The
main exception is the induced voltage test, which is
usually performed as a three-phase test for a three-
phase transformer. In such cases, the voltage is typ-
ically generated by a motor–generator set connected
to an adaption transformer with a wide tapping range
that can deliver the required test voltage at the higher
frequencies (e.g., 150 or 200Hz) provided by the
motor–generator set. These adaption transformers are
single-piece units produced according to the specific re-
quirements of the test field operator. They are usually
designed as sealed or open liquid-filled core-type trans-
formers with three limbs and normal cooling, and with
voltages on the HV side that are typically below 100 kV
and power ratings of a few 10MVA.

However, for the applied voltage test, single-phase
transformers with voltages of 1MV or more are needed,
depending on the device to be tested. This is realized
in practice through the use of a cascade of identical
single-phase test transformers, as shown in Fig. 7.95.
As can be seen, the second transformer operates on
the HV level of the first transformer, and the third
transformer operates on the output voltage level of the
second transformer. Therefore, the total output voltage
of the cascade is equal to n times of the output voltage
of each single-phase transformer, where n is the number
of stages in the cascade.

These single-phase transformers use oil-paper insu-
lation and a tank made out of insulating material, as
shown in Fig. 7.96, so they can be stacked on top of
each other to form a cascade. Another possibility is to
use a normal tank design made out of steel, as shown in
Fig. 7.95, where the transformers representing the sec-
ond and higher stages of the cascade need to be placed

P

P

P
2U~

U~

3U~

3

3

3

2

2

2

1

1

1

uP~
3P
→

2P
→

P
→

P
→

2P
→

3P
→

Fig. 7.95 Three-stage Fischer cascade showing the voltage
(U) and power (P) distributions [7.115]

on insulators. A disadvantage of cascading is the result-
ing imbalanced temperature distribution of the stacked
single-phase transformers: the initial stages have higher
temperatures because they deliver higher power than the
subsequent stages, as shown in Fig. 7.95.

Among all transformer types, these single-phase
transformers have the highest transmission ratios (ap-
proximate range: 1:100 to 1:1000), so a substantial
distance between the LV and HV sides is needed, result-
ing in increased stray flux and thus higher short-circuit
impedance. As a consequence, the short-circuit current
is limited and the short-circuit stability is increased.

The lifetime of a test transformer is usually quite
high – often exceeding 50 or 60 years – because they
are only utilized sporadically.

7.4.11 Variable Differential Transformers

A variable differential transformer allows stepless reg-
ulation of the output voltage based on the relative
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displacement between a secondary coil, which is placed
in slots on one core limb, and two identical primary
coils, which are connected in parallel and placed on
a movable yoke. Figure 7.97 shows a schematic of the
working principle of such a transformer.

The primary coils are positioned such that they cre-
ate magnetic flows in opposite directions. The voltage

Φ1

Φ2

Fig. 7.97 Schematic of the functional principle of a vari-
able differential transformer

induced in the secondary coil depends on the posi-
tion of the movable primary coils. Figure 7.98 shows
three possible positions of the movable yoke [7.116].
At position 1 (Fig. 7.98a), the magnetic flux ˚1 closes
the magnetic circuit through the secondary coil and in-
duces a voltage V D Vmax. At position 2 (Fig. 7.98b),
the magnetic flux through the secondary coil is zero
and so the induced voltage V D 0. Finally, at position 3
(Fig. 7.98c), the voltage induced in the secondary coil
is V D �Vmax.

Since intermediate positions are also accessible, con-
tinuous regulation of the voltage induced in the sec-
ondary coil between Vmax and �Vmax is possible. How-
ever, the mechanical complexity of these transformers
significantly limits their practical use in high-power ap-
plications, although they are sometimes used for testing.

7.4.12 Other Types of Transformers

There are also many other special types of transform-
ers, because power transformers are often tailor-made
to specific customer requirements, and a wide range of
such requirements are now technically feasible. Addi-
tional transformer types include instrument transform-
ers, isolation transformers, welding transformers, and
many different kinds that are used with low voltages
and in electronics but are not considered in this chap-
ter because they are not power transformers. However,
it should be mentioned that reactors, which are also
important components of the electrical energy transmis-
sion and distribution network, bear some similarities
to power transformers in their design and construc-
tion. Large reactors are single- or three-phase systems
that contain similar components to power transformers,
such as windings, a core, bushings, a tank, a conser-
vator, and oil-immersed paper insulation. The main
difference is the structure of the reactor core, which has
nonmagnetic gaps in the core limbs. However, there are
other differences too, such as in the tightening of the ac-
tive part and the high-voltage testing of reactors, which
often requires special equipment. Reactors can be di-
vided into the following categories [7.10]:

� Shunt reactors� Current-limiting reactors� Neutral grounding reactors� Capacitor damping reactors� Tuning or filter reactors� Arc-suppression reactors� Smoothing reactors.

Among these, shunt reactors are of particular impor-
tance up to the highest voltage levels, since they are
used to compensate reactive power in transmission
networks. Figure 7.99 illustrates a three-phase shunt re-
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Fig. 7.98a–c Schematic showing how the voltage induced in the secondary coil of a variable differential transformer
depends on the position of the movable coils. Cases (a) and (c) illustrate the maximum positive (a)/negative (c) induced
output voltage. Between these extreme values all output voltage are possible, thus in case (b) the output voltage is
adjusted to 0V

actor, which looks like a transformer at first glance, but
can be identified as a reactor by noting the absence of
LV bushings.
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Fig. 7.99 Example of a three-phase shunt reactor [7.117]
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8. High Voltage Equipment

Hiroki Ito

This chapter focuses on substation equipment,
which is used in power systems to transport
and distribute the electric energy from power-
generation plants to households, offices, and
factories efficiently. In transmission and distri-
bution networks, switching equipment such as
circuit breakers and disconnecting switches is re-
quired to open and close circuits in power systems.
When a fault occurs, circuit breakers are needed to
clear the fault quickly to ensure system stability.
Circuit breakers must also be able to carry a load
current without excessive heating and withstand
the system voltage during normal and abnormal
conditions.

Measuring equipment such as instrument
transformers and overvoltage protection units such
as surge arresters are also used in power systems.
Surge arresters are installed at different locations
in power systems to limit lightning-induced and
switching-induced overvoltages to a specified pro-
tection level below the withstand voltage of the
equipment.

It is also mainly devoted to technical de-
scription of switching equipment used in both
high-voltage alternating current (HVAC) and high-
voltage direct current (HVDC) power systems.
Fundamental interrupting and switching phe-
nomena for different switching equipment are
discussed.

Readers should note that more detailed and
specific information on switching equipment can
be found in many technical brochures and doc-
uments published by CIGRE, including the CIGRE
Green Book on switching equipment.
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8.1 High-Voltage Equipment in Power Systems

Power systems with various types of substation equip-
ment efficiently transport and distribute the electric
energy from power-generation plants to households,
offices, and factories. Alternating current (AC) power
systems are generally used for energy transportation
because the voltage can easily be stepped up and
down to reduce energy losses during transportation, but
direct current (DC) power systems have recently in-
creased in popularity. The number of applications of
DC power systems have recently increased due to rapid
development of power electronics technology and the
need for a long distance connection of offshore or re-
mote wind farms and/or large hydro power generators.
HVDC transmission has several benefits such as lower
transmission losses, fewer lines required for the same
power transmission, and less system stability problems
in comparison with HVAC transmission.

When power systems were first invented, there was
what is now known as the war of the currents. Thomas
Edison developed the first DC-based electric power
transmission system in 1882, which was then used to

Utilities

Generator

Generator

Transformer

Transformer

Transformer

Circuit breaker (MV)

Households

Circuit
breaker (MV)

Circuit
breaker (HV)

Generator
Industry

Transformer

Circuit breaker (EHV)
Industry

EHV networks

HV networks

Transmission

Distribution

MV networks

LV
networks Fig. 8.1 Typical AC

power system

provide 110V DC current to some households in the
US. However, from the early 1880s on, with the de-
velopment of power transformers in Europe and in
the US, respectively, that enabled the voltage to be
easily stepped up and down, AC-based power distri-
bution systems began to grow in popularity compared
to DC-based systems because it was possible to trans-
mit electricity over much longer distances and through
cheaper wires using AC. Therefore, by the early 1890s,
AC power systems dominated the market, ending the
war of the currents in 1892. The first circuit breaker
was developed in the early twentieth century, which
enabled to disseminate electricity networks, because
circuit breakers can quickly disconnect a faulted circuit
and allow continuous transmission and distribution in
the healthy networks.

Figure 8.1 shows a typical AC power system from
power generation to energy transportation and distribu-
tion. Power generators convert mechanical energy into
electric energy, while aluminum and copper conductors
in overhead lines and underground cables transport the
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electric energy to where it is needed. In substations,
power transformers step up the voltage at the source
side and step it down at the load side. Along with mea-
suring equipment and overvoltage protection units such
as surge arresters, switching equipment is used to close
a circuit or interrupt a nominal or fault current.

Depending on the system voltage used, transmis-
sion networks are generally classified into ultrahigh
voltage (UHV), extra-high-voltage (EHV), and high-
voltage (HV) networks, whereas distribution networks
are classified into medium-voltage (MV) and low-
voltage (LV) networks. MV generally refers to voltages
up to and including 52 kV, and HV to voltages higher
than 52 kV. Some countries do not have a MV clas-
sification; in those countries, all voltages higher than
1 kV are generally considered to be HV. EHV usually
refers to a voltage range of around 230kV (this value
can vary from country to country) to 800 kV. UHV gen-
erally refers to voltages exceeding 800 kV.

Power systems are required to efficiently transport
the electricity from the generator to the load site, while
maintaining the voltage and frequency within the spec-
ified levels. For this purpose, switching equipment is
required to perform the following operations:

� Energizing and deenergizing cables, overhead lines,
and power transformers� Connecting and disconnecting to shunt capacitors
or shunt reactors� Transferring the current from one circuit to another� Interrupting a fault current and isolating a faulty
part of the system� Isolating particular substation equipment for main-
tenance or to allow it to be replaced.

In the next section, we introduce various types of
substation equipment such as circuit breakers, discon-
necting switches, earthing switches, surge arresters, and
instrument transformers.

8.1.1 Substation Equipment

Figure 8.2 shows a one-line diagram of a typical sub-
station, including the main substation equipment. The
substation serves several functions: it transforms volt-
age from low to high and vice versa and it switches
circuits off and on. To achieve these functions, the sub-
station has power transformers, circuit breakers, and
metal oxide surge arresters that protect the system
and equipment from excessive overvoltages. Figure 8.3
shows a photograph of a typical MV substation, in-
cluding power transformers, circuit breakers (circuit
switches), and surge arresters. The voltage received
from the incoming overhead line (34 kV) is changed
to an appropriate level (7:2 kV) before the electricity is
directed into the outgoing distribution line at the sub-
station.

The main switching equipment in the substation is
a circuit breaker, which is used to quickly clear a fault
and ensure system stability. The circuit breaker must be
able to carry the load current without excessive heating
and withstand the system voltage during normal and ab-
normal conditions. Unlike a fuse, a circuit breaker can
be reclosed either manually or automatically to resume
normal operation.

A circuit breaker with interrupters inside a tank in-
sulated from earth potential is termed a live-tank circuit
breaker (Fig. 8.4). The tank is normally composed of
porcelain or a composite of insulators. The conductor
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States Department
of Labor; https://
www.osha.gov)

can be connected directly to the live part of the breaker
terminals.

In contrast, a circuit breaker with interrupters inside
an earthed metal enclosure is termed a dead-tank circuit
breaker (Fig. 8.5). The conductor carrying the system
voltage from the interrupters is fed outside through
bushings.

A disconnecting switch is a type of switching
equipment capable of opening and closing a circuit
where only a negligible current is flowing through the
electrodes, without significantly changing the voltage
across the terminals of each pole of the disconnecting
switch. It is capable of carrying currents under normal
circuit conditions as well as currents under abnormal
circuit conditions (e.g., a short circuit) for a specified
time. Disconnecting switches are employed to interrupt
small currents of 1A or less, since they are operated
under live conditions.

There are various types of air-break disconnecting
switches: vertical break, center side break, double side

Fig. 8.4 Photograph of a 550 kV live-tank SF6 gas circuit
breaker. (Courtesy of Dominion Energy)

break, knee, and pantograph, as shown in Fig. 8.6. Ver-
tical break disconnecting switches are usually mounted
horizontally, but some are vertically mounted. Center
side break disconnecting switches require wider phase
spacing. Knee-type disconnecting switches are favored

Fig. 8.5 Photograph of a 550 kV AC dead-tank circuit
breaker. (Courtesy of Chugoku Electric Power)

Center break DS Double break DS Vertical break DS

Pantograph DS Semi-pantograph DS Knee type DS

Fig. 8.6 Typical disconnecting switches

https://www.osha.gov
https://www.osha.gov
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Fig. 8.7 Photograph of 77 kV composite-type MOSAs in
a substation. (Courtesy of Chubu Electric Power)

when the clearance above the switch is restricted. The
pantograph type is the most compact design for instal-
lation.

An earthing switch is manually or automatically
closed for earthing/grounding and insulating a circuit
before working on that circuit. It is open during normal
power transmission operation.

An instrument transformer is a measuring device
that uses the secondary current or voltage, which is es-
sentially proportional to the primary current or voltage.

A surge arrester can limit the duration and (fre-
quently) the amplitude of the voltage, and is therefore
used to protect the system and equipment from exces-
sive overvoltages due to lightning strikes or switching
operations. One important role of a surge arrester is to
maintain the reliability of the power system and equip-
ment, as described in more detail below.

All types of substation equipment are assigned
a rated voltage by the manufacturer of the equipment.
The manufacturer-specified performance of the equip-
ment in a power system corresponds to the performance
achieved at the rated voltage.

8.1.2 Surge Arresters

There are two different types of overvoltages in a power
system: those generated by lightning strokes and those
produced by switching operations. Substation equip-
ment must be able to withstand these overvoltages up
to the specified overvoltage withstand level. Surge ar-
resters [8.1] perform an important role in suppressing
excessive overvoltages in substations (Fig. 8.7) and in
transmission lines (Fig. 8.8).

Surge arresters are installed at different locations
in substations to limit lightning-induced and switching-
induced overvoltages to a specified protection level,
which should (in principle) be below the withstand volt-
age of the equipment. An ideal surge arrester would

MOSA

Gap

Fig. 8.8 Photo-
graph of a MOSA
with a gap used in
a transmission line.
(Courtesy of Chubu
Electric Power)

convert from an insulating state to a conducting one
at a specified voltage in order to maintain the voltage
level and avoid an excessive overvoltage, and would
shift from a conducting state to an insulating one as soon
as the voltage across the surge arrester drops below the
specified voltage level. Therefore, a surge arrester only
has to absorb the energy associatedwith the overvoltage.

Figure 8.9 shows the equivalent circuit of a metal-
oxide surge arrester (MOSA) element. The current–
voltage characteristic of the MOSA presents a degree
of nonlinearity, which results in a low protection level
(due to the dispersion of the resistive current–voltage
characteristic at high current) and low power dissipa-
tion at the operating voltage of the system. A MOSA
can be connected to the system without the need for
a series of spark gaps that disconnect the varistors from
the operating voltage. However, this is only possible if
the current–voltage characteristic of theMOSA remains
stable over time and if the correct MOSA has been
selected for use given the voltage stresses that occur
in service. Surge arresters must also be thermally sta-
ble. The current through the metal-oxide varistor block
at the operating voltage has to stay well within the
current–voltage characteristic.

When the residual current flows through the metal-
oxide varistor, it remains capacitive and the voltage

Reactance

Resistance
(10–2 Ω m)

Capacitive component

Capacitance
Relative permittivity

≈ 500–1200

Resistance
(108–10–2 Ω m)

Resitive component

Fig. 8.9 Equivalent circuit of a MOSA disk element
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Fig. 8.10 Principles of conventional
instrument transformers (CT and VT)

across the varistor elements is determined by their ca-
pacitance and thus influenced by stray capacitances.
Stray capacitances to earth cause a deviation from
the linear axial voltage distribution, because of higher
voltage stress imposed on the upper elements in the
arresters. This deviation is influenced by physical pa-
rameters of the arrester such as its height, number, and
length of arrester elements and its grading rings.

With increasing varistor temperature during oper-
ation, the ohmic current component of the varistor
increases the linearity of the voltage distribution in the
arrester. Grading rings are often inserted as a passive
and effective measure to improve the voltage distribu-
tion.

The design and operation of surge arresters has
changed radically over the last thirty years from valve-
type or spark-gap-type silicon carbide (SiC) surge
arresters to gapless metal-oxide (MO) or zinc-oxide
(ZnO) surge arresters.

A MOSA essentially consists of billions of mi-
croscopic junctions of metal-oxide grains that turn on
and off in microseconds to create a current path from
the top terminal to the earth terminal of the arrester.
Therefore, it can be regarded as a very fast-acting elec-
tronic switch that is open to operating voltages. The
current–voltage characteristic of the metal-oxide ma-
terial offers the nonlinearity necessary to fulfill the
contradictory requirements of an adequate protection
level at overvoltages and low energy dissipation at the
system operating voltage. MOSAs are suitable for pro-
tection against switching overvoltages at all operating
voltages.

Traditionally, metal-oxide surge arresters were
housed in porcelain. For satisfactory performance, it is
important that the units are hermetically sealed for the
lifetime of the arrester discs. The sealing arrangement
at each end of a porcelain-housed arrester consists of
a stainless-steel plate with a rubber gasket. A rapid in-
crease in the internal arc pressure due to a failure may
cause the sealing plate to open and the gases to flow

out through venting ducts. Since these ducts are ori-
ented towards each other, this results in an external arc,
relieving the internal pressure and preventing the insu-
lator from being violently shattered.

The benefits of a leak-tight design employing the
polymers highlighted in Fig. 8.7 are now generally ac-
cepted, which has resulted in a shift from porcelain
to polymer (composite-type) housing. The bonding of
the silicone rubber with the active parts in polymer-
housed arresters is very reliable, so gaskets or sealing
rings are not required. When failure occurs, the arc
easily burns through the soft silicone material, permit-
ting the rapid release of the resultant gases. Hence, the
special pressure-relief vents incorporated into porce-
lain housing to avoid explosions are not required with
composite-type housing.

Fig. 8.11 Photograph of a conventional 550 kV electro-
magnetic-type current transformer
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transformer (CT)

8.1.3 Instrument Transformers

Instrument transformers are electrical devices that are
used to probe the voltage and current in an AC power
system and to generate an information signal that can be
sent to measuring instruments, meters, and protective
or control systems. The fundamental function of instru-
ment transformers is to step down the high voltage and
current present in transmission and distribution systems
to low voltage (110�120V) and current (5A) levels.
The term instrument transformer encompasses both
current transformers and voltage transformers [8.2].

Current transformers (CTs) and voltage transform-
ers (VTs) convert the primary current and voltage to the
secondary current and voltage, respectively. The sec-
ondary current and voltage are essentially proportional
to the primary current and voltage, respectively, and dif-
fer from them by a phase angle that is approximately
zero for an appropriate connection. The windings of
CTs or VTs connected to the primary side are isolated
from those of the secondary side, and there is usually
a meter or relay in the secondary circuit. Due to the low

Cross-section of the air-core CT

Air-core CT GIS enclosure

Insulator
(nonmagnetic former)

Secondary winding
(low resistance)

Outer insulation

Conductor

Supporting frame

Fig. 8.13 Configuration of an air-core
CT for EHV-class GIS

voltage and current levels in the secondary circuit, the
power consumption of instrument transformers and pro-
tective circuits is advantageously low.

CTs and VTs are used to step down the primary cur-
rent and voltage of power systems to lower levels so
that they can be measured by an ammeter or voltmeter
with a small rating (e.g., 5 A or 110V). Figure 8.10
shows a conventional CT and VT arrangement on trans-
mission lines, where the secondary circuit is isolated
from the primary circuit with a transformer. Figure 8.11
shows a conventional 550 kV electromagnetic-type cur-
rent transformer.

The winding of a conventional CT at the primary
side has only a few turns or, more commonly, consists
of a primary conductor (bar) with just one turn. On the
other hand, the winding of a CT on the secondary side
normally has a large number of turns (Fig. 8.12). The
secondary winding is directly connected to an ammeter.
As the ammeter has a stray impedance, the secondary
circuit of a CT usually operates under short-circuit con-
ditions. One terminal of the secondary circuit is earthed
to avoid overvoltage.

Conventional CTs with an iron core have long been
widely applied for current measurements in AC power
systems. However, nonconventional CTs such as a CT
with an air core, an electronic CT (ECT) with a Ro-
gowski coil, and an optical CT have recently found
increasing application in this context due to some tech-
nical advantages: nonsaturation, a wide dynamic range,
a compact design, and a low weight. Conventional CTs
used in EHV and UHV power systems require a heavy
iron core with a large diameter to avoid core saturation,
especially for gas-insulated switchgear (GIS) applica-
tions, as shown in Fig. 8.13.

The magnetization (M) of a magnetic core normally
increases with the external magnetic field (H) or the
magnetizing current through the core (caused by the
magnetic field). However, the magnetization eventu-
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M: Magnetization

Remanence or residual flux:
magnetization flux remaining 
in the core when H= 0

Magnetic coercivity:
magnetic field required
to demagnetize the
ferromagnetic core

H: Magnetic field strength
(I: Magnetizing current)

Saturation

Saturation

Fig. 8.14 Hystereisis loop (MH-
characteristic) of an air-core CT for
EHV-class GIS

Medium exhibiting
the Faraday effect

Polarization plane
(rotated)

Output light

Magnetic field

Polarization plane

Input light

Fig. 8.15 Use of the Faraday effect in
an optical CT

ally saturates when the external magnetic field reaches
a certain threshold value where the magnetic field can-
not increase the magnetization of the core further. This
threshold value depends on the ferromagnetic mate-
rial involved. Above the saturation level, an instrument
transformer does not respond linearly with magnetic
flux to increases in current in the primary circuit, mean-
ing that the secondary current is no longer proportional
to the primary current.

Figure 8.14 shows a schematic of the magnetic
hysteresis loop (the M–H characteristic of the ferro-
magnetic core). As the magnetic field (H) increases,
the magnetization (M) approaches the saturation value.
Above the saturation level, the total magnetic flux den-
sity continues to increase with increasing magnetic
field, but only very slowly.

When the magnetic field decreases to zero, the mag-
netization does not become zero because the atoms in
the core retain some inherent level of magnetic orien-
tation. This is called the magnetic remanence or the
residual flux of the core. The polarity of the magnetic
field must be reversed to demagnetize the core.

Air-core CTs and Rogowski coils use a nonmag-
netic former instead of an iron core for the secondary
winding in order to eliminate core saturation. Unlike
conventional CTs, the output signal of a nonconven-
tional CT is a voltage because it detects the voltage
induced by the magnetic flux (induced by the primary
current) passing through the secondary winding. The
output signal from an air-core CT with low impedance
in the secondary winding can be connected directly to
a protection device. The output signal from a Rogowski
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Air-core
toroidal coil

Current-carrying
conductor

Optical
fibers

Integrator and
electrical to optical
converter/transmitter

Fig. 8.16 Use of a Rogowski coil for current measurement

coil for ECT, which has high impedance in the sec-
ondary winding, is converted to a digital (optical) out-
put near to substation equipment such as GIS and circuit
breakers and then transmitted to a protection device. An
optical CT uses the Faraday effect (Faraday rotation) for
current measurement. Faraday rotation is a magneto-
optical phenomenon resulting from the interaction be-
tween light and a magnetic field in a medium. It causes
the plane of polarization to rotate to an extent that is lin-
early proportional to the magnetic field in the direction
of propagation, as shown in Fig. 8.15. Table 8.1 sum-
marizes the different principles used by these CTs.

The Rogowski coil is a CT with a very high load
impedance but without a ferromagnetic core. The out-
put signal is a function of the first derivative of the cur-
rent. The secondary winding is wound around a toroid
of insulating material. The Rogowski coil is nor-
mally connected to measuring or protection equipment
through an amplifier. Figure 8.16 shows a schematic of
a typical Rogowski coil sensor.

CTs are designed to provide an output of either
1 or 5A, even when using a modern programmable
protection relay, which does not present a problem
because the CT ratio can be adjusted to the input re-
ceived from the CT. Therefore, the output from the CT
needs to meet the input requirements of the protection
relay. Various ratios (such as 3000=2000=1000=1A)
can be supplied by a CT. This allows the lowest cur-
rent to be measured initially with a ratio of 1000=1A.
When the current demand grows, the ratio can be
changed to 2000=1A or 3000=1A. CTs with ratios of
2000=1600=1200=800=600=500=400=1A are suitable
for measuring a primary current of between 2000 and
400A. High-voltage CTs are often insulated with min-
eral oil or SF6 gas, while medium- and low-voltage CTs
are normally insulated with solid epoxy casting resin.

A VT or potential transformer (PT) steps the volt-
age of the power system down to a lower level. There

V2: Secondary voltage
C2: Secondary

capacitor
(large capacitance)

C1: Primary
capacitor

(small capacitance)

V1: Primary voltage

Inductance

Transformer

Fig. 8.17 Typical configuration of a capacitor voltage
transformer (CVT)

are three major types of VTs or PTs: conventional
electromagnetic, capacitor, and optical sensor. A con-
ventional electromagnetic VT uses a transformer with
primary and secondary windings. A capacitor voltage
transformer (CVT) uses a capacitive potential divider,
which provides an economic benefit compared with an
electromagnetic VT, especially for higher-voltage ap-
plications. The optical voltage transformer exploits the
Faraday effect and detects the rotation of polarized light
passing through optical materials.

The primary winding of a conventional VT is con-
nected to the line (main circuit) on one side and earthed
on the other terminal. The secondary winding of the VT
has a few turns that are directly connected to a voltmeter
with high impedance and isolated from the primary cir-
cuit. The secondary circuit normally operates in the
open, with one terminal earthed to ensure safety.

A conventional VT requires a large iron core, es-
pecially for EHV and UHV applications. Figure 8.17
shows the typical configuration of a CVT, which pro-
vides a low-voltage signal for metering or operating
a protective relay. A CVT normally consists of three
parts: two dividing capacitors, an inductance to tune
the device to the line frequency, and a voltage trans-
former to isolate the voltage from metering devices or
protective relays. Capacitor C1 is often composed of
a stack of smaller capacitors connected in series. This
provides a large voltage drop across C1 and a relatively
small voltage drop across C2. The dividing capacitors
reduce the level of insulation required for the voltage
transformer. This makes CVTs more economical than
conventional voltage transformers when they are used
at transmission levels.

The output voltage of a CVT is converted into a dig-
ital signal near equipment and may be transmitted to
protection systems. Table 8.2 summarizes the princi-
ples of the different types of VTs. Figure 8.18 shows
a typical 300 kV CVT and a 72 kV inductive voltage
transformer.
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a) b)
Fig. 8.18 (a) A 300 kV capacitor volt-
age transformer (CVT). (b) A 72 kV
inductive voltage transformer

Oscillations of lower and higher harmonics of the
power frequency (known as ferroresonance) can be in-
duced by switching operations in power systems due to
a resonant interaction between the nonlinear reactance
of the electromagnetic voltage transformer (VT) and the
capacitances of the network and equipment (e.g., the
grading or coupling capacitors of circuit breakers). Fer-
roresonance can damage electromagnetic VTs through
overheating and/or overvoltage stress.

On the other hand, when ferroresonance occurs in
CVTs, it normally originates from the interaction of
internal components of the VT—specifically the nonlin-
ear inductance—with the stray capacitances of the HV
winding. A large amount of magnetic energy is stored
in the compensation reactor during a secondary short
circuit. This energy is released in the primary winding,
which can lead to the saturation of the transformer core
when the secondary short-circuit current is interrupted.
The high-voltage peaks caused by core saturation can
endanger the insulation of the VT and the reactor and
may eventually destroy these components. These volt-
age peaks usually occur at subharmonic frequencies:
1=5, 1=4, 1=3, or 1=2 of the rated power frequency.

Countermeasures are usually deployed for ferrores-
onance to prevent faults and the destruction of the
voltage transformer. For electromagnetic VTs, ferrores-
onance is usually suppressed by connecting a damping
resistor to the tertiary winding of the VT or to the
open delta connection of the tertiary windings of the
three VTs in a switching bay. The resistor can either
be permanently connected or temporarily inserted by
placing a reactor in series with the resistor. The reac-
tor effectively acts as a switch and closes when the
voltage peaks occur. Sometimes it is not possible to sup-
press rated power-frequency ferroresonance by means
of a damping resistor, but ferroresonance can be pre-
vented from occurring in such cases by judiciously
positioning equipment. For capacitive VTs (CVT), fer-
roresonance damping devices are an integral part of
the IT sensing system. An additional resistor and its
switching reactor are included within the electromag-
netic unit of the CVT, or the overvoltage peaks are re-
duced by an active-gap surge arrester or an external arc
gap.

Table 8.3 summarizes the major differences be-
tween CT and PT.
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Table 8.3 Differences between a CT and a PT

Current transformer (CT) Potential transformer (PT)
Connected to the main circuit
in series

Connected to the main circuit
in parallel

Secondary winding is con-
nected to an ammeter

Secondary winding is con-
nected to a voltmeter

Secondary circuit operates
under short-circuit conditions

Secondary circuit operates
under open-circuit conditions

One terminal of the sec-
ondary circuit is earthed to
avoid insulation breakdown

One terminal of the sec-
ondary circuit is earthed for
safety reasons

Current transformer (CT) Potential transformer (PT)
Connected to the main circuit
in series

Connected to the main circuit
in parallel

Secondary winding is con-
nected to an ammeter

Secondary winding is con-
nected to a voltmeter

Secondary circuit operates
under short-circuit conditions

Secondary circuit operates
under open-circuit conditions

One terminal of the sec-
ondary circuit is earthed to
avoid insulation breakdown

One terminal of the sec-
ondary circuit is earthed for
safety reasons

8.1.4 Series Capacitor, Shunt Capacitor,
and Shunt Reactor Compensation

Reactive Power Control
Electricity must be supplied with a constant voltage
and at a constant power frequency. Since loads are fre-
quently switched on and off, the balance between the
amount of electricity supplied (power generation) and
the amount of electricity consumed (demand) must be
maintained in real time using a demand control sys-
tem. The utilities normally employ ancillary spinning
reserves in addition to bulk base power generators since
electricity cannot be effectively stored in large quan-

Transmission lines Loads

GeneratorsGenerators

Transmission lines

System voltage along the line under light load condition

System voltage along the line under heavy load condition

Fig. 8.19 System voltage distribution along a transmission line under heavy and light load conditions

Transmission lines

Reactor Capacitor

GeneratorsGenerators

Transmission linesLoads

Capacitor can reduce the system voltage at
middle point under light load condition

Reactor can increase the system voltage at
middle point under heavy load condition

Fig. 8.20 System voltage distribution along a line when a capacitor or a reactor is connected

tities. The active power is controlled by this marginal
power supply capability. However, if the supply is insuf-
ficient (due, perhaps, to a large-scale loss of generators),
it may be necessary to reduce the active power con-
sumption by disconnecting some parts of the load. The
reactive power can also be controlled by reserve gener-
ators as well as by static compensation devices such as
capacitors and reactors. Synchronous generators are one
of the most important components of the power system
for maintaining the active and reactive power balance.

Figure 8.19 shows a schematic of a transmission
line connected to generators at both ends. The genera-
tors and step-up transformers provide a constant voltage
at the bus terminal. However, the system voltage de-
creases slightly at the midpoint due to reactive power
consumption under heavy load conditions. In contrast,
the system voltage increases slightly at the midpoint un-
der light load conditions.

In general, static shunt capacitors are applied in
transmission lines to inject reactive power into the sys-
tem, whereas static shunt reactors are applied to con-
sume reactive power, leading to an improved power fac-
tor. Figure 8.20 shows that the system voltage is slightly
compensated at the middle point by connecting either
shunt capacitors under heavy load conditions or shunt
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Transmission lines

Loads
GeneratorsGenerators

Transmission lines
Series capacitor

Fig. 8.21 Transmission lines with series capacitors

reactors undernormal load conditions.The circuit break-
ers that are used to switch the static shunt capacitors
and reactors on and off frequently operate under reactive
power control, which may result in undesirable switch-
ing transients. Controlled switching can effectively re-
duce switching surges by controlling the switching in-
stants of the circuit breakers (Sect. 8.4). More recently,
compensators based on power electronic devices—the
static VAR compensator (SVC) and the static syn-
chronous compensator (STATCOM)—have also been
used to effectively control the reactive power. For ex-
ample, a STATCOM can control the reactive power by
adjusting the amplitude of the supply voltage, which is
phase synchronized with the transmission network.

The reactive power in a power system can also be
controlled by connecting series compensation equip-
ment to the transmission lines, as shown in Fig. 8.21.
Series capacitors are sometimes applied to long trans-
mission lines in order to reduce the line reactance,
resulting in increased transmission capacity.

However, great care must be taken when using se-
ries capacitors due to potential disadvantages such as
subsynchronous resonance of turbine generator shafts
and increased transient recovery voltage (TRV) peaks
imposed on the terminal of circuit breakers. Standards
do not cover the interrupting duties of circuit breakers
applied to series-compensated lines.

Shunt Reactors
Transmission lines or underground cables, particularly
those used for voltages of 72:5 kV and above, can pro-
duce a large amount of capacitive reactive power that
can cause the voltage profile of the transmission net-
work to exceed its maximum level.

Shunt reactors absorb reactive power and influence
voltage regulation by reducing the voltage profile. Power
transfer from a highly variable renewable-energy source
can require the installation of more shunt reactors at the
transmission level to control the increase in capacitive
reactive power that occurs when the infeed from the en-
ergy source is low (when there is nowind at a wind farm,
for instance). When they do not carry a large amount
of active power, transmission lines exhibit strong line
charging due to the Ferranti effect. Shunt reactors keep
the voltage within the desired margins.

Fig. 8.22 Photograph of a 20 kV, 22:5MVA shunt reactor
bank. (Courtesy of J-POWER)

Shunt reactors can be installed as a three-phase unit
or as three single-phase units depending on the rated
reactive power, the system voltage, or planning and
design criteria. The shunt reactor can be permanently
connected (a fixed shunt reactor) or switched through
a circuit breaker, and it can be installed at the trans-
mission line terminals or connected to the substation
busbar. Figure 8.22 shows an example of a 20 kV shunt
reactor that has a similar structure to a power trans-
former with some cooling units.

Variable shunt reactors with a tap changer are ap-
plied when precise and slow voltage regulation is re-
quired, whereas switched shunt reactors are used for
less coarse but flexible voltage regulation. Gapped, oil-
immersed shunt reactors with an iron core are employed
for large reactive power ratings and high voltage levels
in order to minimize losses and reduce audible noise
and vibration. For lower voltage levels and smaller re-
active power ratings, dry-type shunt reactors are used,
sometimes without an iron core to lower the cost.
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Fig. 8.23 Photograph of a 23 kV, 22:5MVA shunt capaci-
tor bank

Capacitor Banks
Capacitor banks produce reactive power to compensate
for the inductive reactive power that originates from
transformers, transmission lines that are loaded above
their switching impulse protection level, or inductive
loads. The use of capacitor banks increases the trans-
mission capacity, reduces losses due to the improved
power factor, and leads to a better voltage profile.

A capacitor bank consists of several capacitors of
the same rating that are connected in series or par-
allel, Fig. 8.23. Capacitor banks can be permanently
connected (fixed capacitor bank) or switched through
a circuit breaker, and can be installed at the transmission
line terminals or at the substation busbar. For voltage
ratings of 72:5 kV and higher, each bank has its own
circuit breaker. The inrush or outrush currents can be
kept under control in an active manner (by controlled
switching or with a preinsertion impedance) or in a pas-
sive fashion with series reactors.

Series reactors (also called damping reactors) can
help to reduce resonance in the network. Power trans-
fer from a highly variable renewable-energy source can
require the installation of more capacitor banks at the
transmission level to cope with the increase in induc-
tive reactive power that occurs when the infeed from
the energy source is high (when there is excessive wind
at a wind farm, for instance).

Series Capacitors
There have recently been some technical advances in
the use of series compensation with power electronics.
Overvoltage protection schemes have progressed from
a sole bypass spark gap to a bypass spark gap with
aMOSAor even to fast-acting thyristor-controlled series
capacitors (TCSCs) or fast protective devices (FPDs),
which can reduce the number of MOSAs needed.

Before the 1980s, when spark gaps were of the self-
discharging type, series compensation banks had to be
bypassed during (internal or external) line faults, in-

fluencing system availability. MOSAs facilitate series-
compensated power transfer in healthy transmission
lines by protecting series compensations from power
frequency overvoltages [8.3].

Since TCSCs can control the degree of compen-
sation rapidly and flexibly, they can mitigate the risk
of subsynchronous resonance (SSR) in power grids
and improve power system transient stability by damp-
ing low-frequency power oscillations. In thyristor-
protected series compensations (TPSCs), the spark gap
is replaced by thyristor valves. Since a thyristor valve
responds more rapidly and is more accurate than a spark
gap, the TRV peak in circuit breakers located on the line
side is reduced and energy dissipation from MOSAs is
also minimized [8.4].

Furthermore, a FPD in which the spark gap is re-
placed with an immediate bypass on command has been
developed and applied to series compensations. This
FPD consists of a fast-closing switch in parallel with
a sealed plasma triggering gap. FPDs can operate at
a very low series-compensation voltage.

Technologies used instead of a triggering gap in-
clude a trigatron triggered spark gap, a voltage trans-
former triggered gap, and a plasma spark gap. These
conventional technologies are described in detail in
technical brochures. The main gaps for both the triga-
tron and the voltage transformer triggered spark gap
operate in almost the same way. The main gap is re-
quired to carry a large power frequency fault current
and to maintain a consistent spark-overvoltage charac-
teristic for a long duration in multiple operations.

The FPD consists of a hermetically sealed and very
fast-acting forced trigger spark gap called an arc plasma
injector (API) that is connected in parallel to a me-
chanical switch termed a fast contact (FC), as shown in
Fig. 8.24. The two switches are housed in two composite
chambers filled with high-pressure gas. To activate the
FPD, a triggering pulse is issued to the API, which can
bypass the series-compensation bank. Simultaneously,
a command is issued to close the FC within a few ms.

The specification of a MOSA must be able to
cope with the worst-case maximum residual voltage.
The number of MOSA elements used depends on the
energy-dissipating ability of a single MOSA element as
well as the current that is divided among the parallel
columns. To divide the current equally among the par-
allel MOSA columns, the residual voltages need to be
precisely matched.

Reliability surveys have reported that someMOSAs
have failed at energies smaller than indicated by their
specifications. This issue was not found to be related to
aging problems. InChina,UHVbypass switches are nor-
mally designed with a T-shaped structure. High-quality
WCumaterial is used for the contacts to stabilize the arc
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C  Capacitor bank
Z  Metal oxide varistor
D  Damping reactor
T  Fast protective device
B  Bypass switch

Fig. 8.24 (a) Circuit diagram,
(b) structure and, (c) a photograph
of a fast protective device (FPD)
installation

a) b)
Fig. 8.25a,b Photographs of post
insulators in a 420 kV AC substation
(a) and a 500 kV DC converter station
(b) [8.5]

resistance performance. Themass of the insulation rod is
reduced and the driving angle and its guide structure are
optimized to improve operation performance.

The bypass disconnector must be able to transfer
the current to the series compensation and vice versa.
Due to the existence of a damping circuit, a voltage
will be generated between the contacts of the by-
pass disconnector during current transfer. A parallel
switching branch can be applied as the same time as
the main disconnector contact; this parallel switching
branch consists of an arcing contact and a 12 kV vac-
uum breaker connected in series.

8.1.5 Substation Post Insulators

Post insulators provide mechanical support and elec-
trical insulation for high-voltage substation equipment.
They are most commonly mounted vertically on a steel

support structure, but may also be mounted horizontally
or underhung. A post insulator is an insulator that is
intended to give rigid support to a live part that must
be insulated from the ground or from another live part,
Fig. 8.25.

Insulation Material and Type
Post insulators can be classified into two main cat-
egories depending on the insulating material used:
porcelain and composite. Porcelain is traditionally used
in post insulators because this material is very solid,
reliable, and well proven. However, composite post in-
sulators have become increasingly popular in recent
years because of their design flexibility and relatively
light weight, their withstand performance with respect
to internal pressure, seismic events, and high contami-
nation, and their ease of handling when they are being
manufactured or installed.
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Transition unit
if necessary
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a) b)
Fig. 8.26a,b Typical porcelain post
insulators. (a) Solid-core cylindrical
post insulator. (b) Pedestal post
insulator

(a) Porcelain Post Insulators. Porcelain post insu-
lators come in two types: solid-core cylindrical and
pedestal, which are made up of stacks of single insu-
lator units, as shown in Fig. 8.26. These post insulators
are made from wet-processed porcelain machined to the
desired specification and are coated with a hard, weath-
erproof glaze before being kiln dried to give them high
electrical and mechanical strength. Galvanized iron or
cast aluminum fittings are attached to the insulator ends
using Portland cement.

Solid-core cylindrical post insulators consist of
solid porcelain with a glazed surface. In some cases,
this surface may be coated with silicone rubber for

Silicone rubber sheds
and housing

Bottom metal fitting

Top metal fitting

Fig. 8.27 A composite post insulator [8.6]

improved pollution performance. For manufacturing
reasons, the length of an individual insulator unit is lim-
ited. Although the feasible length of an insulator units
has increased over time, most post insulators used for
higher voltages comprise two or more insulator units
that are stacked together in an insulating column to pro-
vide the required arcing distance.

Pedestal post insulators have standardized top and
bottom fittings between which the insulator stacks are
built in order to meet the specification of the post insu-
lator.

(b) Composite Post Insulators. Because they are
a relatively new technology, composite post insulators
(Fig. 8.27) are not as commonly used as porcelain post
insulators, but they have found increasing use in recent
years. Composite post insulators can have a hollow core
or a solid core.

Solid-core design: The solid cores used in com-
posite post insulators commonly consist of fiber-glass-
reinforced resin rods that provide mechanical strength
(similar to line composite insulators). The housing and
sheds are made from a polymeric material, most often
silicon rubber.

Hollow-core design: A hollow core used in a com-
posite post insulator generally consists of a tube that
provides mechanical support. In this design, there is
also an external insulating part—the housing, includ-
ing sheds, which provides the necessary creepage dis-
tance and protects the tube from the environment (this
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concept is similar to that used for composite insu-
lators used in other high-voltage equipment, such as
circuit breakers and instrument transformers). Com-
posite hollow-core post insulators may be filled with
a gaseous, liquid, or solid insulating material (such as
urethane foam).

A key advantage of composite post insulators is that
the polymeric materials used in them exhibit hydropho-
bicity, which means that they repel water. Sometimes
the polymeric material also repels pollution on the in-
sulator surface, in which case the material is referred to
as a hydrophobic transfer material. In theory, this means
that a shorter creepage distance may be used in a com-
posite post insulator than in a porcelain post insulator.

8.1.6 Technical Requirements
and Design Parameters

Post insulator design involves optimizing various pa-
rameters to ensure that the post insulator is capable of
withstanding specific levels of electrical, mechanical,
and environmental stress.

(a) Electrical Performance
The main parameters that influence the electrical per-
formance of a post insulator are the arcing distance,
creepage distance, and housing profile. Post insulators
are designed and tested to withstand specified lightning
and switching impulses as well as power frequencies
(certain types of post insulators also have a defined min-
imum puncture voltage). For composite post insulators,
the grading of the electric field along the insulator may
be another important aspect that impacts the expected
life. This grading can be achieved by applying grading
rings and adjusting the sizes and shapes of the flanges
during the design phase.

(b) Mechanical Performance
The length, the core diameter and material, and the de-
sign of the end fittings as well as the method used to
attach them are regarded as the design parameters that
exert the strongest influence on the mechanical per-
formance of a post insulator. The mechanical design
of a post insulator must take into account mechani-
cal stresses, such as those arising from short circuits,
seismic activity, and external loads. Porcelain post insu-
lators are categorized into mechanical strength classes
based on the failing load of the insulator in a bending
test. Composite post insulators also undergo a bending
test.

(c) Environmental Performance
The design phase also involves selecting the shed pro-
file and the number of sheds that will allow good

dielectric withstand at a particular pollution level under
wet conditions, thus fulfilling the requirements defined
in the standards [8.7–10].

Standards and Type Tests
Substation post insulators are covered by a relatively
large number of IEC standards:

� IEC 60168:1994 (on tests of indoor and outdoor
post insulators made from ceramic or glass for sys-
tems with nominal voltages of more than 1000V)� IEC 60273:1990 (on characteristics of indoor and
outdoor post insulators for systems with nominal
voltages of more than 1000V)� IEC/TS 60815-2:2008 (on the selection and dimen-
sioning of high-voltage ceramic and glass insulators
intended for use in AC systems under polluted con-
ditions) [8.9]� IEC/TS 60815-3:2008 (on the selection and di-
mensioning of high-voltage polymeric insulators
intended for use in AC systems under polluted con-
ditions) [8.10]� IEC/TR 61462 (on definitions, test methods, ac-
ceptance criteria, and design recommendations for
composite hollow-core insulators for use in outdoor
and indoor electrical equipment)� IEC 61462:2007 (on definitions, test methods, ac-
ceptance criteria, and design recommendations for
pressurized and unpressurized composite hollow-
core insulators for use in electrical equipment with
rated voltages of more than 1000V)� IEC 62217:2012 (on general definitions, test meth-
ods, and acceptance criteria for polymeric insulators
for indoor and outdoor use in HV systems)� IEC 62231-1:2015 (on definitions, test methods,
and acceptance criteria for composite post insu-
lators for use in substations with AC voltages of
1000V to 245 kV)� IEC 62772:2016 (on definitions, test methods, and
acceptance criteria for composite hollow-core post
insulators for use in substations with AC voltages
of more than 1000V and DC voltages of more than
1500V).

In general, porcelain post insulators are covered by
IEC 60168 and IEC 60273. IEC/TS 60815-2 is applied
when it is necessary to dimension for polluted condi-
tions.

IEC 62231-1 covers solid-core but not hollow-core
composite insulators. Hollow-core composite insulators
are covered by IEC 61462, which does not cover post
insulators and is limited to designs with voltages of
up to 245kV. Material-related qualification is covered
by IEC 62217, and dimensioning for polluted condi-
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tions by IEC/TS 60815-3. IEC 62772 refers to the other
relevant standards and creates a system that covers all
hollow-core composite insulators.

The following type tests are normally carried out for
post insulators in accordance with IEC 60168 and IEC
62231:

� Dry lightning-impulse withstand voltage test� Wet switching-impulse withstand voltage test (only
for insulators in systems with the highest voltages
of 300 kV or more)� Wet power-frequency withstand voltage test� Mechanical failing load test.

8.2 History and Principles of High-Voltage Circuit Breakers

The development of circuit breakers is closely linked
to the remarkable growth in the demand for higher-
voltage transmission systems with large short-circuit
capacities. Since the late 1800s, a wide range of inter-
rupting technologies that use oil, air, vacuum, and SF6
gas as interrupting media have been developed and have
contributed to the construction of large-capacity power
transmission systems.

8.2.1 History of Circuit Breaker
Development

The first circuit breaker, which was of the bulk oil type,
was developed by Kelman [8.11] in the early 1900s. It
consisted of a crude arrangement of switches in sepa-
rate wooden barrels connected in series and operated
simultaneously. Bulk oil circuit breakers evolved over
subsequent decades. The main advances were made in
the United States by Slepian of Westinghouse [8.12]
and Prince and Skeats of General Electric [8.13].

In Europe, bulk oil circuit breakers reigned until the
early 1950s, but were then completely supplanted by
minimum oil circuit breakers. Bulk oil circuit break-
ers with eight breaks in series are used in systems with
voltages of up to 360 kV, while minimum oil circuit
breakers with up to ten breaks in series are used in sys-
tems with voltages of up to 420 kV. It should be noted
that some utilities are still using these types of oil circuit
breakers.

1930 1940

362 kV 63 kA (8 breaks)

300 kV 50 kA

145 kV 40 kA

550 kV 63 kA

72 kV 40 kA

1950

Oil

Air

Vacuum

SF6

1960 1970 1980 1990 2000 2010 2020

Interruption capacity (GVA per break)

Year

20

15

10

5

Fig. 8.28 Evo-
lution of the
interruption ca-
pacity per break,
encompassing
different circuit-
breaker types

The air-blast circuit breaker was developed in Eu-
rope, initially by Whitney and Wedmore of the British
Electrical Research Association [8.14, 15] in 1926 and
subsequently in Germany and Switzerland in the 1930s
and 1940s. Air-blast circuit breakers became popular
in the 1960s and enabled the construction of extra-
high-voltage systems of 500 kV and above. This type of
circuit breaker was manufactured until the early 1980s,
when they were superseded by less expensive and com-
plex SF6 puffer-type circuit breakers. Air magnetic
circuit breakers, a variant of air-blast circuit breakers,
were used at medium voltages of up to 52 kV.

SF6 gas was recognized for its unique dielectric
properties in the 1920s, when Cooper of General Elec-
tric [8.16] applied for a patent on its use in capacitors
and gas insulated cables. However, the SF6 gas circuit
breaker did not appear on the market until the mid-to-
late 1950s [8.17]. The application of SF6 gas to current
interruption was patented by Lingal, Browne, and Storm
of Westinghouse in 1956 [8.18]. The first SF6 gas cir-
cuit breakers were designed with dual pressure, based
on axial gas blast principles.

The puffer-type SF6 circuit breaker, which is often
referred to as the single-pressure circuit breaker, was
developed in the 1970s based on a principle invented by
Prince [8.17], who also designed the impulse-type bulk
oil circuit breaker [8.12], where the oil flow is produced
by a piston driven by the operating mechanism. Further
development of SF6 circuit breakers led to rotating arc
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Bulk oil circuit breaker
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circuit breaker

Air-blast circuit breaker

Vacuum circuit breaker
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circuit breaker
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circuit breaker

Fig. 8.29 Approxi-
mate manufacturing
periods for different
circuit-breaker
types

Fig. 8.30 Kelman’s oil circuit breaker built in 1901
(40 kV, 300A) [8.19]

technology for voltages up to 72 kV and self-blast tech-
nology for voltages above 72 kV.

Vacuum interrupters were also developed in the
1920s [8.20], but the first commercial vacuum circuit
breakers did not appear until the 1960s. The vacuum
circuit breaker is still commonly used today at medium
voltages and is also available for transmission voltages
of up to 170 kV [8.21].

Figure 8.28 provides a historical perspective on the
interruption capability per break, encompassing all of
the above circuit breaker technologies. It is clear that
there have been a couple of technology transitions.
The first technical transition—from oil to air—occurred
around 1960, which led to the construction of EHV net-
works; another transition—from air to SF6—occurred
around 1970, which led to improved high-capacity cir-
cuit breakers and enhanced network reliability.

The application time lines for the six major circuit-
breaker types are shown in Fig. 8.29. Oil circuit break-
ers were manufactured from around 1910 until 1990.
Air circuit breakers were mainly manufactured from
1950 to 1980. SF6 circuit breakers have dominated
since 1970. Vacuum circuit breakers also have a long
history of production.

The first circuit breaker had a switch immersed in
a large tank filled with mineral oil, which served as

Fig. 8.31 An early oil-immersed circuit breaker design

Fig. 8.32 A cross-
sectional drawing
of a 145 kV, 63 kA
bulk-oil circuit
breaker
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Fig. 8.33 Photograph of some
345 kV, 63 kA oil circuit breakers

an extinguishing and insulating medium. Figures 8.30
and 8.31 show a photograph and the design of an early
oil-immersed circuit breaker, respectively. Figure 8.32
presents a cross-sectional drawing of a more modern
bulk-oil circuit breaker rated at 145 kV and 63 kA. Fig-
ure 8.33 shows a photograph of oil circuit breakers rated
at 345 kV, which is the highest rated voltage achieved
with mineral oil. These circuit breakers were originally
designed for an interrupting duty of 40 kA, but were
subsequently modified to allow an interrupting duty of
63 kA through the use of internal shields to prevent volt-
age flashovers to the tank wall during interruption.

During the current interruption process, the arc
vaporizes the oil and creates hydrogen gas. The com-
pressed hydrogen gas blasts into the arc, cooling it
down. Hydrogen gas has good conductivity, which is
a desirable quality for an arc-quenching medium. How-
ever, this design presents a significant risk of explosion
and fire if an interrupting failure occurs. Later minimum
oil circuit breakers were designed to have an effective

Fig. 8.34 Photograph of an example of the latest genera-
tion of 800 kV air-blast circuit breakers. (Courtesy of GE,
produced by Alstom)

and compact cooling enclosure. The contacts and arcing
chamber were placed in a porcelain insulator instead of
a bulky metal tank. Despite these risks, oil circuit break-
ers were manufactured until the 1990s.

Air-blast circuit breakers were developed around
1950 and were used in the first 735 kV networks in
Canada, which employed a 800 kV multibreak inter-
rupter design. Given that breaking currents are in-
creasing in today’s rapidly developing networks, circuit
breakers using SF6 as the interrupting medium are cur-
rently favored in high-voltage networks. Figure 8.34
shows an example of the latest generation of 800 kV
air-blast circuit breakers.

The first generation of SF6 gas circuit breakers in-
cluded high- and low-pressure gas chambers equipped
with moving and fixed contacts in an enclosure filled
with SF6. High-pressure gas was blown into the arc
generated between the contacts in the low-pressure
chambers. Figure 8.35 shows an example of a double-
pressure gas circuit breaker. In current designs, most
of the SF6 gas is in a single pressure chamber, and the
SF6 is compressed in a puffer cylinder under the control

Fig. 8.35 A 240 kV double-pressure gas circuit breaker
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Fig. 8.36 245 kV, 50 kA double-break and single-break
SF6 puffer circuit breakers. (Courtesy of ABB, produced
by ASEA)

of an operating mechanism and then blasted through
a nozzle into the arc. Figure 8.36 shows an example
of 245 kV, 50 kA double-break and single-break SF6
puffer circuit breakers.

In a vacuum circuit breaker, the contacts are oper-
ated in a vacuum enclosure. When the vacuum circuit
breaker separates the contacts, an arc is generated by
the metal ions vaporized from the contact surface. The
arc is quickly extinguished because the metallic va-
por, electrons, and ions produced during the arc rapidly
diffuse and condense on the surfaces of the contacts,
resulting in a swift recovery of dielectric strength. Vac-
uum circuit breakers are commonly used in medium-
voltage distribution systems and are available for trans-
mission voltage ratings of up to 170 kV (Fig. 8.37).

The opening and closing operations of mechani-
cal circuit breakers normally generate arc discharge
phenomena between the contacts. In the 1940s,
Cassie [8.22], Mayr [8.23], Cassie and Mason [8.23,
24], and Browne [8.25] showed that interrupting phe-
nomena could be reproduced analytically through the
application of dynamic arc equations with a couple of
arc parameters in conjunction with circuit equations
for power systems [8.26, 27]. Intensive investigations
aimed at identifying novel interrupting media with im-
proved properties were performed by the Electric Power
Research Institute (EPRI) in the United States [8.28,
29]. Those studies revealed the physical properties of

Fig. 8.37 Photograph (taken in 1972) of 168 kV, 40 kA
vacuum circuit breakers. (Courtesy of Meidensha)

many potential interrupting media. Furthermore, ther-
mofluid dynamics simulation has made it possible to
analyze arc interrupting behavior in great detail using
more precise arc models [8.30, 31]. The main interrupt-
ing phenomena encountered with circuit breakers based
on various interrupting media are now described.

8.2.2 Interrupting Phenomena
for Oil and Air Circuit Breakers

The interrupting process in a mechanical circuit breaker
is normally accompanied by an arc that is generated be-
tween the contacts after contact separation. This arc is
the main switching element of the mechanical circuit
breaker. It is used to transform the circuit breaker from
the conducting state to the insulating state economically
for all ratings of a power system.

For an AC system, the arc interrupting process
normally occurs at one of the periodic current zeros as-
sociated with the power frequency. A plasma—an elec-
trically conductive hot ionized gas comprising charged
particles such as electrons and positive or negative
ions—is generated by the arc, and this can carry a large
current though a normally nonconductive interrupting
medium such as oil, air, SF6 gas, or a vacuum with and
without metal vapor.

In the hot arc plasma, collisions between moving
charged and neutral particles create new charged par-
ticles while some of the electrons and positive ions
recombine into neutral particles (i.e., deionize).

Low-voltage circuit breakers normally use air to
extinguish the arc. Figure 8.38 shows a magnetically
driven air circuit breaker equipped with some arc chutes
consisting of mutually insulated parallel plates. The arc
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Fig. 8.38 A magnetically driven air circuit breaker
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Fig. 8.39 Arc
interruption in an
oil circuit breaker

chutes divide the arc into smaller and extended arc
lengths to aid cooling, which increases the arc voltage
and thus limits the current through the circuit breaker.
The current-carrying parts near the contacts deflect the
arc into the arc chutes using the magnetic force from
the current path. Magnetic blowout coils or permanent
magnets are also used to deflect the arc into the arc
chutes.

Oil circuit breakers utilize vaporized mineral oil to
extinguish the arc. Mineral oil has better insulating and
interrupting properties than air. In an oil circuit breaker,
the fixed and moving contacts are immersed in an en-
closure filled with oil. When the contacts are separated

Arc
Oil flow

Vapor

Moving contact

Fixed contact

Fig. 8.40 Configuration of a minimum oil circuit breaker

under load-carrying or short-circuit current conditions,
an arc is generated, and the oil is heated by the arc and
vaporized, whereupon it decomposes into (mostly) hy-
drogen gas (small amounts of methane, ethylene, and
acetylene are also generated). This ultimately leads to
a highly compressed hydrogen bubble around the arc.
The bubble displaces the oil near to the arc and effec-
tively cools the arc (Fig. 8.39), and it prevents reignition
when the power frequency produces the next current
zero. Figure 8.40 shows the typical configuration of
a minimum oil circuit breaker.

8.2.3 Interrupting Phenomena
for Gas Circuit Breakers

Gas circuit breakers normally use a gas such as air, sul-
fur hexafluoride (SF6), or gas mixtures that include SF6
as insulating and interrupting media to extinguish the
arc generated between the contacts. SF6 has become the
dominant insulating and interrupting medium used in
circuit breakers today because it has some unique char-
acteristics that make it ideally suited for this purpose.
Some of these characteristics are described below.

(a) Density of SF6
The dielectric properties of SF6 are strongly depen-
dent on its density. Figures 8.41 and 8.42, respectively,
show how the SF6 gas density and SF6 gas composi-
tion depend on the temperature. The density follows
the ideal gas equation up to 1600K, regardless of the



8.2 History and Principles of High-Voltage Circuit Breakers 533
Section

8.2

0 1 2

1.6 MPa

0.4 MPa

0.1 MPa

Ideal gas

3

ρ (kg/m3)

T (×103 K)

40

30

20

10

0

Fig. 8.41 Density of SF6 gas versus temperature [8.30]

0 1 2

SF2
SF4
SF6
S
S+

e
F2
F
F+

F++

S2
S++

Zni

4 6 1010

ni (cm–3)

T (×103 K)

1019

1018

1017

1016

1015

1014

1013

1012
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pressure. When the temperature exceeds 1600K, the
measured SF6 gas density is found to be lower than
that given by the ideal gas equation (Fig. 8.41). This
change occurs due to the decomposition of the gas, as
shown in Fig. 8.42. Above approximately 2000K, SF6
gas decomposition is markedly enhanced, resulting in

the generation of charged species such as SC, S2C, FC,
and electrons. When the temperature exceeds 4000K,
the SF6 gas is completely decomposed, resulting in the
presence of many different particles. Electrons account
for about 1% of all the particles present at tempera-
tures between 8000 and 9000K. The temperature below
the boundary of 8000�9000K band shows the isolating
state. In contrast, the temperature above the boundary
band shows the conductive state.

(b) Thermal Conductivity
and Electrical Conductivity of SF6

The thermal and electrical conductivity of the medium
affect the heat loss from the arc plasma with a small
diameter arc around current zero, which can strongly
affect the arc interruption capabilities of the circuit
breaker. You can find an image of an arc with small
diameter at the bottom part of Figure 8.49. In partic-
ular, SF6 can make a narrow arc with smaller diameter
as compared with other interrupting media. Figure 8.43
shows the thermal conductivity of SF6 as a function
of temperature. Upon increasing the temperature from
300K, the first peak in the thermal conductivity ap-
pears around 1800K. On the other hand, the electrical
conductivity (Fig. 8.44) increases with temperature be-
cause the proportion of electrons (with respect to all
particles) rises due to increased ionization. The propor-
tion of electrons is 1% and the electrical conductivity
increases between 8000 and 9000K, which is much
higher than the temperature (1800K) at which the ther-
mal conductivity peaks.

The thermal conductivity generally increases with
temperature, and presents distinct peaks in the temper-
ature interval corresponding to the decomposition of
SF6 gas (around 1800�2000K). This means that the arc
shows enhanced thermal conductivity but low electri-
cal conductivity, resulting in good cooling performance,
when it is close to this temperature region during the
low-current period.

(c) Specific Heat of SF6
The specific heat shown in Fig. 8.45 has two distinctive
peaks which can be seen at around 2000 and 20 000K.
The heat capacity becomes larger around these temper-
atures. When considering a contact heat input, the arc
will stay at these temperatures since larger energy is
required to increase the temperature in the 2000 and
20 000K regions. In the high-current region, the arc
temperature stays around 20 000K due to the larger spe-
cific heat in the high-temperature region. This is why
the core temperature of an arc with a large current does
not increase much beyond 20 000K.

In order to understand why SF6 gas allows effec-
tive arc cooling due to adiabatic expansion, the result of
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mixing two gas volumes—a large-volume (V0 D 1) arc
at 20 000K (corresponding to a large-current state) and
a small-volume (Vd D 0:1) arc at 1700K (correspond-
ing to a current of almost zero) at 0:6MPa—in an isen-
tropic cooling process can be investigated (Fig. 8.47).
After mixing the gases, the temperature is found to be

0 10 20

ρ = 0.1 MPa
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T (×103 K)

20

10

0

Fig. 8.45 Dependence of the specific heat on the temper-
ature at 0:1MPa

2600K (the pressure is 0:35MPa), which is within the
temperature interval corresponding to particularly high
heat conduction, leading to enhanced cooling.

The specific heat ratio (Cp=Cv) of SF6 is 1.08, which
is considerably lower than those of air and hydrogen
(around 1.4). A hot gas with a relatively low specific
heat rate, such as SF6, requires the removal of less heat
to cool it to the dielectric level during an isentropic
cooling process involving a volume change.

In a SF6 gas circuit breaker, the arc is usually gen-
erated in a cylindrical insulating nozzle, as this allows
the arc to be cooled effectively by controlling the SF6
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Fig. 8.48 Various arc-quenching ar-
rangements for SF6 blasting. (a) Plain
break, (b) self-blast, (c) double-pres-
sure blast, (d) puffer blast

gas blowing into the arc. The hot gas generated by the
arc is then exhausted from the open contact of the in-
terrupter chamber. The insulating nozzles are generally
made from polytetrafluoroethylene (PTFE), which can
control and restrict arc movement inside the nozzle.

In an interrupter that uses SF6 gas as the interrupt-
ing medium, a gas flow is induced to flow over the
arc, which results in thermal exchange between the arc
and the medium, ultimately extinguishing the arc. Vari-
ous possible arc-quenching configurations are shown in
Fig. 8.48.

Figure 8.48a illustrates a plain break. In this case,
there is no preconfigured gas flow; instead, the tem-
perature (or density) gradient caused by the arc and
gravity induces a gas flow that in turn affects the tem-
perature distribution and extinguishes the arc. Another
example, shown in Fig. 8.48b, makes use of the pres-
sure built up by the arc. The resulting pressure gradient
causes a gas flow that cools the interrupted arc. In the
structure shown in Fig. 8.48c, a high-pressure SF6 gas
flow is generated by a gas compressor for example.
This flow is passed over the arc, thus extinguishing it.
Figure 8.48d shows an arrangement in which the gas
pressure needed to induce a gas flow is generated by the
mechanical motion of a cylinder passing over a piston.
The resulting gas flow is then directed over the arc. This
arc-quenching approach leads to a so-called puffer-type
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Fig. 8.49 Arc quenching process
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circuit breaker. Modern circuit breakers use this basic
concept in some form.

The pressure buildup in the puffer chamber and the
energy exchange with the arc are the most important
concepts in arc interruption. The mechanical motion of
the arcing contact, especially in the puffer chamber, is
affected by the existence of the arc because of the in-
teraction of the pressure buildup in the puffer chamber
with the arc current.

The SF6 arc plasma generated between the contacts
of a gas circuit breaker is a conductor due to the pres-
ence of charged particles such as ions and electrons.
These charged particles originate from decomposed SF6
gas as well as contact material that is ionized through
arc current heating. Radiative heat transfer from the arc
to the surrounding materials, the evaporation of nozzle
materials (loss due to latent heat), along with convec-
tion from the turbulent gas flow and conduction all
contribute to arc cooling, which changes the character-
istics of the arc. The thermodynamic characteristics of
SF6 gas are largely responsible for its excellent arc cool-
ing mechanism (switching function) and its interrupting
and dielectric withstand capabilities.

In particular, a gas circuit breaker with SF6 loses
most of its electrical conductivity when the temperature
of the vanishing arc drops below 2000K.

Figure 8.49 shows a schematic of arc currents gen-
erated across the contacts of a single-pressure-type SF6

gas circuit breaker. The temperature of an arc with
a large current (several tens of kA) is 15 000�20 000K,
resulting in a high-density conductive plasma with
a low arc voltage. The temperature of an arc carry-
ing a small current (almost zero) is 2000�5000K. The
arc voltage shows a suppression peak before a current
zero.

Every time the current passes through zero after
contact separation, the circuit breaker has an opportu-
nity to extinguish the arc. When the arc current reaches
zero, the conductivity (g) of the vanishing arc across
the contacts is still nonnegligible, so the arc maintains
a very small current due to the presence of charged par-
ticles where there used to be an arc column. This current
is called the residual or post-arc current (I). The resid-
ual current contributes to the energy input due to ohmic
heating (I2=g) by the electric field across the contacts,
which can raise the temperature and conductivity, while
the cooling induced by a gas flow contributes to energy
loss and tends to reduce the conductivity.

Figure 8.50 shows an example of a physical model
for the arc interrupting process near to a current zero in
the case of a gas circuit breaker. The arc is heated by
ohmic heating and cooled by heat transfer due to a gas
flow, heat conduction to the ambient temperature, and
radiation [8.33]. The balance between the energy input
and the cooling will determine the success or failure of
the interruption.
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Figure 8.51 shows calculated temperature profiles
for SF6 and N2 arcs at stable currents of 20 and 200A.
Compared with the profile for a N2 arc, that for a SF6
arc shows a smaller arc diameter, implying a larger tem-
perature gradient and increased heat conduction. The
SF6 arc diameter increases with the temperature at the
center of the arc for larger currents. However, the max-
imum diameter occurs at around 20 000K because the
thermal capacity is highest around this temperature, as
described before.

During the largearccurrentperiod, thearcshowshigh
conductivity anda temperatureof15000�20 000K. The
arc conductivity gradually decreases with decreasing
current during the small arc current period. The arc
is extinguished when the cooling due to the gas flow
exceeds the ohmic heating due to the residual current
generated by the electrical field during the short pe-
riod (up to a few milliseconds) of post-arc current.
Then the dielectric recovery between the contacts com-
petes with the TRV during the transient recovery period.
When the dielectric recovery surpasses the TRV at all
times, the interruption has been successfully completed.
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Figure 8.52 shows the four periods of the current in-
terruption process. There are two notable regions for
interruption: the thermal interrupting region during the
post-arc current period just after current interruption,
and the dielectric interrupting region during the tran-
sient recovery voltage period.

Figure 8.53 shows the two critical regions that
determine the success or failure of interruption: the
thermal interrupting region and the dielectric interrupt-
ing (recovery) region. A circuit breaker must meet the
interrupting requirements during these two interrupting
regions under various network conditions.
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Arc voltage Arc voltage

Arc current Arc current

Arc current

a) b)

Fig. 8.54 (a) Success and (b) failure
(reignition) during thermal interrupt-
ing process
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Fig. 8.55 (a) Success and (b) failure
(restrike: voltage breakdown) during
the dielectric interrupting process

After a current zero, there is a residual current that
increases the energy of the vanishing arc by ohmic
heating. When a circuit breaker cannot provide suffi-
cient cooling, thermal reignition may occur. Figure 8.54
gives an example of the current and voltage variations
that occur in the thermal interrupting region during
a successful and a failed current interruption. When
thermal reignition occurs, the residual current through
the vanishing arc will increase the temperature and an
arc current will be reestablished. When a restrike oc-
curs at a current zero, a circuit breaker will have one
of two possibilities for interrupting the current at sub-
sequent current zeros. The recovery voltage during the
thermal interrupting region is very small, so reignition
does not generate harmful transients to the system and
the equipment in the power system.

After the thermal interrupting region, the TRV is
applied between the contacts, and the moving contact
continues to operate until it reaches the fully open po-
sition. The dielectric strength across the contacts gen-
erally increases with the contact gaps. When the TRV
exceeds the dielectric strength across the contacts during
the dielectric interrupting region, a dielectric breakdown
called a restrike occurs. Figure 8.55 compares the cur-
rent and voltage variations that occur during successful
and failed current interruptions in the dielectric inter-
rupting region. When a restrike happens, the arc is im-
mediately restored and the current is reestablished. The
restrike may generate transients that could be harmful to
the system and the equipment in the power system.
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Figure 8.56 shows the dielectric recovery character-
istics between the contacts of a circuit breaker during
no-load switching, a small fault current interruption,
and a large fault current interruption.When a gas circuit
breaker interrupts a low current, the dielectric recov-
ery withstand voltage starts to increase rapidly after
current interruption at current zero as the distance be-
tween the contacts increases. When a circuit breaker
interrupts a large fault current, the dielectric recovery
withstand voltage tends to recover slowly compared to
when a small current interruption occurs.

Figure 8.57 schematically shows a comparison of
the dielectric recovery characteristics obtained with
three transient recovery voltages for different switching
duties. For successful dielectric interruption, the dielec-
tric recovery withstand voltage between the contacts
of a circuit breaker must exceed the transient recovery
voltage after current interruption at all times (case a in
Fig. 8.57).

A high rate of rise in recovery voltage (RRRV) leads
to a dielectric restrike (case b in Fig. 8.57). Such TRVs
are typically obtained during transformer limited faults
and series reactor faults. When the RRRV exceeds the
rate of rise of the dielectric recovery characteristic, a di-
electric interrupting failure will occur. On the other
hand, a fault interruption in a long transmission line
may generate a high TRV peak. A dielectric interrupt-
ing failure will also occur if the TRV peak exceeds the
dielectric recovery characteristic (case c in Fig. 8.57).

The whole interruption process is successfully com-
pleted when both the thermal interrupting and dielectric
interrupting regions have been successfully cleared.
Many interrupting tests are required to clarify the ther-
mal and dielectric interrupting capabilities of a circuit
breaker under the various switching duties expected in
a power system. When performing type tests in a high-
power laboratory, given that the initial part of the TRV
can influence current interruption, it is important to
check that the time delay for the recovery voltage after
a current zero does not exceed standard values under
network conditions.

8.2.4 Interrupting Phenomena
for Vacuum Circuit Breakers

In vacuum circuit breakers [8.34], there are a couple of
disk-shaped electrodes in the vacuum enclosure (vac-
uum tube) that are separated by a small gap (possibly
less than 2�4mm) and are employed to extinguish
the arc. Figures 8.58 and 8.59 show a cutaway and
schematic, respectively, of the configuration of a typi-
cal vacuum interrupter.

While gas circuit breakers use an interrupting
medium to carry the current, vacuum circuit breakers
do not contain any material to sustain the plasma except
for the metal vapor emitted from the cathode and an-
ode contact surfaces (which are also termed the cathode
and anode spots). The vacuum pressure inside a vacuum
interrupter is normally maintained at 10�6 Pa. The di-
electric withstand is excellent with a small contact gap.
The vaporized contact material (typically a Cu-Cr al-
loy) plays an important role in the switching function
(between current carrying and current interruption) of
a vacuum circuit breaker.
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The vacuum arc occurs at the cathode spots and car-
ries a current with high-density plasma. The cathode
spots supply the metal vapor and emit electrons that
are accelerated in the arc plasma and ionize the other
metal atoms through bombardment. The newly created
ions move toward to the cathode and collide with metal
atoms. During the large current period, the vacuum arc
also initiates from the anode spots, which are much
larger than the cathode spots.

There are two vacuum arc modes: diffuse and con-
stricted arcs (Fig. 8.60). A constricted arc is a single
thick arc similar to a gaseous arc with a large current
(typically larger than 10�15 kA) and high plasma den-

sity. It has a high atmospheric pressure due to excessive
metal vapor (implying that the voltage of a constricted
arc is higher than that of a diffuse arc).

As the current decreases, a constricted arc trans-
forms into a diffuse arc, which consists of many arc
columns with plasma cones directed from the small
cathode spots to the anode during the small current pe-
riod. These arc columns can move very quickly on the
contact surface. The arc voltage across the contacts be-
comes very small (compared with that in gas circuit
breakers)—about 20V (irrespective of the electrode
spacing)—before the current interruption, and does not
present a prominent extinction peak (this is because the
existence of fast-moving charged ions and electrons re-
sults in high conductivity).

Several measures have been applied to improve the
interrupting performance of a vacuum interrupter by
suppressing the creation of constricted arcs at higher
current levels, which is also desirable because con-
stricted arcs cause severe electrode erosion. One of the
most well known of these measures involves moving
the anode spots continuously by applying a transverse
magnetic field (TMF) to the arc in order to reduce
local electrode melting. Another method is to reduce
the bombardment of the anode spots by the plasma
by spreading the arc across the whole of the electrode
while applying an axial magnetic field (AMF) between
the electrodes.

Figure 8.61 shows some examples of the electrode
configurations used in vacuum interrupters. A plane
electrode is used for a vacuum interrupter with small
interrupting currents. A spiral electrode has several spi-
ral grooves, leading to a radially directed arc magnetic
field. The magnetic field pushes the arc to the edge of
the spiral fin, thus avoiding excessive local erosion due
to the arc. An axial magnetic field electrode consists
of several coils that can generate an axial arc magnetic
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Fig. 8.61a–c Electrode configurations for a vacuum inter-
rupter. (a) Plane electrode, (b) spiral electrode, (c) axial
magnetic field electrode

field. These specially designed contacts along with the
radial and axial magnetic fields force the arc to keep
moving on the electrode under the influence of its own
magnetic field, which minimizes contact erosion and
spreads it uniformly across the electrode.

Figure 8.62 shows a series of photographs showing
the behavior of a traveling arc between the contacts, as
driven by a transverse magnetic field.

A vacuum circuit breaker interrupts the current at
current zero by establishing the dielectric strength be-
tween the contacts. It is very difficult for the arc plasma

Fig. 8.62 Traveling arc behavior
between the contacts, as driven by
a transverse magnetic field

to reestablish itself after current zero (after complete de-
pletion of chargedmetal particles and electrons) because
of the excellent dielectric strength of vacuum. Thermal
interrupting failures are seldom observed. Since there is
a very small amount of charged particles between the
electrodes at current zero, a residual arc current flows
when a recovery voltage is applied between the elec-
trodes because the charged ions and electrons are re-
moved by the small electric field after current zero. Even
though the residual current tends to be larger than that in
SF6 gas circuit breakers, the presence of a large residual
current after current interruption in a vacuum interrupter
will not affect its thermal interrupting performance.

The interruption has been successfully completed
when the dielectric strength across the contacts always
surpasses the recovery voltage after current interrup-
tion. Some dielectric breakdown of a statistical nature
may be observed, as the dielectric strength in a vacuum
is strongly affected by the contact surface conditions
and small metal particles can considerably modify the
electrical field across the contacts.

The dielectric recovery characteristic during the di-
electric interrupting region is an important determinant
of the success or failure of a circuit breaker, especially
for low-current interruptions such as line-charging cur-
rent switching and capacitor bank current switching.
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Fig. 8.63 Dielectric performance in a vacuum [8.21]

8.2.5 Comparison
of the Dielectric Withstands
of Various Interrupting Media

Figure 8.63 shows the dielectric recovery characteris-
tics for various interrupting media with no load. The
dielectric recovery characteristic is mainly determined

by the distance between the contacts, the density of the
insulating medium if it is a gas, the opening speed,
and the configuration of the electrodes. The dielec-
tric strength increases linearly with the contact gap
in a gaseous medium. In a vacuum, good dielectric
strength is observed with a small gap but it gradually
saturates as the gap increases.

On the other hand, the density of SF6 gas drops in
some regions of the enclosure of an interrupter after
a large current interruption due to the transfer of thermal
energy from the arc plasma into the enclosure during
the interruption process. This leads to the degradation
of the dielectric recovery characteristic to some extent
compared to that observed at no load and under small
current switching conditions.

8.2.6 Summary

This section has described the interrupting phenomena
encountered with different interrupting media. Circuit
breakers play an important role in securing other sub-
station equipment in power systems and have been
a key component in the development of high-voltage
and large-capacity transmission networks.

8.3 Switching Phenomena in Power Systems

A circuit breaker should be capable of making, carry-
ing, and interrupting the current under both normal and
abnormal conditions, especially in the case of a short
circuit or fault. Various short-circuit conditions includ-
ing single-phase grounded, three-phase grounded, and
phase-to-phase ungrounded faults are expected to occur
inpowersystems [8.35, 36].Whenacircuit breaker inter-
rupts a short-circuit current, different switchingphenom-
ena are observed depending on the conditions [8.37].

The short-circuit current is greatest for a three-
phase grounded fault in most power systems. However,
the short-circuit current for a single-phase grounded
fault is larger than that of a three-phase grounded fault
in a solidly earthed system where the zero sequence
impedance (X0) is less than the positive sequence
impedance (X1). The current ratio of a single-phase
grounded fault to a three-phase grounded fault is given
by 3=.2CX0=X1/, so the single-phase fault current is
lower than the three-phase fault current when X0 > X1.

The short-circuit current after a fault occurrence
comprises a decaying DC component superimposed on
a symmetric AC current that also decays over time, as
shown in Fig. 8.64. The decay of the AC component
depends strongly on the reactance in the short circuit,
including the generator reactance. The DC component

decays rapidly with the time constant of the power
system (L=R). The circuit breaker must withstand the
electrical and mechanical stresses imposed by the short-
circuit current.

A transient voltage is imposed between the contacts
(the electrodes) of a circuit breaker when it interrupts
a current. The TRV that appears immediately after
interruption shows a damping oscillation around the
prospective system voltage. After that, it approaches
the system voltage (albeit with a slight shift caused

Current

DC component

Time

Ip

2√
–
2 Icc

Fig. 8.64 DC component of a short-circuit current
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Fig. 8.65 TRV and RV waveforms

by an imbalance in the short-circuit currents among
the phases), which oscillates with the power frequency,
as shown in Fig. 8.65. The TRV significantly affects
the interrupting performance of the circuit breaker. The
severity of the TRV strongly depends on the prospective
system voltage, which varies with the system and the
fault conditions, including the neutral connection. For
example, the first-pole-to-clear factor is 1.3 for an ef-
fectively earthed neutral system and 1.5 for an isolated
neutral system. The amplitude of the TRV also changes
with the system and equipment conditions.

This section explores how the main switching phe-
nomena of circuit breakers vary depending on the con-
ditions and the fault location in power systems.

8.3.1 Fundamental Switching Phenomena

A circuit breaker is required to clear any faults that
occur in a power system or to interrupt the currents
stipulated in international standards such as IEC 62271-
100 [8.38], even though, in order to ensure that circuit
breakers are economical, the standards generally cover

Line Line
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No load line

Line
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Generators Transformers

F4: Transformer limited fault (CB3)

Generator circuit breaker
Circuit breaker
bus protection

Circuit breaker
line protection
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Fault occurred at several
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several km from a CB2

F1: Bus terminal (CB1)

F2: Short line fault (CB2) F3: Short line fault (CB2)

Small current switching
Circuit breaker (CB5)
compensation apparatus

Fig. 8.66 Different switching duties depending on fault location in a power system

Table 8.4 Switching duties in a power system

Switching duties Fault
location

Circuit breaker
responsible

Bus terminal fault interruption F1 CB1
Short line fault interruption F2 CB2
Long line fault interruption F3 CB2
Transformer limited fault
interruption

F4 CB3

No-load line switching – CB4
Small capacitive current
switching

– CB5

Small inductive current
switching

– CB5

Switching duties Fault
location

Circuit breaker
responsible

Bus terminal fault interruption F1 CB1
Short line fault interruption F2 CB2
Long line fault interruption F3 CB2
Transformer limited fault
interruption

F4 CB3

No-load line switching – CB4
Small capacitive current
switching

– CB5

Small inductive current
switching

– CB5

only 90% of the switching duties expected in existing
power systems.

Figure 8.66 shows and Table 8.4 summarizes vari-
ous switching duties imposed on a circuit breaker.

8.3.2 Bus Terminal Fault Interruption

A circuit breaker is normally located at both terminals
of a transmission line. When a circuit breaker is re-
quired to clear a bus terminal fault that has occurred in
the vicinity of a circuit breaker, another circuit breaker,
located at the other end of the connected line, is re-
quired to clear a long line fault covered in the standards
by terminal fault test duties T10 or T30.

The fault current and the TRV imposed on the cir-
cuit breaker after fault clearing vary depending on the
location of the fault in the power system. The fault
current increases with the amount of current flowing
from the transmission lines and power transformers
connected to power generators into a fault point.
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Fig. 8.67 TRV waveform of bus terminal fault corresponding to test duty T10

When only one current source (such as a load
transmission line or a power transformer) supplies the
current to a fault point, as shown in Fig. 8.67, the
fault current is relatively small—normally less than
10% of the rated interrupting current (corresponding
to test duty T10). The associated TRV generally shows
a single frequency with a high TRV peak value that is
determined by the amplitude factor in the related cir-
cuit. The TRV amplitude factor tends to be large due
to the single frequency contributed by a single current
source.

In particular, if a fault is generated immediately
after a power transformer and there is no apprecia-
ble capacitance between the transformer and the circuit
breaker, a severe TRV with a high TRV frequency may
occur, which could exceed the standard RRRV values
for test duty T10. This duty is often termed transformer
limited fault interruption.

Even though a circuit breaker must be able to re-
move the arc energy generated in the interrupter during
the arcing time after contact separation, the circuit
breaker does not need to exhibit very strong interrupting
performance during the thermal interrupting region be-
cause the rate of rise of the TRV (RRRV) is smaller than
that for a short line fault (SLF) interruption. Therefore,
the dielectric recovery capability of the circuit breaker,
which must surpass the TRV at all times, is one of the
main concerns if the circuit breaker is to clear a fault at
test duty T10. The TRV presents a single frequency that
is specified using a two-parameter reference line and
a delay time in the standard when most of the current is
supplied by a single power generator.

When several current sources from load transmis-
sion lines or power transformers supply the current to
a fault point, as shown in Fig. 8.68, the fault current
is relatively large—up to about 60% of the rated inter-
rupting current (corresponding to test duty T60). The
associated TRV shows multiple frequencies due to the
different circuits for the various current sources. TRVs
with multiple frequencies and different times to the
peak due to the presence of multiple current sources
tend to show reduced amplitude factors, resulting in
lower TRV peaks for higher interrupting currents.

Figure 8.69 summarizes different bus terminal fault
conditions for a power system configuration with sev-
eral transmission lines, power transformers, and power
generators. This figure shows that the amplitudes of
the fault current and TRV waveforms depend on the
fault location. When a fault is generated at F1, the cir-
cuit breaker (CB1) is required to clear a fault current
that is about 10% of the rated interrupting current of
CB1 and is mainly fed by one power transformer (the
fault current flow is shown by a red arrow). After clear-
ing the fault at F1, the TRV presents a high peak and
a damping oscillation with a simple frequency deter-
mined by the circuit conditions of the single current
source.

When a fault is generated at F2, the circuit breaker
(CB2) is required to clear a fault current that is 30�60%
of the rated interrupting current of the CB2 and is fed by
several current sources through transmission lines and
power transformers (the fault current flow is shown by
a green arrow). After clearing the fault at F2, the TRV
presents a lower peak than at F1 as well as multiple
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Fig. 8.68 TRV waveform of a bus terminal fault corresponding to test duty T60
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Fig. 8.69 Dependence of the TRV waveform of a bus terminal fault on the fault location
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Fig. 8.70 Specifying the TRV using a two-parameter ref-
erence line and a delay line

frequencies determined by the circuit conditions of the
multiple current sources.

In the most severe case, when a fault is generated at
F3 and all the transmission lines are loaded, the circuit
breaker (CB3) is required to clear the fault current with
the rated interrupting current of CB3, which is fed by all
the current sources in the power system (the fault cur-
rent flow is shown as a blue arrow). After clearing the
fault at F3, the TRV presents a low peak as well as com-
plex frequencies determined by the circuit conditions of
all the current sources.

For bus terminal fault interruptions, the standard re-
quires that the circuit breaker will interrupt symmetrical
currents that are 10%, 30%, 60%, and 100% of the rated
interrupting current as well as 100% of the current with
the standard values of DC component (in asymmetrical
current) with the corresponding TRV peaks and RRRVs
shown in the standards, respectively. These test require-
ments correspond to test duties T10, T30, T60, T100s,
and T100a.

For rated voltages equal to or higher than 100 kV,
the TRV for terminal fault test duties is described by
the two parameters shown in Fig. 8.70 for test duties
T10 and T30 or the four parameters shown in Fig. 8.71
in the case of multiple TRV frequencies for test duties
T60 and T100.

The peak value of the TRV (Uc) applied to a circuit
breaker during bus-terminal interruption is given by

Uc D Ur

r

2

3
kppkaf ;

where:

Uc is the TRV peak
Ur is the rated voltage
kpp is the first-pole-to-clear factor
kaf is the amplitude factor.

Uc: TRV peak
U1: First reference voltage
U1/t1: Rate of rise of TRV

U

0 ttd t2t1t'

Uc

U1

U'

Fig. 8.71 Specifying the TRV using a four-parameter ref-
erence line and a delay line

For a given rated voltage, both the first-pole-to-clear
factor and the amplitude factor must be defined to de-
termine the peak value of TRV. The power frequency
recovery voltage (U) is a function of the rated voltage
and the first-pole-to-clear factor

U D Urkppp
3
:

IEC 62271-100 specifies a first-pole-to-clear factor of
1.3 for effectively earthed neutral systems at rated
voltages of up to 800 kV. This value of kpp is calcu-
lated from the the zero-sequence reactance X0 and the
positive-sequence reactance X1 using

kpp D 3

2C X1
X0

:

In a network with long transmission lines, the first-pole-
to-clear factor tends to increase, because the ratio X1=X0

of the lines decreases. On the other hand, in a network
connected to large power transformers (a star connec-
tion with an earthed neutral or a delta connection), the
first-pole-to-clear factor decreases and is occasionally
less than 1.2 because the ratio X1=X0 is equal to or larger
than 0:5.2X1 > X0/. In cases where most of the short-
circuit currents are fed through large-capacity power
transformers, the first-pole-to-clear factors are small
because the zero-sequence impedance is reduced due
to the delta connection of large-capacity power trans-
formers (X1=X0 approaches unity, or X0 approaches
X1).

The impedance of overhead (OH) lines is almost
inversely proportional to the square of the system op-
erating voltage, so the ratio of the line impedance to the
total transmission system impedance tends to be smaller
for a system with higher voltages. This tendency re-
duces the zero-sequence impedance in UHV systems
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Table 8.5 Amplitude factors for terminal fault test duties

Test duty Amplitude factor
T10 1:7� 0:9.1:76/a

T30 1.54
T60 1.50
T100 1.40

Test duty Amplitude factor
T10 1:7� 0:9.1:76/a

T30 1.54
T60 1.50
T100 1.40

a For UHV, the first-pole-to-clear factor of 1.2 is recommended
instead of 1.3 for lower voltage ratings based on the large in-
fluence of a large capacity power transformer. The amplitude
factor of 1.76 (1:7�0:9�1:5=1:3) is stipulated for T10 duty to
cover the TRV peak of long-line fault (LLF) interruption.

(at rated voltages of 1100 and 1200kV) due to the
increasing influence of large-capacity power transform-
ers, which have a smaller zero-sequence impedance X0

than transmission lines. Accordingly, the first-pole-to-
clear factor in UHV systems is defined as 1.2 [8.37].

The amplitude factor of the TRV tends to decrease
with the interrupting current because the superimposi-
tion of the TRVs (with multiple frequencies and differ-
ent times to the TRV peak) originating from the various
current sources (power generators) that contribute to the
bus terminal fault reduces the amplitude factor.

Table 8.5 gives the amplitude factors in IEC 62271-
100 for terminal fault interruption by circuit breakers
with a rated voltage of 100 kV and above. The am-
plitude factor is 1:7� 0:9 D 1:53 for test duty T10 at
rated voltages of up to 800 kV based on a first-pole-to-
clear factor of 1.5 with a voltage reduction of 0.9 across
the transformer. Note that the amplitude factor of the
TRV tends to increase in UHV systems due to smaller
losses from power transformers and transmission lines
as well as reduced damping of traveling waves. It is
therefore defined as 1.76 for UHV systems, keeping the
same magnitude of the first-pole-to-clear factor times
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Fig. 8.72 Equivalent circuit and TRV waveforms obtained under short line fault (SLF) conditions

Table 8.6 RRRV values for terminal fault test duties

Test duty RRRV (kV=�s)
T10 7
T30 5
T60 3
T100 2

Test duty RRRV (kV=�s)
T10 7
T30 5
T60 3
T100 2

the amplitude factor based on the first-pole-to-clear fac-
tor of 1.3 stipulated for lower voltages.

Table 8.6 gives the rate of rise of TRV (RRRV)
values in IEC 62271-100 for terminal fault interrup-
tion by circuit breakers with rated voltages of 100 kV
and above. Similarly, the RRRV tends to decrease with
the interrupting current because the superimposition of
the TRVs (with multiple frequencies and different times
to the TRV peak) originating from the various current
sources that contribute to the bus terminal fault reduces
the RRRV.

8.3.3 Short Line Fault Interruption

When a fault occurs in a transmission line at a distance
ranging from 100m to a few kilometers down the line,
a circuit breaker is required to clear this short line fault
(SLF). When a circuit breaker clears the SLF gener-
ated on the line, a steeply rising TRV with a waveform
similar to a sawtooth waveform is observed due to high-
frequency oscillations generated by waves propagating
along the line and reflecting between the circuit breaker
terminal and the fault point.

Figure 8.72 shows an equivalent circuit and the as-
sociated voltage distribution when a SLF is generated
on the line. The circuit breaker is connected to the gen-
erator through a power transformer at the source side
and is connected to the transmission line at the line side,
all of which can be modeled using a multiple lattice cir-
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cuit comprising a reactor and a capacitor, as shown in
Fig. 8.72.

When the circuit breaker interrupts the fault current
under SLF conditions, the voltage of the circuit breaker
terminal at the source side is back to the system voltage
at the transformer terminal, which causes an oscillation
with a frequency corresponding to the power frequency
in the source circuit. The source-side circuit can be
approximated by a lumped circuit with constant con-
centrated parameters. The amplitude factor of the TRV
is similar to that in the case of a terminal fault.

On the other side, the voltage of the circuit breaker
terminal at the line side is dropped to the ground level,
which creates another oscillation with a sawtooth (tri-
angular) shape due to the propagation and reflection
of waves along the line. The line-side circuit can be
approximated by a small attenuated circuit with dis-
tributed parameters.

Figure 8.73 shows the TRV propagation at the line
side without considering any attenuation of the travel-
ing waves. After SLF interruption, the transients travel
along the line in both directions. One propagates from
the breaker terminal to the fault point and the other
propagates from the fault point to the breaker terminal
with a contact propagating velocity of c, which is about
300m=�s through a transmission line.

Constant propagation velocity
Propagating transient initiated
from breaker terminal

Constant propagation velocity
Propagating transient initiated
from breaker terminal

Constant propagation velocity
Propagating transient initiated
from breaker terminal

Constant propagation velocity
Propagating transient initiated
from fault point
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Fig. 8.73 TRV propagation under short line fault (SLF) conditions at the line side

The transient initiated from the breaker terminal
(which has a voltage of U0 immediately after interrup-
tion) decreases with time and arrives at the fault point
(where the voltage is always at the ground level) at
t D L=c, where L is the line length. The transient is re-
flected at the fault point (discontinuity), travels back
along the line, and returns to the breaker terminal at
t D 2L=c with a voltage of �U0 (negative polarity),
which corresponds to the first TRV peak (UL).

The transient continues to travel along the line in
both directions at a constant velocity and reflects at the
breaker terminal and the fault point, leading to the for-
mation of a saw-tooth (triangular) waveform.

The waveform of the TRV across the circuit breaker
terminals is a superimposition of those at both the
source and the line sides, and the initial rate of rise
of the TRV is given by dv=dt D Z.di=dt/, where Z is
the line surge impedance. The TRV on the line side in-
creases with increasing distance to the fault point, while
the TRV on the source side decreases.

When a circuit breaker interrupts the SLF, the ther-
mal interrupting performance is the main determinant
of interruption success or failure given the severe en-
ergy input that occurs immediately after current inter-
ruption due to the high RRRV. When a circuit breaker
cannot provide sufficient coolability for the energy
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Fig. 8.73 (continued)
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Fig. 8.74 Multibundle conductors under normal condi-
tions and bundle collisions that occur under fault conditions

input during the thermal interrupting period, thermal
reignition may happen.

The standardized value of Z in IEC 62271-100 and
IEEE C37.04 is 450�, which roughly corresponds to
the surge impedance of a single conductor. In EHV and
UHV systems, multibundle conductors are used, which
give lower line surge impedances of 250�400� un-
der normal current carrying conditions, which can be
found using

p

L=C with a large capacitance to ground.
Here, L is the reactance of the line. The capacitance
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Fig. 8.75 Collision times of multi-
bundle conductors

of multi-bundle conductors to the ground is larger than
that of a single conductor due to its higher equivalent
cross-section to the ground. When a SLF is generated,
the conductors in the multibundle conductors attract
each other due to Lorentz forces that push the con-
ductors together. Figure 8.74 shows a schematic of
multibundle conductors under normal conditions and
the bundle collision that occurs under fault condi-
tions.

Besides the fault current, the line surge impedance
depends on the multibundle conductor design (mate-
rials, cross-sections, span, and spacer size) and the
mechanical tension applied to the conductors in the
lines. Several studies, including those of CIGRE WG
13.01, have examined and reported the time required
for a bundle collision. For example, twin conductors
that were 686mm2 in cross-section and carried 40 kA
collided 50ms after a fault occurrence, and quadru-
ple conductors that were 810mm2 in cross-section and
carried 30�50 kA collided 100�200ms after a fault oc-
currence, as shown in Fig. 8.75. A longer time to bundle
contraction is expected for UHV lines, as they use more
conductors and each conductor has a relatively large
cross-section. A value of 330� is standardized for the
surge impedance of lines in UHV systems.

The severity of a SLF test duty depends mainly on
the rate of rise of the recovery voltage, which is de-
termined by the line surge impedance and slope of the
fault current. The equivalent line surge impedance (Z)
for each pole-to-clear is given by the following equa-
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Fig. 8.76 Comparison of the TRV waveforms obtained for
interrupting currents corresponding to L90, L75, and L60

tions, where Z0 is the zero-sequence surge impedance
and Z1 is the positive-sequence surge impedance

Zfirst pole D 3Z1Z0
Z1 C 2Z0

; (8.1)

Zsecond pole D Z1.Z C 2Z0/

2Z1 CZ0
; (8.2)

Zthird pole D 2Z1 CZ0
3

: (8.3)

In an actual substation, a circuit breaker is con-
nected to the bus terminal using a short line. The surge
impedance of the short line is 260� due to high capac-
itance to the ground because the short line is normally
closer to the ground and is often connected to a capac-
itor voltage transformer. The surge impedance of the
transmission line is 450�. The short length of this line
creates a similar triangular waveform with a high fre-
quency and low amplitude that is termed the initial TRV
(ITRV). The ITRV may exert severe thermal stress on
the circuit breaker, depending on the conditions.

In the standards IEC 62271-100 and IEEE C37.04,
L90 and L75 are the type test duties for short line
fault (SLF) conditions. The fault current is equal to
90%, 75%, and 60% of the rated short-circuit break-
ing current, respectively. The requirements for a SLF
at different current levels originated from the thermal
interrupting capability of an air-blast circuit breaker,
which generates a higher residual current after current
interruption than a gas circuit breaker does.

Figure 8.76 shows TRV waveforms calculated for
different current levels corresponding to L90, L75,
and L60, assuming a 550 kV transmission line with
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of gas CB Residual current
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Fig. 8.77 Comparison of the residual currents and TRVs
obtained with an air-blast circuit breaker and a gas circuit
breaker (the TRV curves are color-coded as in Fig. 8.76)

a rated interrupting current of 50 kA and a power fre-
quency of 60Hz. The line surge impedance is 450�.
The TRV presents a high RRRV, low TRV peak, and
high TRV frequency at an interrupting current of 45 kA
(L90, where a fault occurs 1:3 km from the circuit
breaker). The RRRV gradually decreases, the TRV peak
increases, and the TRV frequency decreases as the in-
terrupting current is decreased from L75 (a fault occurs
3:8 km from the CB) to L60 (a fault occurs 7:5 km from
the CB).

Figure 8.77 shows a comparison of the residual
current and TRV waveforms obtained for different in-
terrupting currents with an air-blast CB and a SF6 gas
CB. The air-blast CB tends to conduct larger residual
currents after current zero than the SF6 gas CB, and
the peak residual current roughly corresponds to the
TRV peak for test duty L60. In contrast, the smaller
peak residual current obtained with the SF6 gas CB
roughly corresponds to the TRV peak for test duty L90.
Therefore, the energy input is highest for the TRV cor-
responding to L90 in the case of the SF6 gas CB, and
for the TRV corresponding to L60 or L75 in the case of
the air-blast CB. Accordingly, the thermal interruption
duties represented by L60 or L75 may be more severe
for an air-blast CB than the L90 duty.

Figure 8.78 shows the critical interrupting capabili-
ties of an air-blast CB and a SF6 gas CB, respectively.
Whereas L90 appears to be the most severe interrupting
duty for the SF6 gas CB, L75 and L60 seem to be the
most severe for the air-blast CB.
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Fig. 8.78 Thermal interrupting capabilities of an air-blast
circuit breaker and gas circuit breaker for different currents

8.3.4 Capacitive Current Switching

When a circuit breaker connects or disconnects no-load
transmission lines, no-load cables, and shunt capacitor
banks (as shown in Fig. 8.79), it switches small ca-
pacitive currents of several tens to several hundreds of
amperes that are 90ı in advance of the voltage phase.
After current interruption at the voltage peak of the load
side with �E level (red line), the recovery voltage at the
source side (black line) shows a 1�cos waveform and is
raised from �E to E level, while the voltage at the load
side is kept as �E level. Therefore the voltage across
CB is 2E at maximum. The first reignition occurs at
the voltage peak, the voltage at the load side is raised
up to the voltage at the source side from �E to E level
(the voltage across CB is dropped to zero), but it passes
through E level and further up to 3E level without at-
tenuation. Thus, the voltage at the load side remains at
3E level. Figure 8.80 shows the waveforms for the TRV
across a circuit breaker, the TRV at the source side, and
the TRV at the line side.

If a circuit breaker interrupts the current at this
voltage peak (�5E), again the recovery voltage at the
source side shows an (1� cos) waveform and is raised
from the �E to E level, while the voltage at the load side
is kept as 3E level. Therefore, the voltage across CB is

No-load lines Open

CLCs

Cs<<CL

XLXs
E

Cs CL

CBLs

Fig. 8.79 No-load
transmission line
switching
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Fig. 8.80 Recovery voltage (RV) waveforms after discon-
necting a no-load line

6E at maximum. The third reignition occurs at the volt-
age peak, the voltage at the load side is raised up to the
voltage at the source side from the �5E to the E level
(the voltage across CB is dropped to zero), but it passes
through E level and further up to 7E level without at-
tenuation. Thus, the voltage at the load side attains 7E
level at this moment.

If a circuit breaker interrupts the current at this volt-
age peak (7E), again the recovery voltage at the source
side shows an (1�cos) waveform and is decreased from
E to �E level, while the voltage at the load side is kept
at 7E level. Therefore, the voltage across CB is 8E at
maximum. The fourth reignition occurs at the voltage
peak, the voltage at the load side is decreased to the
voltage at the source side from 7E to �E level (the volt-
age across CB is dropped to zero), but it passes the �E
level and further down to the �9E level without attenu-
ation. Thus, the voltage at the load side attains the �9E
level at this moment, as shown in Fig. 8.81.

Since a circuit breaker can easily interrupt a small ca-
pacitive current, the dielectric interrupting performance
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Fig. 8.81a,b Voltage escalation across CB caused by mul-
tiple reignitions, (a) voltage across CB, (b) voltage at line
side

is the dominant influence on whether an interruption is
successful for small capacitive current switching. The
interruption is successfully completed when the dielec-
tric strength across the contacts always surpasses the re-
covery voltage after current interruption.

When the TRV exceeds the dielectric recovery per-
formance across the circuit breaker terminals, dielectric
breakdown occurs. Dielectric breakdowns are catego-
rized into reignitions and restrikes depending on when
they occur. If the dielectric breakdown happens within
an interval of less than a quarter cycle of the power
frequency after an interruption at current zero, it is a re-
strike, which will not generate a severe overvoltage.
However, if it happens with an interval of a quarter
cycle of the power frequency or longer after an inter-
ruption at current zero, it is a reignition, which may
generate a severe overvoltage.

Reignition at peak voltage with a load-side voltage
(at the line side) of �E and a voltage across the circuit
breaker of 2E causes the load-side voltage to jump to
3E (i.e., E from the reverse polarity of the remaining
DC plus 2E from the TRV peak), as shown in Fig. 8.81.
If the circuit breaker can interrupt the high-frequency
current immediately after reignition, the load-side DC
voltage at the line side remains 3E. The recovery voltage
across the circuit breaker presents a cos� 1 waveform
that starts at �2E and reaches �4E. However, reignition

0 10 20 4030 50
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–100

0 10
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20 4030 50
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t (ms)

3.0

1.5

0
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–3.0

Fig. 8.82 The severe inrush current and associated over-
voltage generated when a circuit breaker makes the voltage
peak during no-load line energization

at peak voltage with a load-side voltage (at the line side)
of 3E and a voltage across the circuit breaker of �4E
causes the load-side voltage to jump to 5E (i.e., 3E from
the reverse polity of the remaining DC plus 2E from the
TRV peak). In this case, if the circuit breaker can inter-
rupt the high-frequency current immediately after reig-
nition, the load-side DC voltage at the line side remains
�5E. The recovery voltage across the circuit breaker
presents a 1�cos waveform that starts at 4E and reaches
6E. Finally, reignition at peak voltage with a load-side
voltage (at the line side) of �5E and a voltage across
the circuit breaker of 6E causes the load-side voltage to
jump to 7E (i.e., 5E from the reverse polity of the re-
maining DC plus 2E from the TRV peak). The voltage
escalation due to multiple high-frequency interruptions
immediately after reignitions can impose serious stress
on the equipment in the power system.

Energization of a no-load transmission line or
a shunt capacitor bank may generate high inrush cur-
rents and associated overvoltages depending on the
making instants of the voltage across a circuit breaker.
Figure 8.82 shows the inrush current and associated
overvoltage generated when a circuit breaker makes the
voltage peak during no-load line energization, which
may exert excessive mechanical and electrical stresses
on the capacitor bank and other equipment in the
power system and erode the circuit-breaker contact.
Controlled switching can effectively reduce switching
surges during no-load transmission line or shunt capac-
itor bank energization.

In a real substation, a circuit breaker is connected
to the bus terminal using a short line. The short length
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Fig. 8.83 TRV and ITRV waveforms for no-load line dis-
connection

of this line creates an ITRV waveform with a high fre-
quency and low amplitude. This waveform is called an
ITRV, just as for SLF interruption. Figure 8.83 shows
the TRV waveform that occurs when a circuit breaker
disconnects a no-load transmission line.

The three-phase switching of no-load transmission
lines and no-load cables is slightly more complex than
that for shunt capacitor banks because the capacitance
is distributed along the line rather than lumped and
both line-to-earth and line-to-line capacitances are in-
volved.

Figure 8.84 shows equivalent circuits of no-load
transmission lines and cables characterized by a posi-
tive capacitance C1 and a negative capacitance C0. Here
C1 D C0 corresponds to shunt capacitor bank switch-
ing with an earthed neutral. TRV will present a 1� cos
waveform similar to that for capacitor bank switching
but with a different peak TRV that depends on the ratio
C0 to C1.

X = 1/ω(C1 – C0)
X0 = 1/ωC0

X1 = 1/ωC1

X0 X0

X

X

X

X0C0C0C0

C1 – C0

C1 – C0

C1 – C0

Fig. 8.84 Equivalent circuits of
no-load lines and cables
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Fig. 8.85 Peak TRV of the first-pole-to-clear for no-load
line switching

When the load impedance X1 is 1=!C1 for capaci-
tor bank switching with an earthed neutral (where C1 D
C0), the peak TRV is 2E (where E is the peak system
voltage). The line impedance XL for no-load transmis-
sion is given by

XL D 1:5X0X

1:5X CX0
;

where X is 1=!.C1 �C0/ and X0 is 1=!C0. The peak
TRV is given by

Peak TRV D 6C1=C0

1CC1=C0
:

Figure 8.85 shows the peak TRV as a function of
C1=C0; the peak TRV approaches a value of 3 with in-
creasing C1=C0.

The peak TRV is 2:4E when switching a no-load
overhead transmission line (OHL), where C1 D 2C0,
and it is 3E when switching a no-load cable with an
isolated neutral, where C0 � 0.
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Fig. 8.86 Influence of a shunt reactor on the TRV for no-load line breaking in a 550 kV double-circuit network model with the
system and equipment parameters employed in Thailand

In some cases the transmission line is equipped with
shunt-reactor compensation, in order to absorb reac-
tive power and keep the voltages along the line with
desired margin by preventing from excessive voltage
increase due to Ferranti effect under light load condi-
tions or excessive renewable power generations. In case
of a compensated line, the degree of line compensation
(reactance) has a significant effect on the voltage at line
side. The voltage across CB has a prominent beat espe-
cially in case of a high degree of compensation, because
the line oscillation (TRV frequency) falls in the range of
30�50Hz.

The influence of shunt reactors on the TRV during
the switching of a 360 km no-load line was calcu-
lated for a 550 kV double-circuit transmission line.
Figure 8.86 shows TRV waveforms obtained for no-
load line switching with and without shunt reactors. The

TRV frequency is several tens of Hz and depends on
the inductance of the reactor and the capacitance of the
line, and the peak TRV in the network can be reduced
considerably when a large shunt reactor is connected.
For example, the peak TRV when a fault occurs at a re-
mote distance of 360 km under line charging conditions
in a 550 kV network is 1018kV without a shunt reactor
but less than 400 kV when a shunt reactor is connected.
Therefore, shunt reactors can significantly reduce the
first TRV peak obtained when disconnecting under no-
load line charging conditions.

8.3.5 Small Inductive Current Switching

When a circuit breaker opens and closes a shunt re-
actor bank or unloaded power transformer, it switches
small inductive currents of several tens of amperes with
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Fig. 8.88 (a) Voltage and (b) current behavior when cur-
rent chopping occurs upon small inductive current inter-
ruption

a 90ı lag with respect to the voltage phase. Figure 8.87
shows an equivalent circuit for small inductive current
switching. Small inductive switching is generally not
a significant test duty for a circuit breaker. However,
a circuit breaker that presents high thermal interrupt-
ing performance may interrupt a small inductive current
before an inherent current zero (current chopping), gen-
erating chopping overvoltage, which tends to increase
with increasing chopping current.

Figure 8.88 shows the typical voltage and cur-
rent behavior observed when current chopping occurs
upon small inductive current interruption. The current
chopping is sometimes accompanied by an expanding
high-frequency current oscillation that leads to a sud-
den current zero. This is an arc instability phenomenon
caused by the characteristics of the arc and the circuit
conditions. The chopping current of a modern SF6 gas
circuit breaker is no higher than 10A, which does not
generally lead to a severe chopping overvoltage.
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Fig. 8.89 (a) Voltage and (b) current behavior when reig-
nition occurs upon small inductive current interruption

Another prominent phenomenon that is observed
after small inductive current interruption is reignition.
A circuit breaker can easily interrupt a small induc-
tive current, even if the arcing time and contact gap
are small. The dielectric withstand strength of a circuit
breaker increases with the contact gap, so a small con-
tact gap tends to generate voltage breakdown during
the period when the TRV exceeds the dielectric with-
stand across the contact gap. Reignition provokes high-
frequency current oscillations and associated overvolt-
ages, as shown in Fig. 8.89. These reignition overvolt-
ages may damage the nozzle and the contacts of the cir-
cuit breaker as well as the reactor insulation. Controlled
switching is often applied to avoid reignitions during
small inductive switching by increasing the arcing time.

Multiple reignitions and associated voltage distur-
bances may be observed, especially for vacuum in-
terrupters (due to their excellent thermal interrupting
capabilities), as shown in Fig. 8.90. If a high-frequency
(HF) current generated after a reignition cannot be in-
terrupted, the current will be interrupted at the next
current zero in the power frequency. However, the high-
frequency current may be interrupted immediately after
a reignition if the circuit breaker has excellent thermal
interrupting capabilities. Repeated reignition may oc-
cur if the dielectric strength is insufficient for the TRV
withstand imposed immediately after current interrup-
tion. The overvoltage gradually increases in amplitude
with multiple reignitions, and this overvoltage is repeat-
edly applied to substation equipment at the load side.



8.3 Switching Phenomena in Power Systems 557
Section

8.3

Current: 500 (A/div)

Recovery
voltage

H
F 

cu
rr

en
t i

nt
er

ru
pt

io
n

R
ei

gn
it

io
n

Load-side voltage: 50 (kV/div)

Time: 100 (μs/div)

0

0

Recovery
voltage

Overvoltage: 1.5 PU

H
F 

cu
rr

en
t i

nt
er

ru
pt

io
n

R
ei

gn
it

io
n

R
ei

gn
it

io
n

H
F 

cu
rr

en
t i

nt
er

ru
pt

io
n

R
ei

gn
it

io
n

H
F 

cu
rr

en
t i

nt
er

ru
pt

io
n

R
ei

gn
it

io
n

Fig. 8.90 Multiple reignitions and
high-frequency current interruptions

8.3.6 Transformer Limited Fault Clearing

One of the most severe fault current interruption du-
ties of a circuit breaker is the clearing of a transformer
limited fault (TLF). In Fig. 8.91 the two topology con-
ditions of a TLF are given: the transformer-fed fault
(TFF) and the transformer secondary fault (TSF). In
both cases, the characteristics of the transformer are
the dominant influences on the short-circuit current, its
AC and DC components, the power frequency recovery
voltage (the first-, second-, and third-pole-to-clear fac-
tors given by the neutral treatment of the system; the
voltage drop), and the high-frequency TRV.

Due to the dominance of the transformer impedance,
the TRV is largely dictated by the power-frequency volt-
age drop across the transformer. The higher the TLF
current, the lower the voltage drop. A fault current of
6:3 kA will cause a voltage drop of roughly 90%, while
a fault current of 12:5 kA will yield a voltage drop of
around 70%. In practice, 12:5 kA corresponds to ap-
proximately 30% of the rated short-circuit current of the
circuit breaker.

The ratio X0=X1 varies considerable depending on
the neutral treatment of the network and the transformer
involved. However, for effectively earthed networks and
transformers with an earthed neutral, X0=X1 will be
smaller than 1.0, leading to a reducing effect on the

HV (primary) side

F1: Transformer-
fed fault

F2: Transformer
secondary fault

Kaf: Amplitude factor of TRV, kal = Uc/Ep
Uc: TRV peak, Ep: Source voltage peak

LV (secondary, tertiary) side

CB1 CB2
Uc

Ep

V
Source

Transformer

Source
Fig. 8.91 The
transient recovery
voltage (TRV) for
transformer limited
faults (TLFs)

first-pole-to-clear factor (kpp). However, under other
conditions where transformer neutrals are not (always)
connected to earth, kpp may reach 1.5, although this is
the exception rather than the rule, and it can be stated
that at the transformer side, connected to networks of
100 kV and above, the first pole-to-clear factor for TLF
will generally be close to 1.0 or even lower. The first-
pole-to-clear factors as specified in the IEC standard
for circuit breakers (1.2 for UHV and 1.3 for EHV) are
therefore undoubtedly larger than those observed under
service conditions. In cases where transformer neutrals
are isolated from earth or connected by Petersen coils
(resonance earthing), kpp must be specified as 1.5.

Neglecting the contribution from the supply, which
is at a much lower frequency, the peak TRV for a TLF
is given by:

Uc D kpkafkvd
Ur

p
2p

3
; (8.4)

where:

Uc is the TRV peak
kp is the pole-to-clear factor (kpp for the first-pole-to-

clear)
kaf is the amplitude factor
kvd is the voltage drop factor
Ur is the rated voltage.
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Fig. 8.92 Two-parameter TRV envelope for TLF condi-
tions

When the capacitance to earth of the connection
between the circuit breaker and transformer is large
enough, the frequency response at the moment of fault
current interruption (i.e., theTRVas a function of the fre-
quency)will be dominated by this capacitance in parallel
with the transformer short-circuit inductance. The TRV
as a function of time will appear to be a rather simple
single-frequency response: a damped 1� cos function
described by a two-parameter envelope, as defined in the
IEC standard for high-voltage circuit breakers [8.38].

Figure 8.92 illustrates the TRV envelope for TLF
conditions, which is covered by terminal fault test
duties T10 and T30, corresponding to short-circuit
currents of 10% and 30%, respectively, of the rated
short-circuit current of the circuit breaker. The peak
value Uc occurs at time T2 and t3 is the time taken for
the line segments constituting the envelope to intersect.
Figure 8.92 shows the steepness of the TRV expressed
as the RRRV (rate of rise of TRV), which is immedi-
ately imposed after interruption as it is an important
dielectric stress factor for the contact gap. Figure 8.93
presents the ratio of T2 to t3 as a function of the damp-
ing, which is expressed as the amplitude factor (kaf).
A factor of 2.0 means no damping, and an amplitude
factor of 1.7 covers most real cases [8.39].

The corresponding RRRV can be then calculated
from the peak TRV Uc and t3 as shown in Fig. 8.92 and
below

RRRV D Uc

t3
; (8.5)

where t3 can be derived from T2, the time to peak
TRV, as a function of the amplitude factor, as shown
in Fig. 8.93.

When there is no external capacitance, the TRV
is determined by a complicated transformer model.
Several models that describe the transient behavior of
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Fig. 8.93 The ratios T2=t3 and t3=T2 as functions of kaf

a transformer are available. However, it should be noted
that the relevant range of frequencies for estimating the
TRV waveform is between about 10 and 100 kHz. This
range is much lower than most transient transformer
models refer to, since they address the frequencies (up
to tens of MHz) that accompany the internal stresses in
the transformer’s windings. Frequency response analy-
sis (FRA) measurements are applied to study very-high-
frequency models, but they are also useful for the low-
frequency range and for determining the TRV wave-
form. They are used to obtain the frequency-dependent
ratio of the output voltage to the input voltage in various
configurations of shorted LV windings and excited HV
phases of a power transformer.

The impedance can also be measured directly using
adequate measuring equipment. Figure 8.94 shows the
magnitude and the argument (the phase angle shift) of
the frequency-dependent transformer impedance.

FRA measurements indicate the transformer re-
sponse in the frequency domain. Multiplying the trans-
former impedance in the frequency domain by the fault
current function in the frequency domain gives the TRV
in the frequency domain: TRV.!/D Isc.!/Z.!/. Re-
verse Fourier transformation then yields TRV(t) in the
time domain. Note that the fault current mentioned here
is the so-called injected fault current, which has the
opposite polarity to the actual fault current, meaning
that the superposition of the actual and injected fault
currents gives a net effect of zero current, i.e., fault
clearing. During the relevant part of the TRV (a few
ms), the injected fault current can be regarded as a ramp
function: I.t/D St, or, in the frequency domain, I.!/D
S=!2. This reduces the effect of the higher-frequency
part of Z.!/ on TRV.!/.

Using the FRA measurements shown in Fig. 8.94,
the short-circuit inductance can be obtained by fitting
a straight line in the low-frequency range that increases
in proportion to the frequency. It is also possible, albeit
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Fig. 8.95a,b FRA measurements for a 525 kV, 1500MVA transformer. (a) Primary side, (b) secondary side

less straightforward, to determine the surge capacitance
by fitting a straight line in the upper frequency range
that decreases in a manner inversely proportional to the
frequency. This allows the surge capacitance to be de-
termined in the relevant range of frequencies (tens of
kHz to around 100 kHz).

Thus, a simple single-frequency model can be de-
rived that is based on the short-circuit inductance L and
the surge capacitance C. The parallel resistance R can

be estimated from the crest value of Z.!/. The damp-
ing of the single-frequency response can be calculated
and the peak or amplitude factor kap can be derived from
R=
p

.L=C/D R=Z. Multiple resonances can also be de-
rived.

Typical responses obtained via FRA measurements
with the first-pole-to-clear at the primary and secondary
sides of a 1500MVA shell-type transformer are shown
in Fig. 8.95.
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The TRV waveform can be reproduced using a sim-
plified transformer model with a series connection of
multiple parallel circuits of L, C, and R based on the
FRA measurements. Simplified transformer models for
the primary and secondary sides can be obtained from
the results of the FRA measurements, as shown in
Fig. 8.96. Frequency responses were also calculated us-
ing these simplified transformer models, and are plotted
in Fig. 8.95. The calculated responses show good agree-
ment with the measured FRA characteristics.

Figure 8.97 shows the TRV waveforms reproduced
by the simplified transformer models based on the FRA
measurements. These calculated TRV waveforms also
show good agreement with the measured TRVs. This
confirms that a simplified transformer model that has
a series connection of multiple parallel circuits of L, C,
and R and is based on FRA measurements can repro-
duce the TRVwaveform obtained under TLF conditions
very precisely [8.40].

The minimum amount of capacitance to earth be-
tween a circuit breaker and the power transformer
has been investigated. The connection usually occurs
through air-insulated conductors along distances rang-
ing from tens of meters up to a hundred meters. Only
limited high-voltage equipment is connected, and such
equipment (current transformers, surge arresters, dis-
connectors, and earthing switches) may have a rather
low capacitance to earth. Typical examples of the
external capacitance of air-insulated substations give
a minimum value that seems to be around 500�1000pF
almost independent of the rated voltage.

C1 R1 L1

a)

C1 R1 L1

C2 R2 L2

b)

Fig. 8.96a,b Simplified transformer
models for (a) the primary and (b) the
secondary sides
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Fig. 8.97a,b TRVs on the (a) primary side and (b) secondary side, as reproduced by simplified transformer models

A substantial capacitance in comparison to the trans-
former capacitance will change the TRV waveform.
When the external capacitance is included in the FRA
measurement, it causes a shift in the total impedance
to the left, i.e., to lower frequencies. In addition, the
peak value of the transformer-frequency-dependent
impedance increases, as the quality factor increases.
Moreover, while the dominant frequency becomes
more prominent, the other natural frequencies tend to
diminish. Without external capacitance, the dominant
frequencies tend to be between 10 and 20 kHz. When
a minimal level of additional capacitance is added, the
dominant frequency is around 10 kHz or less.

The given frequencies (around 10 kHz), the higher
quality factors (leading to an amplitude factor of about
1.7), the low first-pole-to-clear factor (close to 1.0 but
with a considerable margin; reaching up to 1.2 or 1.3),
and the voltage drop factor (90% at a relatively low
fault current, say 6 kA, and 70% at a relatively high
fault current, say 12 kA) provide the basis to define
the TRV parameters. Standardization for rated voltages
from 100 kV up to and including 800 kV is underway.

8.3.7 Out-of-Phase Current Switching

A mandatory test duty for making and breaking out-
of-phase currents is specified in the IEC and IEEE
standards for high-voltage circuit breakers [8.40, 41].
These out-of-phase switching duties were established
many decades ago for both standards. The out-of-phase
current and TRV ratings are still based on the original
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assumptions made when devising the duties. Although
the ratings are still applicable for transmission systems,
the background considerations must be adapted, since
larger out-of-phase angles may be expected than those
deduced from the specifications.

Power swing corresponds to a periodical lowering
the amplitude of power frequency or the degradation of
power quality, which is evoked by sudden changes like
faults or switching operations, which may result in op-
eration of a protective relay, due to the growing load
flow in electrical power networks.

Power swing can be detected from 0.1 up to 10Hz
swing frequency, also during open-pole condition and
during asymmetrical operation. The coordination of
power swing detection, distance protection and out of
step protection provides a reliable system protection.

There are always small power swings in a transmis-
sion network; these can be caused by small transients
and the excitation of inherent oscillation conditions be-
tween parts of the power system. The actions of large
power-plant controllers (for instance power system sta-
bilizers) and HVDC controllers are typically sufficient
to dampen the swings and prevent the escalation of such
small power swings. In addition, larger but still sta-
ble power swings may occur due to larger excitations
(sudden loss of a large power plant, a change in sys-
tem impedances, a jump in system load). The actions
of large power plant controllers (e.g., power system
stabilizers) and HVDC controllers are typically suffi-
cient to dampen the swings and prevent these small
power swings from escalating. In addition, larger but
still stable power swings may occur due to larger exci-
tations (the sudden loss of a large power plant, a change
in system impedances, a jump in the system load).
When unstable power swings appear, they necessitate
a serious intervention by protection and control equip-
ment in the power system. Stable and unstable power
swings are caused by an imbalance in active power
(frequency instability), an imbalance in reactive power
(voltage instability), a short circuit that has not been
isolated quickly enough, or excessive power transfer
through a generator or a transmission corridor (angular
instability) (Fig. 8.98). Frequency, voltage, and angu-
lar instabilities often coincide. In this case, out-of-step
conditions come into play and the system will be split
due to automatic tripping by protective relays or special
protection schemes.

Figure 8.98a shows a typical situation, where a fault
between a power generation site and a load site leads to
a sudden decrease of the voltage, while the power input
to the system stays constant. The increase in (rotor) an-
gle q is represented by the angle before up to after the
short-circuit. After a fault clearance, the voltage returns
to a value between the voltage before and the voltage

b) Receiving-end voltage (pu)

Critical voltage

Transferred power (pu), PF = 0.8

Voltage stability
sending end 1.0 pu

X = 0.05 pu

1.0

0
1.0
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Angle before Overswingafter

Pmechanical
input

Pelectrical before
short circuit

Pelectrical after
short circuit

Pelectrical during
short circuit

a) Power

Rotor angle

Fig. 8.98 (a) Angular stability and (b) P–V curve (voltage
stability)

during the fault. The power P that is transferred after
short-circuit is larger than the power input and a decel-
eration takes place so that the angle returns to a new
stable operating point. Beyond a certain combination of
voltage drop during the fault and duration to clear the
fault, it will no longer be possible to prevent a pole slip.

After a pole slip, the generator, the group of gen-
erators or the part of the power system may run again
synchronously with the remaining part of the power
system (this condition is not so common) or it may be
separated from the remaining part. Power system insta-
bilities can also be divided into short term phenomena
(within seconds for voltage and frequency instability)
and long-term phenomena (within tens of seconds to
minutes). Rotor angle instability develops within sec-
onds after a large disturbance and within tens of seconds
after a small disturbance (leading to inter area oscilla-
tions).

A heavily loaded line requires reactive power in or-
der to maintain the operational voltage limits at both
line terminals. In addition to the active power to be
transmitted, a larger amount of reactive power has to



Section
8.3

562 8 High Voltage Equipment

be transferred as well. Figure 8.98b shows an example
of a P–V curve, which is presented with a transmission
line circuit modelled by only a reactance and a resis-
tance. The sending end voltage is kept constant, while
the receiving end voltage is given as a function of the
active power of the load. The ratio between reactive
(Q) and active power (P) of the load is kept constant
by a fixed power factor. Starting from the upper part
and increasing the load, the receiving end voltage will
drop until the critical point, the point of singularity, is
reached and no more active power can be transferred.
The critical point gives the voltage stability limit under
these conditions.

An out-of-step condition is a power swing that
causes a generator or group of generators to experience
pole slipping for which some corrective action must be
taken [8.42]. The term is synonymous with an unstable
power swing [8.42] and a loss-of synchronism [8.43].

An out-of-phase condition is an abnormal circuit
condition involving a loss or lack of synchronism be-
tween the parts of an electrical system on either side of
a circuit breaker. In this condition, at the instant of op-
eration of the circuit breaker, the phase angle between
the rotating vectors representing the voltages generated
on either side exceeds its normal value [8.42].

System separations and large disturbances occur
more often than expected [8.44]. They are experienced
in all parts of the world and are not restricted to cer-
tain types of networks (e.g., radial networks). Although
the probability of system separation is smaller in dense
meshed networks, cascading line tripping will change
the topology into that of a radial network with identical
effects. By definition, out-of-phase switching relates to
the last line between the two parts of a power system to
be separated. The risk of an out-of-step or out-of-phase
condition should not be ignored; it should be taken into
account by protection experts as well as circuit-breaker
experts.

It should be noted that the amplitude of the out-of-
phase current is an important stress factor during the
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Fig. 8.99a,b The out-of-phase
angle � can be determined by
the power flow, the reactance of the
connecting circuit. The larger angle (b)
is required to transfer a larger amount
of active power and it will be further
increased in case of larger impedance
of the line

current interruption process, at it directly influences the
amount of energy to be absorbed by the arc between
the circuit breaker contacts. The larger the amount of
energy, the more difficult it is to withstand the tran-
sient recovery voltage immediately after current zero.
For transmission circuit breakers, an out-of-phase an-
gle of 180ı gives a 40% larger out-of-phase current
than an out-of-phase angle of 90ı and a 40% increase
in the steepness of the TRV (RRRV); for generator
circuit breakers, an out-of-phase angle of 180ı might
give a much higher current—up to 80% larger than that
which occurs for an out-of-phase angle of 90ı. In the
standards, the rated (i.e., maximum) out-of-phase cur-
rent is defined as a percentage of the rated short-circuit
current.

System separation proceeds with a cascade of trip-
ping connections, and thus with an increase in the
impedance between the representative voltages on both
sides of the circuit breaker. Therefore, specified ampli-
tudes of the out-of-phase current as large as 5 and 25%
of the rated short-circuit current of the circuit breaker
involved are quite reasonable for high-voltage circuit
breakers.

Also, the larger the out-of-phase angle, the larger
and the faster the recovery voltage and the transient
recovery voltage. The rate of rise of the recovery volt-
age can be considered to be covered by T30 or by
a transformer limited fault test duty when a transformer
represents the dominant impedance. However, a high-
amplitude Uc representing the largest of all test duties
is typical of out-of-phase TRVs. As such, this also
serves as a reference for special cases such as long
line fault clearing and the clearing of faults on series-
compensated OH-lines.

Shortly before the moment of system separation,
both parts of the network are connected by a contracted
corridor of just one circuit. This condition is similar
to a radial network, and the out-of-phase angle is de-
termined by the power flow and the reactance of the
connecting circuit or circuits in series (Fig. 8.99). The
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Fig. 8.100 Out-of-phase recovery voltage at 81:8% of the
rated voltage as a function of the out-of-phase angle for
kpp D 1:3 (blue) and kpp D 1:5 (brown)

larger the impedance !L and the power flow, the larger
the angle along the line.

When detailed information on large disturbances
has been published, out-of-phase angles of far greater
than 90ı have been reported. For instance, during the
large disturbances in India on July 30th and 31st, 2012,
the angle between the involved regions jumped from
60ı to 260ı (for system separation at 02:33:15.4 on July
30th) and from 90ı to 190ı (for system separation at
13:00:18 on July 31st) [8.44, 45].

Report [8.45] is one of the few to give detailed infor-
mation about the development of the difference in angle
between two regions to be separated. Obviously, these
angles become large and consequently the amplitude
of the system voltage near the center of oscillation is
low. In addition, large disturbances in the system come
with voltage instability problems. Large voltage dips,
depressed voltages, and dramatic voltage drops have
been reported to occur at the moment of system sep-
aration, together with large power flows. For instance,
when the Italian grid separated from the European con-
tinental grid in 2003 [8.46], the voltage fell below 80%
of the nominal value. This phenomenon is also men-
tioned in [8.47]. The cascading tripping of overhead
lines and other components led to a sudden increase in
reactive power consumption and consequently to sys-
tem voltage depression and eventually collapse.

For high-voltage circuit breakers, this means that
large out-of-phase angles most probably coincide with
voltage levels far lower than the rated voltage of the
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2.0

115°

2.0

180°

Fig. 8.101
Dependence of
the out-of-phase
angle on the first-
pole-to-clear factor
kpp [8.48]

circuit breaker—even below the minimum voltage level
acceptable to grid codes, which is normally 20% below
the rated value. To be precise, the maximum operat-
ing voltage acceptable to grid codes is usually 110% of
the nominal voltage, and the minimum voltage is 90%
of the nominal voltage (although the minimum voltage
under extreme conditions is normally specified to be
85% for a certain amount of time, and an even lower
value may be permitted for a very short time). As the
rated voltage of the circuit breaker should be at least
the maximum operating voltage of the system, the min-
imum operating voltage is the rated voltage divided by
at least 1.1 and multiplied by 0.9 (
 81:8%). For the
grid codes, the maximum operating voltage is usually
110% of the nominal voltage and the minimum voltage
90% of the nominal voltage (the minimum voltage in
extreme conditions is normally specified to be 85% for
a certain amount of time and even lower could be indi-
cated for very short time).

As the rated voltage of the circuit breaker should be
at least the maximum operating voltage in the system,
the minimum operating voltage is the rated voltage di-
vided by at least 1.1 and multiplied with 0.9 (> 81:8%).
Figure 8.100 shows the actual out-of-phase recovery
voltage at the minimum operating voltage as a function
of the out-of-phase angle. It is compared with the out-
of-phase recovery voltage stipulated in the standard for
high-voltage circuit breakers [8.49] based on the rated
voltage and a first-pole-to-clear factor of 1.3 (effec-
tively earthed networks: blue) and a first pole to-clear
factor of 1.5 (non-effectively earthed networks: brown).
From the standard values, it can be deduced that these
correspond to out-of-phase angles of 105ı (first-pole-
to-clear factor: 1.3) and 115ı (first-pole-to-clear factor:
1.5). These angles are explained in Fig. 8.101, together
with those for other first-pole-to-clear conditions.

At theminimumoperating voltage acceptable to grid
codes (which is larger than the system voltages reported
during large disturbances), the out-of-phase recovery
voltage is found to be (far) less than or equal to the value
used for type testing, even for the largest out-of-phase
angles. As such, actual cases seem to be covered for
smaller out-of-phase angles (up to 90ı) up to the rated
voltage and for larger angles and large power flows (up
to 180ı) up to the minimum operating voltages [8.44].
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Fig. 8.103 AC transmission capacity versus the phase an-
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8.3.8 Mechanical Model
of Power System Stability

Equipment requirements are identified by studying
the phenomena in power systems. The engineers in-
volved in equipment design, testing, application, and
assessment often need to understand various switching
behaviors observed in power systems. The use of a me-
chanical model as an analogy for a power transmission
system is introduced in this section in order to explore
system stability during an out-of-phase condition.

Generator torque
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Shaft torsion
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W: Load weight
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Fig. 8.104
Mechanical model
of power trans-
mission with
a generator and
a load

Figure 8.102 shows a simple transmission system
with a generator and a load, where the voltage at the
generator (VG) and the voltage at the load center (VL)
are both considered to remain constant. The AC power
transmission capacity increases with the system voltage
and decreases with the line reactance (X). The trans-
mission capacity (P) also depends on the difference in
voltage phase angle (� D �1��2) between the generator
terminal and the transmission line end.

The transmission capacity is given by

P D VGVL sin
�

X
; (8.6)

where VG and �1 are the voltage and its phase angle at
the generator terminal, and VL and �2 are the voltage
and its phase angle at the line end. The transmission ca-
pacity is highest when the difference in voltage phase
angle is 90ı. Figure 8.103 shows the transmission ca-
pacities for different power generation values. A small
increase in the phase angle (less than 90ı) can increase
the transmission power from Pm (point A) to P0

m (point
B) in the case of a large power generator.

From Fig. 8.103, it is clear that the power system
is more stable when the system is operated in the small
phase angle difference region (less than 90ı) because
the transmission capacity can increase if demand in-
creases or in a contingency case, such as the loss of
a circuit due to a fault (blue line).

Figure 8.104 shows a mechanical analogy for
a power transmission system called aNodamodel [8.50].
In this model, the generator is represented by a rotary
torque handle and the load is shown as a hoist loaded
with a weight (W). The radii VG, VM, and VL of the three
disks correspond to the system voltages at the generator
terminal, the midpoint of the transmission system, and
the load terminal, respectively. The three disks are
connected by three elastic strings (e.g., rubber wire).
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Fig. 8.105 Resolution of the elastic
force into circumferential and radial
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The torque power (F) generated by turning the handle
at the generator side is transmitted through the elastic
strings and winds up the weight on the load side.

If F and F0 are the tensions of the elastic strings of
length l (the angular difference between the disk at the
generator terminal and the disk at the load terminal is
� ) and l0 (the angular difference is zero), respectively,
the tension can be expressed as follows, where 1=X is
the elastic constant of the string:

F �F0 D 1

X
.l� l0/ ; F Š l

X
:

If Fp is the circumferential component of the tension
F, and P is the angular moment of the force (as shown
in Fig. 8.105), the following equation (analogous to the
transmission capacity) is obtained

Fp D F cos˛ D F
VL sin �

l
D VL sin �

X
;

P D FpVG D VGVL sin �

X
:
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Fig. 8.106a,b Two schematics of three disks: (a) small line reactance and phase angle; (b) large line reactance and phase
angle

Also, if Fq is the radial component of the tension F
and Q is the radial component of the force, the follow-
ing equation is obtained:

Fq D F cosˇ D F
VG �VL cos �

l
D VG �VL cos �

X
;

Q D FqVG D VG
VG �VL cos �

X
:

If the weight (which corresponds to the power load
P) is increased, the mechanical angular difference (� )
also needs to increase, resulting in the expansion of the
three elastic strings and a decrease in the radius (i.e.,
the voltage) at the midpoint VM. The mechanical force
(Q) compresses the radius VG (which corresponds to the
reactive power).

Figure 8.106 shows a schematic of three disks and
the elastic strings connected to these disks, which cor-
respond to small and large line reactances. The system
stability is enhanced when the voltage is high and the
line reactance is small, which results in the operation of
the power system at a small phase angle difference.
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Voltage at generator side Voltage at load side

Fig. 8.107 Twisted elastic strings corresponding to power
system breakdown due to a large phase angle difference
(out-of-phase condition)

Generator side Load side

Voltage at source side Voltage at source side

Fig. 8.108 Photograph of a Noda model

When the phase angle exceeds the critical condition,
the elastic strings are eventually twisted at the midpoint
(as shown in Fig. 8.107), which corresponds to an out-
of-phase condition or breakdown at the midpoint of the
power system.

Figure 8.108 shows an actual demonstration model
proposed by Noda.

Flexible alternating current transmission systems
(FACTSs) and series capacitor compensation are often
used for reactive power compensation in a long trans-
mission line. The relevant Noda model can explain the
impact of positioning these compensation devices in
the middle of the transmission line by increasing the
voltage at the midpoint. This results in more stable
power transmission and a larger transmission capacity,
as shown in Fig. 8.109.

8.3.9 Comparison of the Switching
Phenomena Obtained at 50 and 60Hz

(A) Power Frequency
Even though power systems are operated at 50Hz in
most countries, some countries and regions, such as the
United States and west Japan, use a power frequency of
60Hz, as shown in Fig. 8.110. Both frequencies coexist

a)

Voltage at
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Voltage at
source side

Voltage at
middle point

b)

Voltage at
source side

Voltage at
source side

Voltage at
middle point

Fig. 8.109a,b Noda model illustrating reactive power
compensation. Voltage at middle point: (a) low, (b) reac-
tive power compensation; out-of-phase angle � : (c) large,
(d) small

and there is presently no push for worldwide standard-
ization in this regard.

Some electric appliances may not operate efficiently
or even safely if used on anything other than the
intended power frequency. However, most substation
equipment, especially circuit breakers, can be operated
at both power frequencies (50 and 60Hz).

Strictly speaking, changing the power frequency
will affect the performance of substation equipment.
For instance, if we consider a power transformer with
a particular capacity, a more compact transformer can
be used with a higher power frequency than with
a lower power frequency. The effects of the power
frequency on the interrupting performance for various
switching duties are given below.

(B) Thermal Interrupting Capability
When a circuit breaker interrupts the same current under
SLFconditions, better cooling performance (higher ther-
mal interrupting) is needed when the power frequency
is 60Hz as shown in Fig. 8.111, because the current and
voltage slopes (di=dt, dv=dt) at current zero are 1.2 times
higher than those obtained when the power frequency
is 50Hz, resulting in higher ohmic heat input around
the current zero. Some circuit breaker designs employ
a larger grading capacitor for 60Hz than for 50Hz be-
cause it enhances the thermal interrupting capability by
reducing the current slope at the current zero.

(C) Dielectric Interrupting Capability
A circuit breaker is required to interrupt the short-cir-
cuit current under bus terminal fault (BTF) conditions
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Fig. 8.110 World map showing the
use of different power frequencies
(50 Hz in yellow and 60Hz in green)
in different regions and countries

at any current zero when the minimum arcing time af-
ter the contact separation has elapsed. This means that
the circuit breaker should have an interrupting window
a half-cycle wide at minimum (for symmetrical cur-
rent). The intervals between current zeros are 10ms
at 50Hz and 8:3ms at 60Hz as shown in Fig. 8.112.
Therefore, the circuit breaker must have a longer inter-
rupting window, resulting in a longer effective gas flow
period, if 50Hz is used.

(D) Capacitive Switching Capability
TRV peaks appear half a cycle after interrupting the cur-
rent under capacitive switching conditions, which cor-
responds to 10 and 8:3ms from current interruption at
50 and 60Hz, respectively, Fig. 8.113. Therefore, the
circuit breaker must have a better dielectric withstand
strength recovery between the contacts in case of 60Hz,
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Fig. 8.111 Comparison of (di=dt) at current zero and TRV
obtained for power frequencies of 50 and 60Hz

which is normally attained by increasing the contact
opening speed.

(E) Inductive Switching Capability
There is no significant difference in switching perfor-
mance between 50 and 60Hz under inductive switching
conditions because the TRV is determined by the cir-
cuit conditions at the load side (not the power-frequency
source side). In addition, the amplitude and the fre-
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Fig. 8.112 Comparison of the interval between current ze-
ros in a three-phase current for power frequencies of 50
and 60Hz
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Fig. 8.113 Recovery voltage after capacitive current inter-
ruption for power frequencies of 50 and 60Hz

quency of high-frequency current oscillations and asso-
ciated overvoltages associated with reignitions do not
show any dependence on whether the power frequency
is 50 or 60Hz. Therefore, the standard IEC 62271-100
permits inductive switching tests to be performed at ei-
ther 50 or 60Hz.

(F) Current-Carrying Capability
The short time current withstand test can also be per-
formed at either 50 or 60Hz, because the energy and
mechanical stresses imposed on an interrupter do not
vary significantly depending on whether the power fre-
quency is 50 or 60Hz considering the current-carrying
duration of 1 s, even though the current at the first peak
is 2.5 times and 2.6 times the root-mean square of the
current for 50 and 60Hz, respectively. Therefore, the
standard IEC 62271-100 allows the short time current
withstand test to be performed at either 50 or 60Hz.

In general, manufacturers provide circuit breakers
that are applicable for use with both power frequencies
(50 and 60Hz) even though the power frequency im-
pacts the switching performance.

(G) Continuous Current-Carrying Capability
IEC 62271-1 states that the performance of switching
devices of the open type with no ferrous components
adjacent to the current-carrying parts at 60Hz can be
deemed to be the same as their performance in tests
carried out at 50Hz provided that the temperature rise
recorded during the test at 50Hz does not exceed 95%
of the maximum permissible value. This recognizes the
fact that the temperature rise is generally slightly higher
when carrying a continuous current at 60Hz.

8.3.10 Switching Requirements
for UHV Transmission

The first commercial UHV transmission system with
a rated voltage of 1100 kV AC commenced operation

on January 6th, 2009 following on-site commissioning
tests during December 2008 in China. Since then, UHV
AC (up to 1200 kV) and UHV DC (up to 1000kV) net-
works have steadily expanded in some countries such
as China and India.

In October 2006, CIGRE SC A3 published WG
A3.22 on the technical requirements for substation
equipment exceeding 800 kV as well as some techni-
cal documents summarizing the specifications for sub-
station equipment (� 800 kV) based on investigations
performed for various UHV and EHV projects [8.49,
51–53].

In order to minimize the costs and visual impact
of UHV transmission lines and substations, advanced
technological solutions and analytical optimization tech-
niqueswere introduced. Furthermore, the results of stud-
ies relating to reduced insulation coordination require-
ments and the requirements for some system transients
(e.g., TRVs, ITRVs, very fast transient overvoltages
(VFTOs)) atUHVlevels have an impact on the insulation
coordination requirements (distances, dimensions, insu-
lation thickness) for EHV voltages (800, 550, 420 kV).

In the 1970s and 1980s, some utilities around the
world started pilot schemes for AC power systems with
voltages above 1000 kV. The former USSR (Union of
Soviet Socialist Republics) performed long-term test-
ing of a plant with a rated voltage of 1200 kV, while
in the USA, Bonneville Power Administration (BPA)
and American Electric Power (AEP) ran pilot schemes
that operated at 1200 and 1500kV, respectively. During
the 1980s, the former USSR even had a pilot plant with
a rated voltage of 1800 kV, and they operated a commer-
cial 1200 kV transmission system that included 1900km
of OH lines (although only half of that network was ac-
tually operated at 1200kV) from 1985 until 1991. In the
1990s, a 1050 kV pilot plant was operated in Italy for
two years. Also, in Japan, a 1100kV pilot scheme has
been in operation since 1996, together with 430 km of
UHV OH lines (which are operated at 550 kV) [8.51].

Table 8.7 shows various issues specifically asso-
ciated with UHV AC power systems that could have
a considerable impact on substation equipment. In par-
ticular, the use of multibundle conductors with large-
diameter, large-capacity power transformers leads to
distinctive phenomena for UHV power systems. In
addition, the application of high-performance surge
arresters (MOSAs) with low protection voltages to ef-
fectively limit overvoltages is integral to the design of
someUHV systems. The impact of this design approach
and its influence on specifications are briefly described
in this section.

The technical and economic consequences of in-
sulation levels are becoming increasingly important,
especially for UHV systems. Optimal insulation co-
ordination can be achieved using high-performance
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Table 8.7 Issues specifically associated with UHV AC power systems

Equipment Phenomena specific to UHV systems CIGRE investigations
Substation equipment Increased insulation levels (reduced LIWV/LIPL) Various mitigation schemes are applied to suppress

the SIWV levels as much as possible
Four-legged reactor
HSGS

Prolonged secondary arc extinction time due to
higher coupled voltage and induced current

Four-legged shunt reactor can facilitate successful
autoreclosing under the 1LG condition for a single
circuit

Surge arrester
shunt reactor

Prominent Ferranti effect and TOV due to high
capacitance of overhead lines

Severe voltage factor and breaking current are not
seen for capacitive current switching

Circuit breaker GIS,
transformer

Severe VFTO due to geometry and topology of
UHV substation

Resistor-fitted DS can effectively suppress VFTO
for GIS substation

Circuit breaker Large time constant of DC component in fault cur-
rent due to low losses from transformers and lines

Time constants in UHV systems are 100ms for
India, 120ms for China, and 150ms for Japan

Circuit breaker Reduced first-pole-to-clear factor due to small zero-
sequence impedance in UHV systems

First-pole-to-clear factors are 1.1 for Japan, 1.2 for
India, and 1:0�1:23 for China

Circuit breaker
surge arrester

High amplitude factor in TRVs due to low losses
from power transformers and transmission lines

RRRV for TLF exceeds the existing standard value;
MOSA can suppress the TRV peak for terminal
faults

Circuit breaker
surge arrester

High TRV peak value corresponding to out-of-phase
duty due to low damping of traveling waves

Further investigations are expected to provide some
solutions for out-of-phase phenomena

Circuit breaker Reduced line surge impedances due to multibundle
conductors with large diameters

Line surge impedance is suggested to be 330� for
8-bundle conductors designed for UHV OH lines

Line substation (AIS) Possibility of a reduced corona onset voltage with
increased corona losses and audible noise

UHV lines employ 8 conductors with a cross-
sectional area of 400�810mm2 depending on the
allowable level of corona noise

Equipment Phenomena specific to UHV systems CIGRE investigations
Substation equipment Increased insulation levels (reduced LIWV/LIPL) Various mitigation schemes are applied to suppress

the SIWV levels as much as possible
Four-legged reactor
HSGS

Prolonged secondary arc extinction time due to
higher coupled voltage and induced current

Four-legged shunt reactor can facilitate successful
autoreclosing under the 1LG condition for a single
circuit

Surge arrester
shunt reactor

Prominent Ferranti effect and TOV due to high
capacitance of overhead lines

Severe voltage factor and breaking current are not
seen for capacitive current switching

Circuit breaker GIS,
transformer

Severe VFTO due to geometry and topology of
UHV substation

Resistor-fitted DS can effectively suppress VFTO
for GIS substation

Circuit breaker Large time constant of DC component in fault cur-
rent due to low losses from transformers and lines

Time constants in UHV systems are 100ms for
India, 120ms for China, and 150ms for Japan

Circuit breaker Reduced first-pole-to-clear factor due to small zero-
sequence impedance in UHV systems

First-pole-to-clear factors are 1.1 for Japan, 1.2 for
India, and 1:0�1:23 for China

Circuit breaker
surge arrester

High amplitude factor in TRVs due to low losses
from power transformers and transmission lines

RRRV for TLF exceeds the existing standard value;
MOSA can suppress the TRV peak for terminal
faults

Circuit breaker
surge arrester

High TRV peak value corresponding to out-of-phase
duty due to low damping of traveling waves

Further investigations are expected to provide some
solutions for out-of-phase phenomena

Circuit breaker Reduced line surge impedances due to multibundle
conductors with large diameters

Line surge impedance is suggested to be 330� for
8-bundle conductors designed for UHV OH lines

Line substation (AIS) Possibility of a reduced corona onset voltage with
increased corona losses and audible noise

UHV lines employ 8 conductors with a cross-
sectional area of 400�810mm2 depending on the
allowable level of corona noise

MOSAs [8.54] with the I–V characteristic shown in
Fig. 8.114.

Studies of the insulation coordination using accu-
rate computer-aided simulations are common in such
projects. Another important aspect of insulation coor-
dination is the utility’s policy regarding withstand mar-
gins for severe lightning impulse or switching impulse
conditions with a very low probability of occurrence.

As lightning overvoltages dominate the nonself-
restoring internal insulation design of substation equip-
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8/20 μs lower limit
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Fig. 8.114 Typical I–V characteristic
of a high-performance MOSA

ment, it is important to rationalize lightning overvolt-
ages by positioning a sufficient number of MOSAs at
appropriate locations, such as at line entrances, bus-
bars, and transformers. Table 8.8 lists examples of sev-
eral MOSA arrangements along with the corresponding
costs and lightning impulsewithstand voltages (LIWVs)
at UHV substation equipment. The arrangement that in-
cludes two surge arresters per circuit at the line entrance,
two per quarter bus, and one per transformer bank is one
of the most favored for UHV transmission in Japan.
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Fig. 8.115 LIWV
specifications
for transformers
and substation
equipment

VFTO levels are reduced to 1:3 pu or below through
the application of a resistor-fitted disconnecting switch
with a 500� resistor [8.55, 56]. This scheme also ef-
fectively suppresses electromagnetic interference in the
secondary circuits of CTs, VTs, and protection and con-
trol equipment.

Utilities generally use both analytical and simpli-
fied IEC approaches to evaluate LIWV levels. The
specified LIWVs of UHV switchgear for 1050, 1100,
and 1200kV systems range from 1.25 to 1.49 times
the lightning impulse protection level (LIPL) value, as
shown in Fig. 8.115.

In addition, it is important to suppress switching
overvoltages as much as possible because it allows air
clearances to insulation to be reduced, which in turn al-
lows the heights of transmission towers and the dimen-
sions of open-air parts in substations to be suppressed.
Therefore, as well as MOSAs, switching equipment

equipped with preinsertion closing/opening resistors
are applied to limit switching overvoltages. Additional
MOSAs along OH lines and controlled switching are
other options that can be employed to reduce switching
overvoltages even further. The application of mitigation
schemes can markedly change the switching impulse
withstand voltage (SIWV) level, so simulations are use-
ful to evaluate their effects. Figure 8.116 shows that
the UHV system in Japan takes full advantage of these
schemes.

Tables 8.9 and 8.10 show examples of the processes
used to determine the LIWV and SIWV in China and
Korea. Note that the calculated maximum overvoltage
is found to be similar to the switching impulse protec-
tion level (SIPL) for each system.

The short-circuit current observed in an UHV sys-
tem also shows some remarkable features. The use
of large-capacity power generators and large-capacity
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Table 8.9 Examples of processes used to determine the LIWV

Country Korea 800 kV China 1100 kV (pilot)
LIPL 1310 kV (2:00 pu) at 20 kA 1620 kV (1:80 pu) at 20 kA
MOSA layout 1 unit for line entrance

1 unit for busbar
1 unit for transformer

1 unit for line entrance
2 units for busbar
1 unit for transformer

Maximum LIWV analysis 1796 kV for transformer
2040 kV for GIS

Acceptable failure rate 0.4 faults/100 km-year-line 0.112 faults/100 km-year-line
Safety factor – 1.15 for internal insulation
LIWV for transformer 2050 kV (3:14 pu) 2400 kV (2:67 pu)
LIWV for other equipment 2250 kV (3:44 pu) 2250 kV (2:51 pu)
LIWV/LIPL 1.72 1.48

Country Korea 800 kV China 1100 kV (pilot)
LIPL 1310 kV (2:00 pu) at 20 kA 1620 kV (1:80 pu) at 20 kA
MOSA layout 1 unit for line entrance

1 unit for busbar
1 unit for transformer

1 unit for line entrance
2 units for busbar
1 unit for transformer

Maximum LIWV analysis 1796 kV for transformer
2040 kV for GIS

Acceptable failure rate 0.4 faults/100 km-year-line 0.112 faults/100 km-year-line
Safety factor – 1.15 for internal insulation
LIWV for transformer 2050 kV (3:14 pu) 2400 kV (2:67 pu)
LIWV for other equipment 2250 kV (3:44 pu) 2250 kV (2:51 pu)
LIWV/LIPL 1.72 1.48

Table 8.10 Examples of processes used to determine the SIWV

Country Korea 800 kV China 1100 kV (pilot)
SIPL 1200 kV (1:85 pu) at 2 kA 1460 kV (1:63 pu) at 2 kA
Resistance for GCB 1000� for closing 600� for closing
Maximum overvoltages 1124 kV for grounding fault

999 kV for closing
1186 kV for opening

1472 kV for opening

Maximum line length 160 km 420 km (tentative)
Flashover probability 0:1%/1 flashover per 1000 operations 0:1%/1 flashover per 1000 operations
Safety factor – 1.15 for internal insulation
SIWV for transformer 1500 kV (2:30 pu) 1800 kV (2:0 pu)
SIWV for other equipment 1425 kV (2:18 pu) 1800 kV (2:0 pu)

Country Korea 800 kV China 1100 kV (pilot)
SIPL 1200 kV (1:85 pu) at 2 kA 1460 kV (1:63 pu) at 2 kA
Resistance for GCB 1000� for closing 600� for closing
Maximum overvoltages 1124 kV for grounding fault

999 kV for closing
1186 kV for opening

1472 kV for opening

Maximum line length 160 km 420 km (tentative)
Flashover probability 0:1%/1 flashover per 1000 operations 0:1%/1 flashover per 1000 operations
Safety factor – 1.15 for internal insulation
SIWV for transformer 1500 kV (2:30 pu) 1800 kV (2:0 pu)
SIWV for other equipment 1425 kV (2:18 pu) 1800 kV (2:0 pu)

power transformers result in a high X=R ratio, which
leads to an increased DC time constant in fault currents.
EHV and UHV transmission lines employ multibun-
dle conductors with large diameters in order to reduce
corona noise as well as to increase the transmission ca-
pacity.

Table 8.11 summarizes the analytical results for
DC time constants calculated based on various tower

designs and multibundle conductors used in different
projects. In IEC62271-100, a special case time con-
stant of 75ms for rated voltages of 550 kV and above,
which corresponds to the medium value of the constants
surveyed for 800 kV lines, is indicated. Since the DC
time constant in an UHV system must be larger than
this, a standard time constant of 120ms is stipulated for
UHV.
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Table 8.11 Conductor sizes and DC time constants of
short-circuit currents in EHV and UHV transmission lines

Maximum
voltage

Conductor DC time
constant (ms)size (mm2) Bundle

765 kV
(Canada)

686 4 75

800 kV
(USA)

572 6 89

800 kV
(South Africa)

428 6 67

800 kV
(Brazil)

603 4 88

800 kV
(China)

400 6 75

1200 kV
(Russia)

400 8 91

1050 kV
(Italy)

520 8 100

1100 kV
(Japan)

810 8 150

1100 kV
(China)

500 8 120

Maximum
voltage

Conductor DC time
constant (ms)size (mm2) Bundle

765 kV
(Canada)

686 4 75

800 kV
(USA)

572 6 89

800 kV
(South Africa)

428 6 67

800 kV
(Brazil)

603 4 88

800 kV
(China)

400 6 75

1200 kV
(Russia)

400 8 91

1050 kV
(Italy)

520 8 100

1100 kV
(Japan)

810 8 150

1100 kV
(China)

500 8 120

TRVs with high amplitude factors are expected in
UHV systems due to the use of low-loss UHV power
transformers and UHV transmission lines. An impor-
tant parameter to consider when defining the TRV
envelope of UHV circuit breakers is the first-pole-to-
clear factor, which is specified to be 1.3 for lower-
voltage systems with an effectively earthed neutral in
IEC standard 62271-100. The first-pole-to-clear factor
depends on the ratio X0=X1 of the system at the loca-
tion of the circuit breaker. OH lines give a X0=X1 of
around 3, while large transformers tend to have a ra-
tio of less than or close to 1. In UHV substations, the
short-circuit current will be determined to a large ex-

Table 8.12 Surge impedance of transmission lines

Highest voltage
(kV)

Conductor size
(mm2)

Number of
conductor

Conditions
(TRV frequency)

Z0

(�)
Z1

(�)
Equivalent surge impedance (�)
1st pole 2nd pole 3rd pole

550
(Japan)

410 6 Normal conduction
(60 kHz)

444 226 270 281 299

Bundle contraction
(60 kHz)

580 355 408 417 430

800
(South Africa)

428 6 Normal conduction
(27:5 kHz)

403 254 290 296 304

Bundle contraction
(27:5 kHz)

509 359 398 403 409

1050
(Italy)

520 8 Normal conduction
(26:2 kHz)

406 210 250 260 275

Bundle contraction
(26:2 kHz)

532 343 389 396 406

1100
(Japan)

810 8 Normal conduction
(25 kHz)

476 228 276 289 311

Bundle contraction
(25 kHz)

595 339 396 407 424

Highest voltage
(kV)

Conductor size
(mm2)

Number of
conductor

Conditions
(TRV frequency)

Z0

(�)
Z1

(�)
Equivalent surge impedance (�)
1st pole 2nd pole 3rd pole

550
(Japan)

410 6 Normal conduction
(60 kHz)

444 226 270 281 299

Bundle contraction
(60 kHz)

580 355 408 417 430

800
(South Africa)

428 6 Normal conduction
(27:5 kHz)

403 254 290 296 304

Bundle contraction
(27:5 kHz)

509 359 398 403 409

1050
(Italy)

520 8 Normal conduction
(26:2 kHz)

406 210 250 260 275

Bundle contraction
(26:2 kHz)

532 343 389 396 406

1100
(Japan)

810 8 Normal conduction
(25 kHz)

476 228 276 289 311

Bundle contraction
(25 kHz)

595 339 396 407 424

tent by the contribution from the transformers rather
than the contribution from the OH lines, so the first-
pole-to-clear factor tends to be lower than 1.3. The
standard value for UHV systems is stipulated to be
1.2.

Another characteristic that should not be over-
looked is the equivalent surge impedance of the OH
lines, which is especially important for short line faults.
The standards cover the interruption of a single fault
to earth and therefore require the equivalent surge
impedance of the last clearing pole. The interruption
of short line faults is associated with frequencies in the
kHz range, and large eight-bundle conductors will not
contract completely during the first 100�200ms. Under
these conditions, the equivalent surge impedance will
be much lower than 450�, as shown in Table 8.12 and
Fig. 8.117. Therefore, the equivalent surge impedance
of UHV OH lines is reduced from 450 to 330�.

Equivalent surge impedances also play a role when
clearing long line faults (LLF) and out-of-phase (OP)
currents. MOSAs can reduce peak TRV values to a cer-
tain extent, but MOSAs have a much greater effect
during breaker terminal faults (test duties T100 and
T60) and the interruption of transformer limited faults
(TLFs: test duty T10).

Figure 8.118 shows how the TRV waveform can
be expressed using four parameters—an approach that
is used for test duties T60 and T100 (60% and 100%
of the rated interrupting current of a circuit breaker).
The curve for the four-parameter TRV consists of three
parts: an interval where the voltage rises at the rateU1/t1
until the first reference voltage (U1) is attained, another
interval where the voltage rises at the rate Uc/t2 until
peak TRV (Uc) is reached, and then the period after
peak TRV.
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Fig. 8.117a–c UHV line configurations used in different countries (see also Table 8.12): (a) South Africa (800 kV), (b) Italy
(1050 kV), (c) Japan (1100 kV)

Uc: TRV peak = kpp kaf Ur√
—–

U1: First reference voltage = 0.75 kpp Ur√
—–

U1/t1: Rate of rise TRV
t2: Time to TRV peak
             t2 = 4 t1 for T100, t2 = 6 t1 for T60
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Fig. 8.118 Plot showing the TRV waveform expressed us-
ing four parameters

Table 8.13 summarizes the standard TRV values for
anUHV circuit breaker and compares themwith the cor-
responding values for lower voltages, including EHV
(up to 800 kV). The values for UHV systems may be
considered also for the requirements of EHV systems.

Using the proposed impedance of 330� and in-
formation available on the minimum equivalent surge
impedance in an UHV substation, it was concluded that
the RRRV,U1, td, and tdL for UHV can be kept the same
as those specified for the test duties T100, T60, T30,
T10, and SLF at lower rated voltages. For the ITRV, the
value for the busbar surge impedance is proposed to be
the same as that for 800 kV (325� instead of 260�
for the lower rated voltages), but the time ti is proposed
to be 1:5�s, as the dimensions of UHV air insulated

switchgear (AIS) are considerably larger than those of
the AIS for lower rated voltages. However, the condi-
tions under which such a long ti may occur may also be
applicable to 800 kV.

Based on the information collected so far, it has
been proposed that the same amplitude factors should
be used as those employed for lower voltages, with the
exception of kaf for T100, where it is recommended that
this factor should be increased from 1.4 to 1.5. The rea-
sons for doing so are, on the one hand, the results of
system studies, mainly for the proposed UHV system in
Japan, and on the other hand, the fact that (kppkaf) gives
the same peak value with both the existing IEC param-
eters and the proposed values. This peak value for T100
and T60 happens to be about 5% above the MOSA clip-
ping level; the margin of 5% above SIPL accounts for
differences in design.

From simulations, it is clear that MOSAs have a re-
ducing effect on the peak TRV, as can be seen in
Fig. 8.119.

Based on the equivalent surge impedance seen by
the circuit breaker’s clearing pole and the number of
MOSAs connected at the source side of the circuit
breaker (present at the substation), it is possible to
determine the intersection point with the I–V charac-
teristic(s) of the surge arrester, which gives the clipping
level (Fig. 8.120).

The ratings for disconnecting switches and earthing
switches applied in UHV systems are higher than those
applied at lower voltages. The specified currents and re-
lated voltages for bus transfer duty and bus charging
current switching duty are relatively high. Figure 8.121
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Table 8.13 TRV parameters of UHV circuit breakers

UHV

Duty kpp kaf

T100

T60

T30

T10

TLF

Out-of-phase

Time to
TRV peak

Time to
TRV peak

t2 t3

First-pole-to-
clear factor

Amplitude
factor

Rate of rise
of TRV

RRRV (kV/μs)

1200 kV1100 kV

TRV peak (kV)TRV peak (kV)

1.2 (1.3) 1.5 (1.4)

1.2 (1.3) 1.5

1.2 (1.3) 1.54

1.2 (1.3) 1.76

1.2 (1.5) 0.9*1.7

2.0 1.25

3.0 t1 (4t1)217641617

4.5 t1 (6t1)317641617

t3 (t3)518111660

t3 (t3)720761897

(a)(a)17991649

1.38 t1 (2t1)24502245

UHV

Duty kpp kaf

T100

T60

T30

T10

TLF

Out-of-phase

Time to
TRV peak

Time to
TRV peak

t2 t3

First-pole-to-
clear factor

Amplitude
factor

Rate of rise
of TRV

RRRV (kV/μs)

1200 kV1100 kV

TRV peak (kV)TRV peak (kV)

1.2 (1.3) 1.5 (1.4)

1.2 (1.3) 1.5

1.2 (1.3) 1.54

1.2 (1.3) 1.76

1.2 (1.5) 0.9*1.7

2.0 1.25

3.0 t1 (4t1)217641617

4.5 t1 (6t1)317641617

t3 (t3)518111660

t3 (t3)720761897

(a)(a)17991649

1.38 t1 (2t1)24502245

Values in parentheses are standards for systems with voltages of 800 kV and below.
t1 and t3 are based on kpp D 1:2
(a) RRRV D Uc=t3 with t3 D 6Ur=I0:21, as shown in ANSI C37.06.1-2000 for transformers up to 550 kV.
For UHV transformers, RRRV and t3 are determined by the transformer impedance and its equivalent surge capacitance (specified as 9 nF)

0 1

TRV for T60 with twice peak value of existing 550 kV standard TRV for T100 with twice TRV peak value of existing 550 kV
standardTRV peak = 1586 kV

TRV peak = 1502 kV

TRV peak = 1411 kV
TRV peak = 1380 kV

Uc = 1751 kV (kpp = 1.3, kaf = 1.5)
Uc = 1635 kV (kpp = 1.3, kaf = 1.4) Uc = 1635 kV (kpp = 1.3, kaf = 1.4)
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Fig. 8.119a,b Effect of a MOSA on the TRV waveform [8.57]: (a) T60, breaking current 26:2 kA; (b) T100, breaking
current 33:8 kA

shows the load capacitance and equivalent length of
the GIS for different voltage levels and bus charging
currents. The bus charging currents evaluated for sev-
eral existing UHV substation layouts can reach 0:4A.
Schemes for future UHV substations with maximum
busbar lengths of up to 200m suggest that a bus charg-
ing current of 2A should also be sufficient for future
applications [8.57].

Bus transfer currents must be defined according to
the actual current rating, the type of substation involved,
and the maximum loop length. As Fig. 8.122 shows,
for the GIS, bus transfer voltages of 80 and 300V cor-
respond to currents of 1600 and 8000A, respectively,
while for AIS and MTS (mixed technology switchgear),

a bus transfer voltage of 400V corresponds to 1600A
as well as 4000A, respectively [8.59].

In Annex C of IEC 62271-102 [8.60], electro-
magnetically and electrostatically induced currents and
voltages are standardized for 550 and 800 kV earthing
switches, which are designated for use in circuits with
relatively long lines or high coupling to an adjacent en-
ergized circuit (class B earthing switches).

One special topic in this context is the occurrence
of VFTO due to the charging and discharging of
busbar sections by disconnecting switches in GIS. Such
switching causes a large number of restrikes and pre-
strikes with high-frequency responses of the traveling
waves in the GIS. These high-frequency voltages may
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Fig. 8.120 Intersection of the system response line with
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Fig. 8.121a,b Rated voltage dependence of the (a) bus charging current and load capacitance and (b) bus charging current
and equivalent busbar length, as per IEC 62271-203 [8.58]
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Fig. 8.122a,b Bus transfer voltage as a function of the length of (a) the current-carrying loop with GIS and (b) the
current-carrying loop with AIS (including MTS)

reach amplitudes that could endanger the insula-
tion of the GIS equipment as well as directly connected
equipment, such as transformers and shunt reactors. As
shown in Fig. 8.123, this phenomenon is a more serious
problem at UHV than at 800 kV. When necessary, one
countermeasure is to apply a preinsertion resistor to
disconnecting switches [8.57, 59].

Other dedicated switching equipment in EHV and
UHV systems is used to stimulate secondary arc ex-
tinction. When an arc grounding fault occurs in one
phase, a circuit breaker separates the faulty phase to
clear this single phase fault; the secondary arc is in-
duced by electrostatic and electromagnetic induction
by healthy or non-faulted lines with the system volt-
age. It does not disappear at the same instant of fault
interruption but will continue a certain time until insula-
tion recovery where the grounding fault was generated.
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Fig. 8.123 Dependence of VFTO and LIWL of the GIS on
the rated voltage [8.59]

Since a single-phase or multi-phase auto reclosing can
be completed successfully the arc (fault) extinction, it
is important to comprehend a typical time of secondary
arc extinction in UHV and EHV systems.

When single phase auto reclosure (SPAR) is used,
most utilities apply four-leg shunt reactors to limit the
secondary arc current, so that it will extinguish within
a reasonably short time (mostly within 1 s), but some
utilities apply a special scheme to switch off the shunt
reactor(s) of a healthy phase [8.59] or apply three-
phase high-speed reclosure TPHSR) or apply high speed
grounding switch (HSGS) to bypass the secondary arc
by a short duration (typically 0:5 s) short-circuit, in or-
der to extinguish it. Such solutions are used for UHV,
800 kV and lower rated voltages. Specifications for the
HSGS are nowwithin IEC in the process of standardiza-
tion. Switchgear for the special switching scheme of a
healthy phase shunt reactor is yet to be addressed.

HSGSs have been applied to both ends of 550 kV
transmission lines in the United States and have shown
the ability to successful extinguish secondary arcs in
the field. This corresponds to inductive current switch-
ing with 700A for the first switch to open and ca-
pacitive current switching with 120A for the second
switch [8.61, 62].

Table 8.14 HSGS requirements

USA Korea Japan Japana

Highest voltage (kV) 550 800 1100 1100
Interrupting current (kA) 700 8000 7000 7830
TRV peak (kV) 260 700 900 570
RRRV (kV=�s) 0.1 1.3 1.15 0.46

USA Korea Japan Japana

Highest voltage (kV) 550 800 1100 1100
Interrupting current (kA) 700 8000 7000 7830
TRV peak (kV) 260 700 900 570
RRRV (kV=�s) 0.1 1.3 1.15 0.46

a Duty for delayed current zero interruption with an arcing time
of 80ms + minimum arcing time

In Korea, HSGSs are installed at both ends of
800 kV double-circuit transmission lines with line
lengths exceeding 80 km, and they implemented 22 suc-
cessful high-speed multiphase reclosures with HSGS in
the period 2003–2007.

UHV systems in Japan with vertically configured
double-circuit OH lines decided to employ HSGSs to
achieve high-speed single-phase and multiphase reclos-
ing for all fault modes (e.g., 1LG, 2LG, 3LG, and
4LG).

Table 8.14 summarizes the technical requirements
for HSGSs intended for the UHV and EHV systems in
the US, Korea, and Japan.

8.3.11 Summary

Various switching phenomena are observed in power
systems. Generally speaking, a circuit breaker must
be able to cope with all switching duties expected for
a power system, in accordance with the standards.

There is a well-known rule that, to avoid imposing
excessively severe requirements, the standards cover
90% of current network conditions, implying that there
are special requirements are not covered by the ex-
isting standards. For example, a circuit breaker may
not comply with some of the excessive interrupting re-
quirements for transformer limited faults, some reactor
switching requirements, and some excessive TRV re-
quirements for series-capacitor bank switching. Special
care must be taken when applying circuit breakers for
those requirements.

8.4 Controlled Switching

Controlled switching systems (CSSs) have become an
economical way to reduce switching surges in various
switching applications [8.64–67]. Recent developments
in transformer switching that account for the residual
flux can provide an effective means of mitigating se-
vere inrush currents and temporary overvoltages that
could lead to the inappropriate operation of protective
relays and power quality degradation [8.68–70]. The

use of CSSs applied to lines of combination with metal
oxide surge arresters can reduce undesirable overvolt-
ages caused by the energization of a long transmission
line in order to comply with the insulation coordina-
tion [8.71, 72]. Real-world examples of the application
of line switching are limited, which may be due to ini-
tial difficulties resulting from insufficient consideration
of technical aspects, including idle time compensation.



8.4 Controlled Switching 577
Section

8.4

Table 8.15 Testing requirements for the components of a CSS and an integrated CSS system [8.63]

Components and system Test items Characteristics/remarks
Type test for circuit breakers Electrical performance Rate of rise of dielectric strength (RRDS)

Rate of decrease of dielectric strength (RDDS)
Maximum making voltage for voltage zero target
Minimum arcing time to avoid a reignition or restrike

Mechanical performance Scatter in the operating time
Variation in the operating time under operational conditions
Delay in the operating time after idle time

Type tests for controllers
and sensors

Functional test Scatter in the timing of open/close commands
All compensation functions
Self-check function, etc.

Electromagnetic,
mechanical, environmental

Dielectric withstand, EMI
Vibration, shock, seismic activity
Cold, dry heat, temperature/humidity, etc.

Commissioning tests for the
integrated system

Controlled switching test Distribution of switching instants
Distribution of making voltage
Verification of restrike-free or reignition-free interruptions

Components and system Test items Characteristics/remarks
Type test for circuit breakers Electrical performance Rate of rise of dielectric strength (RRDS)

Rate of decrease of dielectric strength (RDDS)
Maximum making voltage for voltage zero target
Minimum arcing time to avoid a reignition or restrike

Mechanical performance Scatter in the operating time
Variation in the operating time under operational conditions
Delay in the operating time after idle time

Type tests for controllers
and sensors

Functional test Scatter in the timing of open/close commands
All compensation functions
Self-check function, etc.

Electromagnetic,
mechanical, environmental

Dielectric withstand, EMI
Vibration, shock, seismic activity
Cold, dry heat, temperature/humidity, etc.

Commissioning tests for the
integrated system

Controlled switching test Distribution of switching instants
Distribution of making voltage
Verification of restrike-free or reignition-free interruptions

The CIGRE guide emphasizes the importance of com-
pensating for variations in the operating time because
a CSS requires high operational consistency during the
circuit breaker lifetime. Compensation for operating
time variations due to external variables such as the
ambient temperature, control voltage, and mechanical
energy of the drives can be performed by the controller
based on the dependence of the variations on the vari-
ables, evaluated according to the testing requirements
listed in Table 8.15 [8.63].

8.4.1 Principle of Controlled Switching

Controlled switching is a term that is commonly used to
describe the application of electronic control equipment
(a controller) to facilitate the operation of the contacts
of a switching device at a predetermined point in rela-
tion to an electrical reference signal in order to reduce
switching surges.

The components used in CSSs are normally tested
in the factory during routine and type tests. For circuit
breakers, factory tests include electrical performance
tests of, say, dielectric characteristics such as the rate of
decrease of dielectric strength (RDDS), the rate of rise
of dielectric strength (RRDS), and the minimum arcing
time to avoid a reignition, as well as mechanical per-
formance tests of variations in the operating time due to
operating conditions and the delay in the operating time
after idle time. The controller and the related sensors
are tested to verify their functions and their electro-
magnetic, seismic, and environmental compatibilities.
Finally, the controlled switching performance of the in-
tegrated system is assessed [8.63].

The term controlled opening (deenergization) refers
to the technique of adjusting the contact separation of

each pole of a circuit breaker with respect to the phase
angle of the current and thereby controlling the arcing
time in order to minimize stresses on the components of
the power system.

Figure 8.124 shows typical timing sequences for
controlled opening or deenergization.

To achieve controlled opening, the current though
the circuit breaker or a reference voltage is monitored;
for example, the controller often detects periodic cur-
rent zeros for the reference signal. The arcing time for
each pole is controlled by setting the instant of contact
separation with respect to the current waveform.

The initial opening command is issued randomly
with respect to the reference signal. This command is
delayed in order to separate the contact of each phase
independently when the circuit breaker can secure an
optimum arcing time. This can substantially reduce the
restrike probability during consecutive capacitor deen-
ergization or avoid reignition in the case of reactor
deenergization.

Similarly, the term controlled closing (energization)
refers to the technique of controlling the instant of
making (current initiation) with respect to the system
voltage waveform (phase angle). Typical timing se-
quences for controlled closing (energization) at voltage
zero are given in Fig. 8.125.

In controlled closing, the source voltage is moni-
tored by the controller. Again, the closing command is
issued randomly with respect to the reference signal.
The command is delayed in order to achieve the op-
timum phase angle of each voltage independently. This
example relates to a capacitive load, where the optimum
making instant is the voltage zero, which can be at-
tained with an ideal circuit breaker with infinite RDDS
and no mechanical scatter. Pre-arcing before the con-
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Fig. 8.124 Controlled deenergization
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Fig. 8.125 Controlled energization at
voltage zero

tacts touch is not considered. A practical case in which
voltage zero is targeted is described in the next section.

In the case of an inductive load, the optimum mak-
ing instant is the voltage peak, as shown in Fig. 8.126,
where the pre-arcing time between prestrike and the
instant at which the contacts touch is assumed to be
a quarter of a cycle. The dependence of the opening
time on the operating conditions and the prestrike be-
havior is particular to each type of circuit breaker.

The optimum targets for different applications are
summarized in Table 8.16.

The voltage peak energization strategy is suitable
for a transformer with a large parallel capacitance, as it
will result in a significant reduction in the residual flux
after deenergization. The optimum making instant for
a practical transformer is when the prospective normal
core flux at energization is identical to the residual flux
(see Sect. 8.4.4).

Modern SF6 circuit breakers generally present very
low restrike probabilities for capacitive current inter-
ruption, meaning that restrike-induced problems are
rare. Nevertheless, the restrike probability can be fur-
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Fig. 8.126 Controlled energization at
peak voltage

ther reduced via controlled switching, which is em-
ployed to ensure long arcing times and hence larger
contact gaps at current interruption.

When controlled switching is applied to reactor
deenergization, the optimum opening instant is often se-
lected so as to achieve the maximum arcing time. Even
though the use of controlled switching may increase
chopping overvoltages due to an increased prearcing
time, reignition overvoltages are normally more severe
than chopping overvoltages (especially for a modern
SF6 circuit breakers).

All circuit breakers exhibit a high probability of
reignition for arcing times of less than the minimum
arcing time, and reignition may damage the nozzle and
contacts of the circuit breaker. In contrast, depending on
the number of series-connected breaking units (the in-
terrupting performance) and the capacitance across the
circuit breaker, chopping overvoltages may be promi-
nent when the arcing time is maximized, especially for
air-blast circuit breakers. Thus, the approach adopted
should depend upon the relative importance of reig-
nition versus current chopping. However, users must

Table 8.16 Optimum instants for controlled switching [8.64]

Switching application Optimum instant for controlled switching Benefits
No-load transformer energization Voltage peak with no residual flux or prospective

core flux identical to the residual flux
Reduction of inrush current and associated
overvoltage

No-load line energization Voltage zero across the circuit breaker Reduction of overvoltage and elimination
of need for closing resistor

Shunt capacitor energization Voltage zero across the circuit breaker Voltage zero across the circuit breaker
Shunt capacitor deenergization Maximum arcing time Minimization of restrike probability
Shunt reactor deenergization Maximum arcing time (to avoid reignition) Reduction of overvoltage and elimination

of reignition

Switching application Optimum instant for controlled switching Benefits
No-load transformer energization Voltage peak with no residual flux or prospective

core flux identical to the residual flux
Reduction of inrush current and associated
overvoltage

No-load line energization Voltage zero across the circuit breaker Reduction of overvoltage and elimination
of need for closing resistor

Shunt capacitor energization Voltage zero across the circuit breaker Voltage zero across the circuit breaker
Shunt capacitor deenergization Maximum arcing time Minimization of restrike probability
Shunt reactor deenergization Maximum arcing time (to avoid reignition) Reduction of overvoltage and elimination

of reignition

decide upon the relative importance of reignition ver-
sus current chopping.

8.4.2 Capacitor Switching Applications

Controlled switching of shunt capacitor banks is used
to minimize stresses on the power system and its com-
ponents. Controlled closing reduces the magnitudes of
inrush currents and the associated overvoltages and
provides an alternative to the use of fixed inductors.
Controlled opening leads to a further reduction in the
restrike probability for the circuit breaker. Single ca-
pacitor bank switching leads to higher local and remote
overvoltages, whereas back-to-back switching gener-
ates large inrush currents.

Shunt capacitor bank energization causes local ef-
fects in the substation and remote effects at the re-
ceiving ends of transmission lines connected to the
substation. Local effects include inrush currents and
overvoltages, mechanical and dielectric stresses in the
capacitor bank and other equipment in the substation,
erosion of the circuit breaker contacts, transient po-
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Fig. 8.127 Example of the analysis of inrush currents ob-
tained when energizing 145 kV capacitor banks

tential rises in the substation earthing mesh, and the
coupling of transient surges to control and protec-
tion wiring. Remote effects include overvoltages at the
far ends of radially connected transmission lines as
well as overvoltages in MV and LV networks con-
nected to the secondary side of transformers at the
end of these lines. The optimum making instant for
wye-connected, earthed-neutral shunt capacitor banks
should be a voltage zero across the circuit breaker in
each phase.

Figure 8.127 shows an example of the analysis of
inrush currents obtained when energizing 145 kV ca-
pacitor banks. The maximum inrush current is 4:9 pu
of the nominal current. This can be suppressed to less
than 2:4 pu with a CSS. The energization target is set to
make a 13ı electrical angle with the voltage waveform.
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Fig. 8.128a–f Voltage waveforms obtained in the second (a), third (b), and sixth (c) energization tests and current waveforms
obtained in the second (d), third (e), and sixth (f) energization tests performed using a 121 kV CSS in the field (ten tests were
performed in total)

After calibration on site, controlled switching tests
were performed at the system voltage of 121 kV using
a target for the closing operation of 8 electrical degrees,
as determined by the RDDS and mechanical scatter plus
a slight safety factor. The target for the opening opera-
tion was set to give the maximum arcing time before the
current zero.

Figure 8.128 shows the voltage and current wave-
forms obtained during the second, third, and sixth of
ten controlled energization tests conducted during the
commissioning tests. For the first making test, the mak-
ing instant of the third phase shows a slight delay, even
though the inrush current of 1290A is within the per-
missible tolerance. This delay is probably caused by
a difference of the actual RDDS due to design toler-
ances of the interrupter dimensions or closing velocity
scatter because of individual properties of the compo-
nents. The controller applied to this circuit breaker can
compensate for this difference through adaptive control.

A circuit breaker with a normalized RDDS of less
than 1 can be applied for capacitor switching because
the inrush current can be sufficiently suppressed if the
making voltage is less than half of the maximum pre-
strike voltage. Idle time compensation is recommended
for drives with operating times that have an idle time
dependence. Adaptive control is also required to com-
pensate for any operating time drift that persists over
a number of consecutive operations.

Controlled switching tests were performed at a sys-
tem voltage of 145 kV using a target closing instant
of 16 electrical degrees, as determined by the mea-
sured RDDS andmechanical scatter. The circuit breaker
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Fig. 8.129 Making-voltage distribution and closing-in-
stant distribution

has been operated daily in the field since the commis-
sioning tests. Figure 8.129 shows the distribution of
closing instants measured by the controller along with
the distribution of making voltages calculated from the
data. The closing instants present a normal distribu-
tion around the closing target of 16 electrical degrees,
with a small standard deviation of less than 0:3ms,
which corresponds to the maximum making voltage of
0:35 pu.

8.4.3 Reactor Switching Applications

Shunt reactor switching is a known source of cur-
rent and voltage transients. Overvoltages due to current
chopping and reignition can damage any high-voltage
equipment. High asymmetrical inrush currents may
be generated by performing shunt reactor energization
at an unfavorable instant. These inrush currents can
provoke electromechanical stress or a high-magnitude
zero-sequence current of an extended duration. Con-
trolled switching can be applied in both cases to reduce
the expected transients.

During shunt reactor deenergization, overvoltages
can be generated in two ways: by current chopping and
by reignition.

Chopping overvoltages are a consequence of the
forced interruption of the inductive current before its
natural zero. They mainly depend on the number of
series-connected breaking units present, the chopping
number of the circuit breaker, the capacity (in MVA) of
the reactor, the capacitance in parallel with the circuit
breaker, and (in certain cases) the arcing time. For mod-
ern SF6 circuit breakers, chopping overvoltages are not
very high (they typically reach up to 1:5 pu), but they
increase with arcing time.

Reignition overvoltages are generated by reigni-
tions following the initial interruption. Reignitions are
provoked when the voltage between the contacts ex-

Uacross CB

Usource

Voltage withstand characteristic
of the circuit-breaker contact gap

Instant of contact
separation

Window allowing
reignition-free operation

Time

Current

Ta min

Fig. 8.130 Definition of the minimum arcing time for re-
actor deenergization

ceeds the dielectric withstand of the contact gap. The
rate of rise of voltage during a reignition ranges be-
tween lightning and fast-front transients, depending
on the length of the busbar between circuit breaker
and reactor, while chopping overvoltages are similar
to slow-front transients (switching surges). Reignition
may affect circuit breaker elements such as the nozzle
and contacts and the reactor insulation. For example,
perforation of an insulating nozzle, signs of arcs occur-
ring away from the arcing contacts, and metal particles
in the interrupter have been reported. The CIGRE in-
ternational reliability survey for the years 2004–2007
shows that the major failure frequencies for circuit
breakers operating on shunt reactors are around an order
of magnitude higher than those for line and transformer
breakers. Even though not all types of circuit breakers
are damaged in the same way, it is desirable to eliminate
reignitions.

All circuit breakers exhibit a high probability of
reignition for arcing times that are less than the
minimum arcing time (Tamin). Figure 8.130 shows
a schematic of the voltage withstand characteristic of
a circuit breaker along with the transient recovery volt-
age across the circuit breaker for reactor deenergization.
Since the main criterion for eliminating reignition is to
avoid the reignition window, the optimum instant for
contact separation is when the expected arcing time ex-
ceeds Tamin. When promoting increased arcing times in
this way, it should also be noted that chopping overvolt-
ages can increase with arcing time.

Since reignition overvoltages are normally more se-
vere than chopping overvoltages, controlled switching
is commonly used to increase the arcing time. It is
important to determine the relative importance of reig-
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Fig. 8.131 Distribution of opening instants during con-
trolled reactor opening

nition and current chopping according to the circuit
breaker design.

In this section, we have extolled the benefits of con-
trolled opening. However, there are certain cases where
controlled opening provides little or no advantage. For
example, tests in which controlled reactor opening was
applied to a minimum oil circuit breaker were not suc-
cessful due to the occurrence of reignitions regardless
of the arcing time. In this case, controlled switching
cannot avoid reignitions.

Figure 8.131 shows an excellent reignition-free per-
formance with CSS demonstrating the deviation of
de-energization instants within only 0.21ms.

Figure 8.132 shows voltage and current oscil-
lograms for the deenergization and energization of
a 245 kV controlled shunt reactor in the field. The max-
imum inrush current of 1270A observed upon random
closing was suppressed to below 50A.

Arcing time

Arcing time

Separation

Separation

Arcing time

OpeningOpening
Closing

Separation

Voltage (A phase)

Current (A phase)

Current (B phase)

Current (C phase)

Fig. 8.132 Voltage and current behavior during controlled shunt reactor switching

8.4.4 Transformer Energization

The energization of an unloaded transformer can gen-
erate high-amplitude inrush currents, which stress the
windings and can cause maloperation of protection
relays and prolonged temporary harmonic voltages,
which can in turn degrade the quality of the electricity
supply. High inrush currents also impose severe me-
chanical stresses on the transformer windings and may
reduce the life expectancy of a transformer exposed
to frequent energization. For example, step-up trans-
formers in hydroelectric power plants are frequently
switched to adapt to daily load variations. These risks
can be ameliorated through the use of a closing resistor
(or by controlling the making instant of simultaneously
operated three-phase circuit breakers).

The interruption of no-load transformer currents is
similar in nature to the interruption of shunt reactor cur-
rents. However, the natural frequencies are much lower
and the damping is very high, meaning that the over-
voltages generated at deenergization have extremely
low amplitudes. Breaking instant control is similar to
that applied for shunt reactors when the residual flux in
the transformer cores is negligible.

The magnetic circuits of transformers have mag-
netization curves with a pronounced bend from the
nonsaturation region to the saturation region. For eco-
nomic reasons, power transformers are designed to have
an operational peak flux value as close as possible to the
saturation value. The flux in a transformer energized by
a steady-state alternating voltage varies from a negative
peak value to an equivalent positive value during one
half cycle of the voltage waveform. The change in flux
of twice the maximum flux value is proportional to the
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time integral of the voltage waveform between two suc-
cessive zero points. If the circuit breaker is closed at
a voltage zero, the full change in flux is required dur-
ing the first half cycle. When the flux is initially at zero,
the maximum flux developed will be twice the normal
operational peak value. Since the operational peak flux
is already close to the saturation value, an increase in
flux to double this value corresponds to extreme core
saturation. Consequently, the inductance drops and the
current rapidly rises to a very high value.

At the making instant, residual flux from the previ-
ous opening may be present in the transformer. If this
residual flux is of the same polarity as the change in
flux, the combination of the change in flux with the
residual flux will lead to even greater saturation of the
magnetization circuit.

The processes that occur when a three-phase trans-
former is energized are more complex because the three
phases are linked both magnetically and galvanically.
The structure of the winding connection and the neutral
point treatment influence the value of the inrush current.

It is possible to propose a general principle for
reducing inrush currents during controlled closing by
adopting the hypothesis that there is no residual flux
and that the flux in all cores is nil prior to closing. Clos-
ing must first be performed on either one phase (if the
neutral of the primary winding is earthed) or two phases
(if the primary winding is isolated). The making target
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Fig. 8.133 Closing strategy for an
isolated neutral transformer

is the maximum line-to-earth voltage (earthed neutral)
or the maximum phase-to-phase voltage (isolated neu-
tral) so that fluxes are generated without transients.
The making instant of the remaining phase(s) must be
chosen such that the flux that circulates in the corre-
sponding cores following the initial closing is the same
as the flux that circulates in these cores under steady-
state conditions. This stops flux transients from being
created in the cores [8.68].

Figure 8.133 shows the energization strategy for
a three-core transformer with a wye (star) connection
and an isolated neutral. Energizing a single phase has
no effect, since there is no flow path for magnetizing
current due to the isolated neutral point. The phase-to-
phase voltage U13 is switched on when its maximum
value occurs at time t1. The corresponding stationary
core fluxes 
.F/1 and 
.F/3 have instantaneous values
of zero at that instant (t1). They attain their maximum
values 90 electrical degrees later, at time t2, when the
fluxes are identical to the steady-state core flux values.
This means that voltageU2 can be switched without any
transient reaction at time t2.

On the other hand, Fig. 8.134 shows the energiza-
tion strategy for a three-core transformer with a wye
(star) connection and a solidly earthed neutral. Phase
L2 is energized when the phase voltage U2 is at its
peak at time t1. The magnetizing current J2 is able to
flow through the earthed neutral point. The magnetizing
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Fig. 8.134 Closing strategy for
a solidly earthed transformer

field 
.F/2 begins without any transient. The associated
magnetizing current J2 must also allow for the excita-
tion of the other two phases, each of which has half the
flux during this stage. Consequently, this current is 1.5
times its three-phase steady-state value.

By t2, the fluxes 
1 and 
3 have reached levels
corresponding to their three-phase steady-state values.
Phases L1 and L3 may therefore be energized without
transients at time t2.

The optimal making instants for the different phases
to minimize the inrush current (based on the hypothesis
that there is no residual flux in the cores) are sum-
marized in Table 8.17. Phase L2 is wound around the
middle core in three- or five-leg (core) power transform-
ers. The voltages of the different phases can be written
as

U1 D U sin

�

!tC 2�

3

�

;

U2 D U sin .!t/ ;

U3 D U sin

�

!t� 2�

3

�

:

The making instant is given in relation to the zero-
voltage instant of U2; see Figs. 8.133 and 8.134.

For any practical application of a CSS to trans-
former energization, the residual fluxes in the trans-
former cores should be considered when determining

the optimal energization instants, especially when the
capacitance between the windings and the ground is
small. Therefore, the inrush currents will depend on the
following characteristics:

(a) The magnetic characteristics of the transformer
cores

(b) The making instants of the circuit breaker
(c) The electrical connections of the power trans-

former
(d) The residual flux
(e) The electrical characteristics of the source sys-

tem [8.68–70].

Figure 8.135 shows the dynamic magnetic flux and the
current behavior observed when a transformer is ener-
gized. Energization of a transformer with no residual
flux in its cores at peak voltage will not lead to tran-
sients. However, the level of saturation of the magnetiz-
ing current caused by the change in flux after energiza-
tion depends on the residual flux and the energization
instant. Therefore, the targets should be adjusted taking
into account the residual flux. The inrush current can be
only minimized by energization when the prospective
normal core flux is identical to the residual flux.

An innovative and field-proven approach to residual
flux measurement has been developed. It can evaluate
the residual flux by integratingtransformer deenergiza-
tion and also compensating the flux value caused by a
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Table 8.17 Ideal making instants for different power transformers with no residual flux in their cores

Primary winding connection Secondary of
tertiary coupling

Magnetic circuit Making instant
voltage for
phase 2

Making instant
voltage for
phase 1

Making instant
voltage for
phase 3

Wye (star)
Connection with isolated neutral
Y

Wye (star)
or delta

3- or 5-core transformers
Transformer banks

5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

0ms (50Hz)
0ms (60Hz)
(240ı)

U
q

3
2

0ms (50Hz)
0ms (60Hz)
(120ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Wye (star)
or delta

3- or 5-core transformers 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

10ms (50Hz)
8:33ms (60Hz)
(60ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(300ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Delta
�

Transformer banks 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

10ms (50Hz)
8:33ms (60Hz)
(60ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(300ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Wye (star)
Y or Yn

Transformer banks 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

1:67ms (50Hz)
1:39ms (60Hz)
(270ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(270ı)

U
q

3
2

Delta
�

Wye (star)
or delta

3- or 5-core transformers
Transformer banks

5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

0ms (50Hz)
0ms (60Hz)
(240ı)

U
q

3
2

0ms (50Hz)
0ms (60Hz)
(120ı)

U
q

3
2

Primary winding connection Secondary of
tertiary coupling

Magnetic circuit Making instant
voltage for
phase 2

Making instant
voltage for
phase 1

Making instant
voltage for
phase 3

Wye (star)
Connection with isolated neutral
Y

Wye (star)
or delta

3- or 5-core transformers
Transformer banks

5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

0ms (50Hz)
0ms (60Hz)
(240ı)

U
q

3
2

0ms (50Hz)
0ms (60Hz)
(120ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Wye (star)
or delta

3- or 5-core transformers 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

10ms (50Hz)
8:33ms (60Hz)
(60ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(300ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Delta
�

Transformer banks 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

10ms (50Hz)
8:33ms (60Hz)
(60ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(300ı)

U
q

3
2

Wye (star)
Connection with earthed neutral
Yn

Wye (star)
Y or Yn

Transformer banks 5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

1:67ms (50Hz)
1:39ms (60Hz)
(270ı)

U
q

3
2

10ms (50Hz)
8:33ms (60Hz)
(270ı)

U
q

3
2

Delta
�

Wye (star)
or delta

3- or 5-core transformers
Transformer banks

5ms (50Hz)
4:17ms (60Hz)
(90ı)
1.5U

0ms (50Hz)
0ms (60Hz)
(240ı)

U
q

3
2

0ms (50Hz)
0ms (60Hz)
(120ı)

U
q

3
2

small voltage change induced by a remote fault clear-
ing. In 2001, Canada installed two prototype systems
which ensure that high-voltage step-up transformers are
energized at the ideal instant. Each system consists of
a CSS with a new residual magnetic flux measurement
system [8.69] that uses the following relation between
the magnetic flux ˚ of a coil with N turns and the
applied voltage E: ˚ D R

E=N C˚r, where ˚r is the
residual magnetic flux.

The algorithm for evaluating the residual flux gen-
erally consists of the following four steps (see also
Fig. 8.136):

(1) The zero level (or offset level) of the dynamic flux
must be calibrated precisely. The zero level for the
integration of the voltage signal is determined by
monitoring several cycles of voltage waves before
current interruption.

(2) The time duration for voltage integration is defined
as the time before the voltage amplitude becomes
smaller than a specified value where the flux draws
a microhysteresis loop.

(3) Voltage integration is performed over the time de-
termined in the second step.

(4) The difference between the value obtained in the
third step and the zero level evaluated in the first
step gives the residual flux.

A novel built-in transformer voltage sensor was devel-
oped to measure each phase voltage of the transformer
shown in Fig. 8.137 [8.69].

Figure 8.138 shows a typical record of the resid-
ual fluxes for three phases measured at transformer
deenergization. This was used to determine the optimal
energization instant for each phase.

Figure 8.139 shows an example of the dependence
of the residual flux patterns on the opening phase angle
at random (de/)energization in the field. Three patterns
were observed in the field measurements (note that the
residual fluxes of the three phases sum to zero):

� In pattern I (X;�X; 0), two phases have large fluxes
with the same amplitude but different polarities. The
remaining phase has minimum flux.� In pattern II (XCY;�X;�Y), all three phases have
significantly different fluxes, and one of the phase
fluxes has a different polarity from the other two
phase fluxes.� In pattern III (2X;�X;�X), one phase has a large
flux with a different polarity to the other two phase
fluxes, both of which are roughly half the value of
the phase with a large flux.

Pattern III is clearly advantageous for the control strat-
egy because the residual fluxes in the second and the
third phases are similar to the flux obtained after ener-



Section
8.4

586 8 High Voltage Equipment

Flux

Voltage

Energization

Severe inrush current is observed when a
high amplitude of transient flux is generated
at energization.
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Fig. 8.135 Magnetizing flux in a transformer core and the
corresponding magnetizing current
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Fig. 8.136 Residual flux evaluation based on the integra-
tion of voltage measurements

Fig. 8.137 Transformer bushing voltage sensor for appli-
cation in a CSS. (Courtesy of Hydro Québec)
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Fig. 8.138 Typical record of residual fluxes for three
phases measured at transformer deenergization
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Fig. 8.139 Example of the dependence of the residual flux
patterns on the deenergization phase angle
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Fig. 8.140 (a) Simultaneous three-phase energization, (b) controlled energization that takes the individual residual phase
fluxes into account

gization of the first phase. This pattern will give flux
conditions in the second-phase and third-phase cores
that are close to ideal, with a limited closing delay.

This suggests that controlled transformer switch-
ing can be further improved through the application of
controlled deenergization. In other words, the circuit
breaker can deenergize the current at a specific phase
angle corresponding to the phase with the largest resid-
ual flux at one phase or two phases.

Figure 8.140a shows typical core voltages, currents,
and fluxes calculated for simultaneous three-phase en-
ergization. High inrush currents ranging from 1245
to 2678A are obtained due to magnetic saturation in
the cores, which causes the voltage to drop by up to
11:2% at the primary bus terminal. On the other hand,
Fig. 8.140b shows a typical example of controlled trans-

former energization. The controller chooses to close the
phase with the largest residual flux (phase V) first. The
first phase is closed at the instant when the prospec-
tive normal core flux is identical to the residual flux.
The second and third (U and W) phases are closed 1.5
cycles later, at a voltage peak for the first phase. The
inrush currents are therefore reduced to below 100A
and the voltage disturbance is effectively suppressed by
choosing to deenergize the phase with the largest resid-
ual flux first, greatly reducing mechanical and electrical
stresses on the transformer [8.70].

8.4.5 Line Switching Applications

Energization and autoreclosing of long transmission
lines can cause undesirable overvoltages in the trans-
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Fig. 8.141 Optimum target for an uncompensated line equipped with an inductive potential transformer. Making should
be performed at a zero crossing of the source-side voltage for lines that are rapidly discharged, such as those equipped
with an inductive potential transformer (RC is typically < 100ms)
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Fig. 8.142 Optimum target for an uncompensated line equipped with a capacitive potential transformer. Making should
be performed at a source voltage peak of the same polarity as the trapped charge for lines with no leakage path for
the trapped charge, such as those equipped with a capacitive potential transformer. The controller should detect the line
voltage polarity at the instant of line charging current interruption

mission network, so special measures for mitigating
these overvoltages are employed to meet the insu-
lation coordination. Most commonly, these measures
correspond to the application of a MOSA, often in
combination with a closing resister to improve relia-
bility, but this approach is relatively expensive. There
is also a growing need to use shunt reactors to miti-
gate the phase-to-ground transient overvoltages caused
by line switching, especially high-speed autoreclos-
ing. The highest phase-to-ground transient overvoltages
tend to appear in the middle of the line because they are
limited at the ends of the line by the presence of shunt
reactors, MOSAs, and CSSs. These overvoltages can be
reduced by positioning a MOSA in the middle of the
line.

A CSS can potentially reduce reclosing transients
and suppress restrikes. It can also provide economic
benefits such as eliminating the need for closing re-
sistors and reducing the insulation levels needed for
surge arresters and transmission towers. For line appli-
cations, a circuit breaker with a high RDDS is generally
preferable, although the operating scenario and target-
ing strategies should be studied thoroughly. Idle-time

compensation is essential for drives with operating
times that depend on the idle time [8.63, 71].

The physical phenomenon that governs line-switch-
ing overvoltages is the propagation of electromagnetic
waves along the line; these are generally called trav-
eling waves. The wave propagation is initiated by the
making operation of the circuit breaker, and the initial
voltage amplitude is the circuit breaker pre-arc voltage,
i.e., the instantaneous value of the voltage across the
circuit breaker pole at the instant of line charging cur-
rent making. One consequence of the propagation of
traveling waves is that the optimum making instant for
the controlled switching of unload transmission lines is
a voltage minimum across the circuit breaker pole. The
strategies for different line configurations are as follows:

(a) For an uncompensated line with an inductive po-
tential transformer, the controller can effectively
suppress the surge (to less than 1 pu) by per-
forming controlled closing at voltage zero on the
source side. This is because the trapped DC charge
is discharged rapidly, typically within 100ms
(Fig. 8.141).
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Fig. 8.143a,b Optimum making targets for compensated line switching. (a) The voltage across the circuit breaker has
a pronounced beat for high degrees of compensation. (b) For lower degrees of compensation, the voltage across the
circuit breaker exhibits a complex voltage waveshape with a less pronounced beat pattern
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Fig. 8.144 Arrangement for a series
capacitor compensated 550 kV
transmission line

(b) For an uncompensated line with a capacitive po-
tential transformer, there is no leakage path for the
trapped charge. The optimum target is a source-
side voltage peak of the same polarity as the
trapped charge (Fig. 8.142).

(c) For a compensated line, the degree of compensa-
tion significantly influences the line-side voltage.
The voltage across the breaker presents a promi-
nent beat (especially for a high degree of com-

pensation) because the line oscillation frequency
is typically within the range 30�50Hz. The op-
timal instant is a voltage minimum across the
CB; preferably during the minimum of the voltage
beat [8.72], as shown in Fig. 8.143.

Figure 8.144 presents an example (from Canada)
of a series capacitor compensated 550 kV transmission
line with a length of 300 km. This system is equipped
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Fig. 8.145 Voltage profiles obtained with a closing resistor
or with two or three MOSAs [8.72]

with mid-line series capacitors that provide 50% com-
pensation. Economics resulted in the decision to assign
the bypass protection of this bank to a MOSA rated at
2:2 pu, 89MJ with no self-triggered or triggered gap.
The line is equipped with 135MVA/525 kV three-phase
shunt reactors at each end of the line; the reactor at the
receiving end is switchable.

The line will be operated with single pole reclos-
ing, so the shunt reactor at the southern end is equipped
with a neutral reactor rated at 1600� for secondary arc
damping. The reactor at the northern end is grounded
through a surge arrester to achieve a high grounding
impedance and therefore optimize the secondary arc
control [8.72].

Figure 8.145 compares the voltage profile along
a line with a conventional closing resistor to the use
of two and three MOSAs with staggered closing. The
effectiveness of overvoltage control using a closing re-
sistor decreases when the line length becomes longer
than 150 km. It is evident that with three MOSAs, only
a small portion of the line experiences voltages over the
design target, even with the nonoptimal times inherent
to staggered closing.

Figure 8.146 indicates the improvement that can be
obtained using a line-connected MOSA. Two alterna-
tives are considered: a MOSA at each terminal of the
line or three MOSAs with the third connected mid-line.
Note that the objective, to reduce the overvoltage to less
than 1:7 pu, can only be achieved using three MOSAs
plus controlled closing.

According to the results, the general performance
of the CSS is similar to that of the closing resistor
in terms of controlling phase-to-ground and phase-to-
phase switching transient overvoltages at both receiving
ends and mid-line. It is clear that the CSS can substan-
tially mitigate switching overvoltages in the middle of
the line. Of course, it should be noted that there is the
potential for phase-to-phase TOV mitigation.

One-step 400 Ω closing
resistor
Two 1.5 pu MOSAs and
staggered closing
Three 1.5 pu MOSAs and
staggered closing
Three 1.5 pu MOSAs and
controlled closing

1.0 1.2 1.4

Note:
Shunt reactor at
source end only

1.6 1.8 2.0 2.42.2 2.6

Cumulative frequency (%)

PU phase voltage (1 pu = 450 kV)
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40
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Fig. 8.146 Comparison of various methods of mitigating
three-phase reclosing overvoltages

The use of a more compact UHV OH line de-
sign significantly lowers the capital costs of the line
itself due to the resulting reductions in the dimensions
and weights of mechanical structures. Employing both
MOSAs and CSSs can potentially allow transmitting
large amounts of powers considering the increased eco-
nomic and environmental constraints of recent years.

8.4.6 Summary

The rapid increase in the use of CSSs can be ascribed
to several factors, such as the successful deployment
of systems with an effective compensation algorithm
in the field, the CIGRE proposal for type-testing rec-
ommendations, and versatile operations and controls of
transmission systems due to changes in the electrical
industry globally. Since CSSs provide significant tech-
nical and economic benefits, including enhanced power
quality and operational flexibility, they may be incorpo-
rated into circuit breaker control systems as standard in
the near future [8.73].

CSSs provide many economic benefits when they
are applied to shunt reactor banks and transformer
energization in power systems. When making at the
voltage minimum, a RDDS of at least 186 kV=ms at
60Hz (155 kV=ms at 50Hz) is required for 550 kV
single-break and 1100kV two-break GCBs, which cor-
responds to RDDS D 1.

Step-up power transformers in hydroelectric power
plants are frequently switched to cope with daily load
variations. Controlled transformer switching that takes
into account the residual flux is one scheme that can be
employed to effectively reduce the overvoltage caused
by transformer energization. Since the effectiveness of
a closing resister at reducing the overvoltage decreases
for very long lines (typically longer than 200 km), com-
bined CSS andMOSA use could be one of the solutions
used for long UHV and EHV transmission lines.
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In the case of transformer energization, inrush cur-
rents can be reduced to satisfactory levels through the
simultaneous application of a CSSwith a gang-operated
circuit breaker.

The potential to achieve more compact transmission
towers and lines through the associated shunt reactors in
addition to MOSAs for TOV mitigation, requires thor-
ough investigation during the planning or engineering
design phases of power systems.

As information technology develops, it may become
possible to use CSS for fault current interruption, the
uprating of modern and aged circuit breakers, and com-
pensated line autoreclosure with a reduced number of
surge arresters in the future. Furthermore, data from the
monitoring of circuit breakers by the controller could be
used for remote diagnostics and condition-based main-
tenance to further improve equipment reliability and
optimize maintenance practice.

8.5 DC Circuit Breakers

HVDCtransmission has increased in popularity in recent
years due to rapid progress in power electronics technol-
ogy driven by the need to connect increasing numbers of
offshore or remote wind farms and/or large hydropower
generators. HVDC brings several technical benefits in
this context, such as fewer system stability problems
comparedwithAC transmission and lower energy losses
during long-distance transmission. In the near future,
multiterminal HVDC transmission networks connected
to offshore wind farms will be constructed [8.74].

8.5.1 HVDC Networks

Two different converter technologies are available for
HVDC transmission: line commutated converter (LCC)
and voltage source converter (VSC) technology. For
LCC HVDC, ˙800 kV HVDC transmission systems
for up to 8GW have been implemented in China
and in India using converters based on thyristors, and
˙1100kV UHVDC transmission is under investigation
in China. For VSCHVDC, a˙320 kVHVDC transmis-
sion system for up to 1000MW using converters based
on insulated-gate bipolar transistor (IGBT) devices was
brought on-line in 2015.

Multiterminal HVDC networks must continuously
operate healthy transmission lines even when a fault oc-
curs at the remote end of the HVDC network. Rapid
fault clearing is a prerequisite for a DC circuit breaker
because a voltage collapse will spread across the net-
work due to the lower impedance in a HVDC system
than in an AC system. The fault clearing time varies de-
pending on the system conditions, including:

1. The DC transmission system configuration
2. The VSC design
3. The transmission capacity
4. Whether a DCL reactor is connected in series with

the line/cable
5. The impedance of the line/cable.

Applications of DC circuit breakers in multiterminal
HVDC networks are still limited, but available informa-
tion on DC circuit breakers intended for future HVDC
applications is described below [8.75].

8.5.2 Current Zero Creation Schemes
for DC Circuit Breakers

Any DC circuit breaker requires a current zero creation
scheme to interrupt the DC fault current because DC
current does not have periodic current zeros, in contrast
to AC current. Figure 8.147 shows typical current zero
creation schemes that can force the creation of a zero
current crossing.

(a) Arc Voltage Current Limiting Scheme
Here, the DC current is limited to current zero by in-
creasing the arc voltage induced between the contacts
of a circuit breaker. The circuit breaker is required to
induce an arc voltage that is higher than the system volt-
age in order to create the current zero. This scheme is
often applied to a low-voltage-class DC no-fuse breaker
(NFB). For example, a 2 kV air-blast type high-speed
switch is used for industrial and railway power systems.
Even though a DC circuit breaker that uses this scheme
can interrupt a large current of up to 100 kA, it can be
difficult to design HV DC circuit breakers that use this
scheme because the arc voltage induced by air or SF6
across the contacts of the circuit breaker is limited to
several kV at maximum. This scheme is also applied
to most DC disconnecting switches and DC earthing
switches used in HVDC LCC and VSC networks.

(b) Passive Resonant
Current Zero Creation Scheme

In this scheme, a small oscillatory perturbation in the
DC current caused by contact separation continues to
grow in amplitude until it eventually produces a current
zero. The interaction between the arc and the parallel
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Fig. 8.147a–d DC circuit breakers with different current zero creation schemes. (a) Arc voltage current limiting scheme, (b) pas-
sive resonant current zero creation scheme, (c) active resonant current zero creation scheme with current injection, (d) hybrid
mechanical and power electronic switch

capacitor and reactor connected across the DC circuit
breaker generates an expanding current oscillation with
a frequency range of 1�3 kHz. A circuit breaker that
can generate a high arc voltage across the contacts (e.g.,
air) is advantageous when attempting to create a rapidly
growing oscillation. A larger capacitance can also fa-
cilitate a rapidly expanding oscillation, and there is
an optimal reactance to achieve this too. This scheme
is often applied to metallic return transfer breakers
(MRTBs), which clear faults generated on the neutral
return line due to a lightning stroke and commutate cur-
rents of up to a few thousand amperes to the neutral line
in the HVDC transmission line after fault clearing. This
scheme generally requires 20�40ms to create a current
zero for a fault interruption of a few thousand amperes.

(c) Active Resonant Current Zero Creation
Scheme (Active Current Injection Scheme)

This scheme utilizes an external voltage source that can
inject a high-frequency reverse current with respect to
theDC current, immediately creating a current zero. The
external voltage source consists of a precharged capaci-
tor with a reactor and a high-speed switch (e.g., a thyris-
tor switch, a triggering gap, or a mechanical switch)
imposes a high-frequency (several kHz) inverse current
on the interrupting fault and nominal DC current. This
scheme is potentially applicable to the interruption of
HVDC fault currents inmultiterminal HVDC networks,
even though a large capacitor is required in accordance
with the DC system voltage. A prototype HV DC cir-
cuit breaker that uses this schemewith a HVAC vacuum
interrupter has been shown to interrupt faults in up to
16 kA DC within 8�10ms.

(d) Hybrid Mechanical
and Power Electronic Switch

This breaker is composed of both mechanical switches
and power electronic (semiconductor) devices. The DC
circuit breaker commutates the DC fault current from
the main circuit, consisting of a high-speed mechanical
switch and a commutating power electronic device, to
series- and parallel-connected power electronic (IGBT)
devices that can block the current within a few ms.
A prototype 230 kV DC circuit breaker that was placed
in service in multiterminal HVDC networks in China
and a 500 kV DC circuit breaker were shown to in-
terrupt 25 kA DC in less than 3ms. Due to the rapid
progress in high-voltage, large-capacity, and low-loss
power electronic device technology, this scheme may
be applied to AC circuit breakers in the future.

8.5.3 DC Current Interruption

Figure 8.148 shows the typical voltage and current be-
havior during a DC fault current interruption using
a mechanical DC circuit breaker with active current in-
jection.

When a fault occurs in a DC system, the fault
current through the interrupter unit increases and the
system voltage starts to drop. After fault detection,
a trip command is issued to the DC circuit breaker
and an interrupting unit (typically a vacuum interrupter)
starts to open the electrodes. As soon as the vacuum
interrupter has secured a sufficient contact gap, the
active resonant current injection circuit imposes a high-
frequency current with a reversed polarity on the DC
current and immediately creates a current zero. When
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Fig. 8.148 Voltage and current behavior during DC current interruption using a mechanical DC circuit breaker with an active
current injection scheme. Notes: �6 The voltage recovery is initiated when the voltage across the breaker (TRV) exceeds the
temporary system voltage. The current through the MOSA is initiated when the TRV is clipped at the restriction voltage by the
MOSA. �7 The time taken to charge the capacitance across the DC circuit breaker. The capacitance required for active current
injection by a mechanical DC circuit breaker is on the order of microfarads. �8 The specially designed mechanical DC breaker
requires a few milliseconds to open the electrodes (or separate the contacts) after receiving a trip order. �9 The arc voltage across
the vacuum interrupter is almost constant after contact separation regardless of the contact gap. �10 The fault current through
the vacuum interrupter is forced to make a current zero at the instant of active current injection, and the vacuum interrupter can
immediately interrupt this high-frequency current

the vacuum interrupter can interrupt the high-frequency
current, the voltage across the DC circuit breaker sud-
denly increases and exceeds the system voltage. It is
then clipped (limited) by the MOSA restriction volt-
age (which is typically 1.5 times higher than the system
voltage). The transient system voltage begins to recover
to the nominal voltage and the MOSA dissipates the en-
ergy stored by the inductance in the DC system.

In contrast, Fig. 8.149 shows the typical voltage and
current behavior during a DC fault current interruption
using a hybrid mechanical and power electronic DC cir-
cuit breaker with IGBT devices.

In this case, when a fault occurs in a DC system, the
fault current through the interrupter unit increases and
the system voltage starts to drop as described before. Af-
ter fault detection, an intermediate order is issued to turn
off the load-commutating IGBT devices in order to com-
mutate the current to the power electronic branch (power
electronic interrupter unit, which consists ofmany IGBT
devices connected in series and parallel), and an ultra-

fast disconnecting switch connected to the main circuit
opens the commutation branch. When the current starts
to commutate to the power electronic branch, the volt-
age across the hybrid DC circuit breaker increases with
the current due to the resistance of the power electronic
devices.When a trip command is issued after the current
has been fully commutated, the power electronic branch
turns off all of the IGBT devices and blocks the current.
After the current has been blocked, the voltage across
the DC circuit breaker suddenly increases and exceeds
the system voltage. Then the voltage across the DC cir-
cuit breaker is clipped at the restriction voltage by the
MOSA. The transient system voltage begins to recover
to the nominal voltage and the MOSA dissipates the en-
ergy stored by the inductance in the system.

Figure 8.150 shows a magnified plot of the voltage
and current behavior from the instant that there is a cur-
rent zero through the interrupter branch until the instant
that the voltage across the DC circuit breaker is clipped
by the MOSA. The capacitance (stray capacitance when
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Fig. 8.149 Voltage and current behavior during DC current interruption using a hybrid mechanical and power electronic DC
circuit breaker. Notes: �1 Any order before the order to start the interruption process (such as operations referred to in notes �2
and �3). �2 The instant at which the load-commutating IGBT devices are turned off immediately after fault detection. The voltage
across the hybrid DC breaker increases with the current. �3 The instant at which the ultrafast disconnector in the commutation
branch (main circuit) is opened. �4 The time required to commutate the fault current from the commutation branch using the
load-commutating IGBT devices to the power electronic branch of the main breaker. �5 The instant at which the power electronic
branch in the main breakers is turned off, which immediately blocks and interrupts the current after a time delay to secure the
voltage withstand of the ultrafast disconnector. �6 The voltage recovery is initiated when the voltage across the breaker (TRV)
exceeds the temporary system voltage. Current flow through the MOSA is initiated when the TRV is clipped at the restriction
voltage by the MOSA. �7 The stray capacitance across the DC circuit breaker is charged during the period of rising voltage.
�8 The specially designed mechanical DC breaker requires a few milliseconds to open the electrodes (or separate the contacts)
after receiving a trip order

using the hybrid DC circuit breaker) across the DC cir-
cuit breaker begins charging when the current is forced
to the current zero by either current injection or current
blocking.

During the charging of the capacitor, the current
that charges the capacitance is almost constant and the
voltage starts to recover. When the recovery voltage at-
tains the restriction voltage imposed by the MOSA, the
charging current to the capacitance stops, and the cur-
rent through the MOSA is initiated and then gradually
decreases in accordance with the I–V characteristic of
the MOSA unit.

8.5.4 MV and LVDC Circuit Breakers

Figure 8.151 shows a 480V, 10 kA DC circuit breaker
(a molded case circuit breaker, MCCB) that employs

the arc voltage current limiting scheme and is used in
industrial applications. When the arc voltage between
the electrodes of the MCCB is higher than the sys-
tem voltage, it limits the current and rapidly creates
a current zero for about 5ms. Figure 8.152 shows an
example of the current behavior during DC current in-
terruption (where t1 is the time to theMCCB trip current
level, t2 is the contact separating time, t3 is the time
from contact parting to peak current, t4 is the arcing
time, tT is the total interruption time, and q is the rate of
rise of the current).

Figure 8.153 shows a 1500V DC circuit breaker
used in track power systems that employs the active
resonant current zero creation scheme and has an in-
terrupting capability of up to 100 kA. It is equipped
with a thyristor switch to impose a reverse current from
an external DC power source onto the DC fault cur-
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rent and immediately create a current zero. Figure 8.154
shows typical oscillograms obtained when the DC cir-
cuit breaker interrupts the fault current within a few
milliseconds. After the vacuum interrupter has inter-
rupted a high-frequency current at the current zero, the

Fig. 8.151 LV DC circuit breakers that use the arc voltage
current limiting scheme. (Courtesy of Mitsubishi Electric)

voltage recovers to the system voltage and the MO
surge arrester dissipates the energy in the circuit.

Figure 8.155 shows a 550 kV, 2200A DC circuit
breaker that uses the passive resonant current scheme
(often termed MRTB; this breaker is used in the Pacific

tT

t4t2

t1 t3

q

Arc voltage

Circuit voltage

Short-circuit current

MCCB trip
current level

Fig. 8.152 Oscillograms showing the behavior of the cur-
rent during an interruption performed by a LV DC circuit
breaker using the arc voltage current limiting scheme
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Fig. 8.154 Oscillograms showing the behavior of the cur-
rent during an interruption performed by a MV DC circuit
breaker using the active resonant current zero creation
scheme

DC Intertie in the United States) [8.76]. This breaker
can clear a DC fault generated in a neutral line by
performing a closing operation and commutating the
current back to the neutral line after fault clearing. Fig-
ure 8.156 presents oscillograms showing typical current
and voltage behavior during the expansion of the cur-
rent oscillation that is used to create the current zero.

8.5.5 Behavior When Using
the Passive Current Creation Scheme

When using the passive resonant current zero scheme,
a DC current interruption is initiated by separating the

arcing contacts. A change in the state of the arc dur-
ing interruption (e.g., a local extension or short circuit
of the arc caused by the gas flow) manifests as small
perturbations of the arc voltage and arc current, which
continue to grow when the circuit conditions are unsta-
ble and eventually lead to a current zero.

The influence of small perturbations of the arc
voltage and arc current on current oscillation can
be evaluated through a combined analysis of the in-
terruption circuit and a mathematical model of the
arc. An example of an investigation of the expanding
current oscillation phenomenon in case of the pas-
sive resonant current zero creation scheme, and the
optimization of the inductance and capacitance con-
nected in parallel with the circuit breaker can be
evaluated by the simulation with a mathematical arc
model.

The Mayr arc model has two parameters (the time
constant of the arc � and the arc power loss n) that
express the exchanging sensitivity (energy balance of
the arc) of thermal energy between the arc and the gas
around it (see Eq. (8.7) below). In addition, using the
circuit shown in Fig. 8.157 for a DC circuit breaker that
utilizes the passive resonant current zero scheme, the
behavior of the arc voltage (va) and the arc current (ia)
in the DC circuit breaker can be expressed as in (8.7–
8.10), and their behavior in the circuit can be expressed
via (8.8–8.10)

dra
dt

D ra
�

�

1� vaia
n

�

; (8.7)

dve
dt

D i0 � ia
Ce

; (8.8)

Le
d.i0 � ia/

dt
D va � ve � re .i0 � ia/ ; (8.9)

va D raia : (8.10)
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Fig. 8.155 Photograph of HV DC circuit breakers that use the passive resonant current zero creation scheme, and the
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Fig. 8.156 Oscillograms showing the behavior of the cur-
rent during an interruption performed by a HV DC circuit
breaker using the passive resonant current zero creation
scheme [8.76]

In these equations, ia, ra, Le, Ce, and re represent the
interruption current, arc resistance, parallel reactance,
parallel capacitance, and stray resistance, respectively.
ve is the voltage across the capacitor. When the arc
current ia D i0 and the arc voltage va D n=i0, (8.7) is
balanced and the arc current and arc current remain con-
stant.

The response to a small perturbation of the arc cur-
rent �ia can be obtained via (8.7) to (8.10) using the

i0 – ia

i0 

Le

ve = ve (1+Δve) 

va = v0 (1+Δva) 

ia = i0 (1+Δia) 

va

Ce
ve

re

ia 

Fig. 8.157 Circuit configuration for a DC circuit breaker
that uses the passive resonant current zero scheme [8.77]

perturbation method, which yields

Le
d3�ia
dt3

C
�

Le
�

C re C n

i2a

�

d2�ia
dt2

C
�

re
�

C 1

Ce
� n

� i2a

�

d�ia
dt

C 1

�Ce
�ia D 0 : (8.11)

This differential equation has either three real solutions
or one real and two complex solutions. When the dif-
ferential equation has two complex solutions,�ia is an
oscillatory mode. When the real part of the complex so-
lution is positive, the solution �ia is unstable and the
perturbation grows with continuing oscillation. When
the differential equation has only real solutions, �ia is
a nonoscillatorymode (it increases monotonically when
at least one real solution is positive, and it decreases
monotonically when all real solutions are negative).

An oscillatory mode is required for a DCCB that
uses the passive resonant scheme. Assuming that dif-
ferential (8.11) can be factorized as in (8.12) below,
the general solution of (8.12) for an oscillatory mode
is (8.13)

.p�˛0/.p�˛1 � j!/.p�˛1 C j!/D 0 ; (8.12)

�ia D�0e
˛0t C�1e

˛1t .sin!tC '/ : (8.13)
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Fig. 8.158a,b Calculated effects of the parallel inductor (reactor) and parallel capacitor on the amplification coeffi-
cient (a) and the angular frequency (b) of current oscillation

It can be shown that the amplification coefficient ˛1 and
the angular frequency ! can be expressed as the func-
tion with six parameters (Ce; Le; re; n; � , and i0). When
the arc parameters n and � , the interruption current i0,
and the stray resistance re are constant, the relationships
of the amplification coefficient ˛1 and the angular fre-
quency ! to the passive resonant circuit parameters Ce

and Le can be obtained.
Figure 8.158 shows the calculated effects of vary-

ing the parallel reactance and parallel capacitor on the
amplification coefficient and the angular frequency of
the current oscillation under specified circuit condi-
tions (interruption current i0 = 3500A, stray resistance
re D 0:2�, arc time constant � D 40�s, and arc power
loss n D 10MW). This figure indicates that, for a given
capacitance, there is an optimum reactance at which the
amplification coefficient is maximized. Also, the angu-
lar frequency ! decreases as the circuit parameters Ce

and Le increase.
To ensure that the current oscillation grows and

eventually produces a current zero, Ce and Le must be
selected such that the amplification coefficient becomes
positive. For example, when the capacitance is 30�F,
more than 50�H of parallel reactance is required, al-
though increasing the parallel reactance also increases
the time until current zero.

A circuit breaker has a limited arc time (less than
about 30ms) to enable interruption, which does not de-
pend on the interruption scheme used (double-pressure
type or single-pressure type). Therefore, it necessary to
find a combination of parallel reactance and capacitance
that causes the oscillation to produce a current zero
within the limited arc time to facilitate interruption.

Figure 8.159a shows the arc voltage and arc cur-
rent waveforms obtained during an interruption test of

a DC current generation circuit consisting of a three-
phase rectifier circuit and a smooth reactor. In this case,
the interruption current was 3500A, and the parallel re-
actance Le and capacitance Ce were 350�H and 30�F,
respectively. The stray resistance was 0:2�. The model
breaker was a puffer-type SF6 gas circuit breaker. The
arc power loss from the arc voltage and interruption cur-
rent was 10MW, and the arc constant � estimated from
the amplification coefficient and angular frequency was
40�s. Figure 8.159b shows the calculated waveform,
which accurately reproduces the observed waveform
shown in Fig. 8.159a. It can be seen that the calculated
result reproduces both the amplification coefficient and
the angular frequency of the test waveform well.

8.5.6 Field Experience of MRTB

When a DC fault occurs at one pole of a bipolar HVDC
system, the operational mode should be shifted from
bipolar operation to monopolar operation. In some ap-
plications, monopolar operation also requires a switch
from ground return to metallic return using the faulted
transmission line.

The MRTB connected to the neutral metallic return
line is used to clear a DC grounding fault by performing
a closing operation. The return current is split into two
paths: the ground return and the ground wire. Since the
MRTB is directly earthed to the grounding mesh, con-
nection to the MRTB reduces the voltage between the
fault point on the neutral line to the ground. Accord-
ingly, an arc generated due to a lightning strike cannot
maintain its voltage and the current is rapidly reduced
to current zero.

After clearing the DC fault, the MRTB is opened
to commutate the current to the neutral metallic re-
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Fig. 8.160 Bipolar HVDC sys-
tem with neutral metallic return
lines [8.78]

turn line and thus return to healthy bipolar operation.
Figure 8.160 illustrates the system configuration of
a real-world bipolar HVDC system with two neutral
metallic return lines. Each pole can be operated in-
dependently to ensure continued power transmission
during maintenance work on one pole or a fault occur-
rence in one of the metallic transmission lines.

Since the MRTB was first installed in 2000, it has
been operated more than 300 times, successfully clear-
ing faults in the neutral line. Figure 8.161 shows an
oscillogram obtained when a lightning fault occurred
at a transmission tower about 18 km from C/S (con-
verter station). It can be seen that the return line current
drops and is commuted to the MRTB. Furthermore, the
MRTB interrupts the commuted current 300ms after
closing, and then the return line voltage recovers and
the system returns to a healthy condition.

8.5.7 Application of the Active
Resonant Current Injection Scheme
in HVDC Circuit Breakers

A mechanical DC circuit breaker consisting of a HV
vacuum interrupter with a rapidly operating mechanism
was tested with currents of up to 16 kA [8.80]. In this
circuit breaker, the active resonant current zero creation
scheme superimposes the high-frequency current with
the reverse polarity (as compared with the polarity of
DC current) on the DC current to create a zero current
on the DC fault current, which was achieved by dis-

charging a precharged capacitor connected in parallel
with the interrupter. The MOSA unit of the DC circuit
breaker was designed to dissipate up to 4MJ of energy
after current interruption.

Figure 8.162 shows the HVDC circuit breaker test
conducted at the KEMA laboratory as a part of the
research and innovation program known as the Hori-
zon 2020 project, funded by the European Union under

Return line voltage

Return line current
2565 A

MRTB current

Grounding current (at Anan C/S)
Measuring device
is saturated

MRTB close

MRTB
current cleared

open

2240 A

527 A

274 A

300 ms

Fig. 8.161 MRTB operation during a lightning fault at
a transmission tower
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Fig. 8.162 Photograph of the setup for a HVDC circuit
breaker test conducted at the DNV GL/KEMA laborato-
ries [8.79]

grant agreement no. 691714 [8.79]. Figure 8.163 shows
a schematic of the test circuit of the DC circuit breaker.

The active resonant circuit consisted of a capaci-
tor (Cp) as well as a reactor (Lp), a spark gap, and
a MOSA that were connected in parallel to Cp. For
the DC circuit breaker interruption tests, the discharge
time of the precharged Cp (kept at a constant applied
voltage) had a delay of only a few ms following con-

Active resonant circuit

VCB interrupt unit

MOV

V I

Auxiliary
breaker

DC
current
source

DCCB

GapLpCp

Fig. 8.163 Test circuit for a DC circuit
breaker utilizing the active resonant
current zero creation scheme

tact separation of the vacuum interrupter. The active
resonant discharge created a current zero by superim-
posing a high-frequency inverse current injected by the
series-connected capacitance Cp and reactance Lp. The
interrupting current was supplied by an AC current
source that provided an equivalent DC current when
the DC circuit breaker interrupted a peak current from
a power-frequency short circuit.

Test conditions were determined in accordance with
the dielectric requirements for a high-voltage AC cir-
cuit breaker, and the DC interrupting currents ranged
from 0:5 kA (corresponding to the nominal current) up
to 16 kA.

Figure 8.164 shows the full test-sequence wave-
forms and magnifications of those waveforms recorded
during interruption tests on the DC circuit breaker us-
ing interrupting currents of 16 and 5 kA. Tests showed
that the DCCB successfully interrupted the first current
zero created by an injected current when it was used to
interrupt currents of 16 and 5 kA.

The rate of rise of the recovery voltage (given by
Lpdi=dt) becomes steeper as the interrupting current de-
creases. The overvoltage generated after interruption is
determined as

Vp D k

s

Ls
Cp

I ; (8.14)

where Ls is the inductance of the source circuit, Cp is
the capacitor connected in parallel with the interrupter
unit, I is the breaking current, and k (< 1) is a damp-
ing factor caused by stray resistance of each component
of the circuit. Therefore, the overvoltage (Vp) increases
with increasing breaking current I, but it is limited by
the restriction voltage of the MOSA connected in par-
allel to Cp.

During a CIGRE session in 2018, China reported
the application of a 160kV, 9 kA mechanical DC cir-
cuit breaker with active resonant current injection to
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Fig. 8.165 Photograph of a 160 kV, 9 kA mechanical DC
circuit breaker with current injection [8.81]

three terminal HVDC grids (Fig. 8.165). They also con-
ducted an artificial grounding test and confirmed that
the DC circuit breaker was able to clear a 1:4 kA DC
fault within 3:5ms.

8.5.8 Hybrid Mechanical
and Power Electronic Switch

The configuration of a hybrid mechanical and power
electronic switch is shown in Fig. 8.166 [8.82]. This
type of DC circuit breaker consists of a load com-

mutation switch, an ultrafast disconnector, and a main
breaker branch. The load commutation switch has a few
power electronic devices. This switch can rapidly com-
mutate the DC current to the main breaker branch
after receiving a trip command. The ultrafast dis-
connector is a fast-opening mechanical switch that
isolates the load commutation switch from the main
breaker during interruption. The main breaker consists
of a large number of power electronic devices (IG-
BTs) connected in series and in parallel. MOSAs are
connected in parallel across the main breaker branch
to limit the overvoltage after the main breaker inter-
ruption.

Figure 8.167 shows the sequence of operations for
this type of DC circuit breaker. During normal opera-
tion, the load current flows through the load commu-
tation switch and ultrafast disconnector (Fig. 8.167a).
Since the few power electronic devices in the load com-
mutation switch are small and the ultrafast disconnector
is a mechanical switch, the on-state loss from this cur-
rent path is relatively low.

When the DC circuit breaker receives a trip com-
mand, the load commutation switch turns off, which
commutates current into the main breaker branch
(Fig. 8.167b). After current commutation, the ultrafast
disconnector opens. The power electronic devices in the
main breaker branch are turned off after a time delay
determined by the time needed for the ultrafast dis-
connector to achieve the required voltage withstand.
Upon turning the main breaker off, the current com-
mutates to the MOSA and the MOSA dissipates energy
(Fig. 8.167c). When the current reaches zero, the resid-
ual DC current breaker outside the DC breaker opens
and interruption is completed.

Figure 8.168 shows test results for an 80 kV hybrid
mechanical and power electronic switch. In this test, the
DC circuit breaker interrupted a fault current of about
9 kA.
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Main breaker
branch

Main load
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Fig. 8.169 Photograph of a 535 kV, 26 kA DC circuit
breaker (a hybrid mechanical and power electronic switch).
(Courtesy of NR Electric, State Grid Corporation of China)

Figure 8.169 shows a photograph of a prototype
535 kV, 26 kA hybrid mechanical and power electronic
DC circuit breaker [8.83], and Fig. 8.170 shows its con-
figuration. The hybrid HVDC circuit breaker consists
of a main load branch and a main breaker branch. The
main load branch includes a fast mechanical switch
and an IGBT commutation module. The main breaker

Main load branch

Main breaker branch

MOV dissipation branch

Q1

Q2

R1

S1

D2 D4

D1 D3

Fig. 8.170 Configuration of the hybrid 500 kV DC circuit
breaker

branch consists of series-connected IGBT modules with
several diodes and an energy-dissipating MOSA con-
nected in parallel. Figure 8.171 shows the DC current
interruption process for the 535 kV DC circuit breaker.
A prototype 220 kV hybrid mechanical and power elec-
tronic DC circuit breaker of this design has already been
installed in a multiterminal HVDC grid in China [8.84].
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Table 8.18 Main switching duties of disconnecting switches (DSs) used in bipolar HVDC systems

Switching duty DS group in
Fig. 8.172

Switching duty Specification

Line discharging
current switching

A1, A2, A3 Interrupt the line discharging current that flows through a snubber circuit in
the converter resulting from charge remaining in the lines after the converter
has been stopped.

HVDC 0:1A

No-load line
transfer current
switching

B Switch a circuit connected between a no-load positive line and a negative
line when a phase-to-ground fault has occurred along the lines. The system
is stopped prior to DS operation.

HVDC 0:1A

Loop current
switching

C1, C2 Transfer the loop current though a disconnecting switch (DS) to a bypass
switch (BPS) connected in parallel with a converter unit by opening the
DS when the converter stops operating. Closing duty is also required when
a converter unit starts operating.

LVDC 2800A

Converter charging
current switching

D1, D2 Interrupt the charging current through a converter unit when the converter
stops operating. The current present during converter operation includes
a ripple current. When the converter unit starts operating, a closing surge is
generated by DS operation.

HV DC 1A

Switching duty DS group in
Fig. 8.172

Switching duty Specification

Line discharging
current switching

A1, A2, A3 Interrupt the line discharging current that flows through a snubber circuit in
the converter resulting from charge remaining in the lines after the converter
has been stopped.

HVDC 0:1A

No-load line
transfer current
switching

B Switch a circuit connected between a no-load positive line and a negative
line when a phase-to-ground fault has occurred along the lines. The system
is stopped prior to DS operation.

HVDC 0:1A

Loop current
switching

C1, C2 Transfer the loop current though a disconnecting switch (DS) to a bypass
switch (BPS) connected in parallel with a converter unit by opening the
DS when the converter stops operating. Closing duty is also required when
a converter unit starts operating.

LVDC 2800A

Converter charging
current switching

D1, D2 Interrupt the charging current through a converter unit when the converter
stops operating. The current present during converter operation includes
a ripple current. When the converter unit starts operating, a closing surge is
generated by DS operation.

HV DC 1A

8.5.9 HVDC Disconnecting Switches

HVDC disconnecting switches (DSs) are used to dis-
connect various circuits in HVDC transmission net-
works. For example, HVDC DSs are used for switching
duties such as line or cable charging current switch-
ing and no-load line or cable transfer switching, and
for disconnecting equipment such as a converter bank
(thyristor valve), filter bank, and grounding line. HVDC
DSs are also used in DC switchgear to terminate the
residual or leakage current through an interrupter after
a fault current has been cleared.

Figure 8.172 shows an example of a single-pole di-
agram of the relevant switching equipment (except for
MRTBs) in a bipolar HVDC transmission system in
Japan. In general, the requirements for HVDC DSs and
earthing switches (ESs) in the HVDC system are similar
to those for HVAC DSs and ESs used in the AC system,

a) b) c)
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(H alt
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L
Current

flow

Fig. 8.173a–c Current transfer process for a group C DS. (a) DS closed, (b) DS open, (c) equivalent circuit of the DS (R, L:
resistance and induction of loop circuit)

but there are additional requirements for some equip-
ment, depending on their applications. Table 8.18 lists
the major switching duties imposed on these HVDC
DSs [8.66].

� Group A: Here, the DS is required to interrupt
the line discharging current resulting from resid-
ual charge in a submarine cable with a relatively
large capacitance (approximately 20�F). The resid-
ual voltage induced in the line after a converter halt
is discharged through a snubber circuit in a con-
verter bank at both C/Ss (Anan C/S and Kihoku
C/S) to ground. The discharge time constant is about
40 s, which corresponds to a discharging time of
3min. The discharge current was set to 0:1A based
on the value calculated from the residual voltage of
125 kV and the resistance of the snubber circuit in
the thyristor valve.
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Fig. 8.174 Voltage difference between the DS contacts

� Group B: In this case, the DS is normally used to
switch a faulted transmission line to a healthy neu-
tral line that is temporarily or permanently used for
transmission after the system has been completely
stopped. This requires the same specifications as
those for group A DSs.� Group C: These DSs are required to transfer the
nominal load current from the DS to a bypass switch
(BPS) connected in parallel with a converter bank
in order to restart the bank unit. The specification of
the transfer current is 2800A in this project.

Figure 8.173 illustrates the nominal current transfer pro-
cess from the DS to the BPS. First, the upper converter
bank unit is stopped and the lower converter bank unit
is operated. In order to operate the upper bank unit from
a halted condition, DS C1 is then opened to commu-
tate the nominal current into the BPS. The requirements

Resistor

Current

Pre-arc

Closed position

Resistor

Fixed contact

Fixed contact

Tank

Shield of fixed
contact side

Shield of fixed
contact side

Moving
contact
(open
position)

Moving contact
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Fig. 8.175 DC
500 kV DS with
a closing resistor
and the closing
sequence used

for group C DSs are based on an analysis of the equiv-
alent circuit for the current transfer process (shown in
Fig. 8.173c) and a voltage of 1V DC at a nominal cur-
rent of 2800A. The voltage was calculated for a resis-
tance and inductance per unit length corresponding to
the current transfer length including the DC-GIS.

� Group D: In this case, the DS is required to in-
terrupt a converter bank charging current when the
converter bank unit is stopped. Even if the thyris-
tor valve is halted, a ripple current flows due to the
stray capacitance of the converter bank. Analytical
results show that the ripple current is very likely to
be chopped to less than 1A, and that the recovery
voltage due to the difference between the residual
DC voltage on the converter side and the DC voltage
on the line side (which includes ripple components)
is less than 70 kV, as shown in Fig. 8.174.

Furthermore, the DS is equipped with a closing re-
sistor of 1 k� to suppress switching surges caused by
the operation of the DS. Figure 8.175 shows a schematic
of the DS with the closing resistor, as well as the clos-
ing sequence. Although this resistor is used to suppress
the closing surge, the resistor is also included during the
opening sequence due to the design of the DS.

The switching performance of HVDC DSs (all
groups) is based on that of AC DSs, and HVDC DS
performance is established in factory tests performed
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Fig. 8.176 DC DSs, ESs, CTs, VT, and a MOSA (labeled
LA in the photograph) used in the 500 kV DC GIS

under the conditions shown in Table 8.18. There are no
significant design differences between HVAC DSs and
HVDC DSs except for the creepage distance, which is
about 20% longer for HVDC applications.

DC gas-insulated switchgear (DC-GIS) consisting
of several HVDC DSs and ESs are also applied in
HVDC networks close to a coastline. Figure 8.176
shows an example of DC-GIS (including DC DSs and
ESs) that was installed at a converter station in a bipolar
HVDC system commissioned in 2000.

8.5.10 Summary

DC circuit breakers with different current zero creation
schemes have been applied in many industrial applica-
tions. MRTBs are commonly applied in bipolar HVDC
systems. However, field demonstrations of HVDC cir-
cuit breakers in multiterminal HVDC networks are still
awaited. CIGRE provides continuous updates on the
development of and progress in HV circuit breaker
technologies that are applicable to future multiterminal
HVDC networks.

DC circuit breakers with active current injection and
hybrid DC circuit breakers with IGBT devices have
been developed for use up to the 80 kV, 16 kA and
500 kV, 25 kA levels, respectively.

Air- and gas-insulated HVDC disconnecting
switches (DSs) have been applied in many bipolar
HVDC systems. There are no significant design differ-
ences between HVAC DSs and HVDC DSs except for
the creeping distance, which is about 120% longer for
HVDC applications.
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9. Overhead Lines

Konstantin O. Papailiou

Overhead transmission lines have formed the back-
bone of electric power systems over their history
of more than 125years, being at the same time
the largest man-made artifacts on Earth. Another
peculiarity of overhead lines is that their study en-
compassesquitea fewengineeringdisciplines, such
as electrical, mechanical, civil, and environmental.
As system operation issues of lines are covered in
Chap. 5, this chapter concentrates on line compo-
nents. It starts by explaining the design philosophy
of lines,withanemphasis on thecalculationof typ-
ical line loads, mainly coming from wind and ice,
and includes the latest findings on electromagnetic
fields (EMF) and health. It continues by treating the
individual line components, from material selec-
tion, manufacturing processes, stress calculations,
to special applications. For instance, for conduc-
tors, the most costly and important component of
a line, emphasis is placedondifferent types of con-
ductor, their material properties, andwhat is called
their internal mechanics, including sag–tension
calculations. However, sufficient space is also ded-
icated to the ever-important issue of conductor
vibrations, thermal rating and monitoring, bun-
dle conductors, as well as new types of conductor.
Similarly for insulators, after an in-depth presen-
tation of pollution issues, the focus is on three
different types of insulator, i.e., porcelain, glass,
and composite. Conductor fittings are addressed
next, covering, beside the different types of clamps
and joints, also conductor hardware for vibration
control, such as Stockbridge and spacer dampers.
Line supports, being the most visible component of
a line, have seen a significant shift in recent years
towards esthetic structuresand compactness,while
their foundations have benefited from improved
designs and new site investigation techniques. The
final sections cover construction andmaintenance,
including new technologies such as robotics, and
line uprating and upgrading, the latter reflecting
the increasing trendtowardsaugmenting thepower
transfer capacity of existing lines, as it is not always
easy to build new lines. The goal of this chapter is

thus to provide the reader with all the basic infor-
mation required to understand how an overhead
line is designed, constructed, and maintained and
help in taking the right decisions regarding ma-
terial selection, the calculation of external loads
and internal stresses, and the choice of appropri-
ate standards and testing procedures. Some 300
references facilitate these tasks.

Additional information and supplementary ex-
ercises for this chapter are available online.
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9.1 History and Present Challenges

Since their first installation in 1891, overhead trans-
mission lines have formed the backbone of electric
power systems, with more than a million kilometers
now in service worldwide. In Europe alone, more than
200 000 km (system length) at 380 kV and more than
100 000 km at 220 kV are in operation. Lines at lower
voltages, often called subtransmission or distribution
lines, reach millions of kilometers.

Despite some acceptance problems faced mainly by
high-voltage lines in recent years, their future seems
bright, as they are considered indispensable for the
transmission of bulk electric power over long dis-
tances.

This trend is enhanced by the following facts:

a) Approximately 20% of the world’s population has
no access to electrical power.

b) Demand for electrical power will more than double
by 2035.

Because of this, worldwide investment in electrical net-
works of approximately USD20 billion will be required
up to this date, 40% of which will go on transmission
and distribution networks.

In addition, because of the megatrend in recent
years in many countries towards renewables and in par-
ticular wind farms, which are often located in remote
areas, there is an increasing demand for new overhead
lines. As an example, in Germany, a pioneer in the use

of renewable generation, the demand for new 380-kV
lines has been estimated to be about 4000 km.

9.1.1 First Steps

The first high-voltage alternating-current (AC) over-
head line was built in Germany in 1891, from Lauffen
am Neckar (a small city in Southern Germany) to
Frankfurt am Main (Fig. 9.1). The italics indicate that

Fig. 9.1 First HV
AC overhead line
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Fig. 9.2 Development of overhead line (OHL) voltages

high voltage in those days was only 15 kV (although the
line was later operated at 25 kV). It is interesting to note
that, although industrial-scale transmission of electrical
power was developed in direct current (DC) for long-
distance transmission for railways between Vizille and
Grenoble in France as early as 1883 by Marcel Deprez,
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Fig. 9.3a–d Milestones of OHL insulators (source Pfisterer Lapp): (a) cap-and-pin porcelain insulators, (b) motor insu-
lator, (c) porcelain longrods, (d) silicone rubber composite insulators

preference was given to AC over DC because the use of
the transformer gave AC an essential advantage.

The line had a length of 175 km and was used to
provide electrical power to 1000 lamps and an AC mo-
tor for an artificial waterfall installed at the premises
of the Frankfurt Fair. Based on the technology of tele-
graph lines at that time, 3200 wooden poles were used
to carry the 12.6-mm2 copper conductors, supported
by oil-filled porcelain insulators. No wonder the losses
were about 25%.

The father of the transmission project for the
Frankfurt Fair was Oskar von Miller from Munich,
who later established the Deutsches Museum there.
The designers of the electrical equipment were Charles
Brown and Walter Boveri from Switzerland, who es-
tablished the Brown–Boveri Company (BBC) soon
thereafter. The designer of the overhead line as well
as the electrical pump was Michail Ossipowitsch
Doliwo-Dobrowolski from Allgemeine Electricitäts-
Gesellschaft (AEG).

What started as a single, point-to-point connection
for a rather fancy application became in subsequent
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Fig. 9.4 1200 kV AC line at a test station in Bina, India
(photo: A. Pigini)

years probably the most complex machinemankind has
ever conceived, the power grid.

9.1.2 Important Milestones

It was soon recognized by early overhead line engineers
that, to transmit large amounts of electrical power, the
current and voltage had to be increased. This spurred
intense development of conductors for higher currents
and insulators for higher voltages.

As the copper wires originally used were heavy and
expensive, aluminum wires were soon introduced, and
a seven-strand aluminum conductor was put in service
in 1897 in Connecticut. An important milestone was
the introduction of bimetallic conductors, namely alu-
minum conductor steel-reinforced (ACSR) conductors,
in 1907. Today’s conductors with diameters of 50mm
or more can carry up to 1500A, and modern high-
temperature low-sag (HTLS) conductors (Sect. 9.4.9)
even more.

Fig. 9.5 Study Walking giants (photo: Landsnet, Iceland)

The necessity for higher voltages (Fig. 9.2 [9.1])
could only be addressed by the parallel development
of suitable insulators (Fig. 9.3). From the invention of
cap-and-pin porcelain (or glass) insulators (Fig. 9.3a),
which enabled, by simply adding more units, long
insulator strings and thus higher voltages, to the so-
called motor insulator (Fig. 9.3b) to porcelain lon-
grods (Fig. 9.3c) to today’s silicone rubber composite
insulators (Fig. 9.3d), insulators have proven to be
an extremely innovative—and reliable—component of
overhead lines.

With the introduction of higher voltages and larger
conductors, the appropriate support technology had to
keep pace. This is visually evident in the development
of the towers, the most visible elements of an overhead
line: from the wooden poles of the early days (Fig. 9.1),
to the impressive structures of 1200-kV AC lines of the
present (Fig. 9.4).

In recent years, the esthetics of overhead lines have
attracted considerable attention from the public, fos-
tering the development of compact lines and so-called
esthetic or design towers [9.2] (Fig. 9.5).

9.1.3 Present Challenges

Overhead lines are and will be for a long time the
prime medium for transmitting bulk electrical power,
despite serious objections from the public in many
countries and recent advances in HV underground
cable technology. While always an interesting sub-
ject, OHL have over the years tended to become
business as usual, also suffering from the liberal-
ization of electricity markets and the partly nega-
tive effects on utility investments. This situation has
changed dramatically—and positively for OHL—in re-
cent years with the worldwide megatrend—led by
Germany—toward renewables. The result of this de-
velopment is the requirement for a considerable num-
ber of new power transmission corridors. Overhead



9.2 Planning 615
Section

9.2

lines are thus becoming, not only in Europe, big busi-
ness.

Technically, there is broad agreement that these
lines are badly needed to maintain system stability and
reliability, with even traditionally critical organizations
such as Greenpeace seeming to agree and project fi-
nancing not representing a barrier. The big issue with
system expansion is the strong opposition from the pub-
lic to new lines, faithful to the well-known not in my
backyard (NIMBY) principle. This has resulted in ap-
proval processes that last—if they are ever successful—
between 10 and 20 years, with endless discussions and
mainly emotional arguments from opponents, with the
media doing their best to keep the fire burning.

In this context, the Conseil International des Grands
Réseaux Électriques (CIGRE; International Council
on Large Electric Systems, http://www.cigre.org), the
largest and most important nongovernmental, nonprofit
organization in the field of electrical power networks,
and in particular its Study Committee on Overhead
Lines (SC B2), which covers all aspects of the design,
construction, and maintenance of overhead power lines,
play a key role and help all involved stakeholders by
providing unbiased information through international

conferences and broadly accepted publications such
as technical brochures, major reference works (Green
Books), etc.

Related to this, it is interesting to consider which
issues are of particular importance to the OHL commu-
nity worldwide, as determined in a quite recent survey
by the Customer Advisory Group (CAG) of SC B2.
They are:

� Increase capacity of existing lines� New materials for use with OHL� Public acceptance of OHL.

Other issues of interest identified by this survey are:

� Condition assessment and estimated remaining as-
set life� Methods to optimize design� Best construction and maintenance techniques and
procedures� Foundations for difficult soil conditions.

All these are covered extensively in the following sec-
tions of this chapter.

9.2 Planning

An overhead line is, in a sense, a unique device. Elec-
trically, they are wave guides carrying electromagnetic
waves at high power, in most cases over long distances.
Mechanically, and because of the long distance issue,
they sustain a spectrum of external, mainly climatic
loads (e.g., wind and ice) but also temperature varia-
tions. The foundations for their supporting structures
face a wide variety of soil conditions, from normal
soil to hard rock, which call for different foundation
techniques. All this, in combination with the potential
hazards of high voltages and high currents, requires
meticulous planning, design, construction, and mainte-
nance of a transmission line project, while bearing in
mind that the most important physical parameter is cost.

9.2.1 Planning Process

As in many human activities, the focus of power grids
has changed over the years. While at the beginning of
electrification capital was not a major issue, investors
in grids soon became more price conscious, until cur-
rent times, where environmental issues have become
predominant.

In this sense, and in line with the rapid increase
in the awareness and participation of the public, the

initiation and most importantly completion of a trans-
mission line project has become a difficult puzzle, as
an appropriate balance must be found between security
of supply, safety, sustainability, and as far as possible
cost-efficiency, in order to be acceptable to the public
and thus politically viable.

New transmission line projects are always initiated
by system planners, who have the best overview of
present and future system requirements regarding load
growth. The system planner should cooperate closely
with line designers at an early stage of the project, as
their input can significantly influence the design of the
line and provide the following information to the line
designers [9.3]:

� The profile of the proposed line load on a yearly
and daily basis, which is essential for the designer
to determine the templating temperature of the line� The load growth, which is necessary to determine
the optimum aluminum area of conductors� The characteristic impedance (Chap. 5), which is
necessary to determine the optimum bundle and
phase configuration (for AC lines)� The voltage of the line, which is often fixed
based on the well-accepted rule of thumb for

http://www.cigre.org
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Fig. 9.6 Optimum transmission voltage (adapted
from [9.4])

the optimum transmission voltage of 1 kV=km
(Fig. 9.6).

Because of the latter, the design window in the planning
stage of new lines is often limited mainly to the choice
of the conductor and insulator, and for voltages above
220 kV to the decision on the bundle configuration. Im-
portant parameters for this selection process are:

� Line losses� Corona� Thermal rating� Mechanical loads� EMF limits.

The choice of the insulators depends mainly on the past
experience of the utility, the pollution level, and the in-
sulation coordination of the network.

Overhead line supports are often standardized for
a utility, so the freedom of choice may be rather lim-
ited. On the other hand, because of increased public
awareness—and often objections—to new lines, so-
called esthetic supports (Sect. 9.7.6) are considered as
alternatives.

The next and very important step in the planning
process is line route selection and related property
acquisitions to establish the necessary right of way
(ROW). As this requires negotiations with land own-
ers, which by nature can become emotional, this takes
quite a long time to accomplish. CIGRE TB 147 [9.5]

covers the requirements for route selection, consultation
models, and property acquisition. After completion, the
detailed design stage can begin.

The detailed design phase precedes the execution
phase. The output of this phase is a detailed design and
costing, which is then presented to management for ex-
ecution approval, as shown exemplarily here [9.6]:

� Planning information:
– Reason for the line, including extract from the

planning proposal documentation
– Information from network planners on line re-

quirements, including time and cost constraints� Survey and environmental:
– Possible routes with cost options
– Environmental impact assessment (EIA)
– Route and profile� Initial tower, conductor, and foundation combina-
tions:
– Options selected for analysis
– Appropriate technology index (ATI) analysis

and results
– Design options for further analysis� Towers:
– Tower design chosen
– Tower schedule summary� Conductor and earth wire:
– Final conductor or conductor bundle chosen
– Final earth wire chosen� Foundations:
– Geotechnical survey results
– Foundation designs for each soil category and

tower type
– Schedule summary of foundation types� Hardware:
– Outline of suspension and strain assemblies
– Damping system used
– Clamps and fittings� Insulators:
– Analysis of pollution and other requirements
– Insulator options that could be used
– Final insulator selection� Performance assessment:
– Performance analysis of other lines in the vicin-

ity
– Lightning performance studies
– Environmental impact studies such as bird pol-

lution/interaction with the line, forest, grass, or
cane fires.

The importance of the planning stage and the great at-
tention it deserves are well documented in Fig. 9.7,
showing a quite optimistic time schedule for a trans-
mission line project, as nowadays line route acquisition
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6
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Final approval procedure12

Construction13

Planning permit procedure9

Finalisation of approval documen-
tation incl. environmental
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10

Preparation of application documents
incl. environmental compatibility
assessment

Fig. 9.7 Time schedule of a transmission line project in Germany

alone may sometimes take up to 20 years. Thus, the
planning process consumes more than 80% of the
project execution time.

9.2.2 Line Optimization

As mentioned above, the design options for a new line
are in most cases de facto limited. In particular in in-
dustrialized countries, where the power grid is already
well developed, many line components are standardized
by the utilities due to logistics, storekeeping, and main-
tenance issues. Also, alternative line routes are difficult
to find in densely populated areas. There are exceptions
though: Presently in Germany new cross-country trans-
mission corridors are planned for the better diffusion of
renewable power to the grid; these new lines, which will
have to be partially undergrounded, will be executed in
DC with all design options open.

This is also the case in developing countries, where
often long distances in lightly populated areas have to
be covered and where financial constraints demand the
most cost-efficient solution. Good examples in recent
years for such projects are the 1000-kV AC and 800-
kV DC lines in China, the 1200-kV AC lines in India,
and the very long 600-kV DC and 765-kV AC lines in
Brazil and South Africa, respectively.

In such cases, it is important to apply an objec-
tive optimization procedure, such as the one described
in [9.6].

For AC lines, the line parameters that affect the abil-
ity of the line to transmit power over long distances are
primarily the resistance, inductance, and capacitance
values. The thermal rating can be affected by the height
above ground as well as the conductor choice, which af-
fects the sag–temperature relationship of the conductor.
An optimal line should have low inductance, high ca-
pacitance, and low resistance. To achieve this, it is also
important to observe constraints regarding corona and
mechanical loading.

Table 9.1 presents the relationship between the
surge impedance loading (SIL), corona, mechanical
loading, and thermal rating.

For DC transmission lines, the corona limitation
related to losses, the corona inception voltage for the
conductor Ec, and Emax are the important parameters.
The bundle design and the positive and negative pole
separation as well as the voltage chosen for the optimal
power flow are critical for the optimization of high-
voltage direct-current (HVDC) lines.

Table 9.2 [9.6] summarizes the options relating to
conductor and bundle selection for HVDC lines. Note
that the SIL mentioned in the AC section is not valid for
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Table 9.1 Relationship between actions taken in AC line
design and effect on SIL, corona, mechanical loading, and
thermal rating

SIL Corona Mechanical
loading

Thermal
rating

Phase spac-
ing decrease

Good Bad Good
(minor effect)

Neutral

Large Al
area/cond.
(less conduc-
tors)

Bad Bad Good Bad

Diameter
bundle in-
crease

Good Bad Bad
(minor effect)

Neutral

High steel
content

Neutral Neutral Bad Good

SIL Corona Mechanical
loading

Thermal
rating

Phase spac-
ing decrease

Good Bad Good
(minor effect)

Neutral

Large Al
area/cond.
(less conduc-
tors)

Bad Bad Good Bad

Diameter
bundle in-
crease

Good Bad Bad
(minor effect)

Neutral

High steel
content

Neutral Neutral Bad Good

HVDC. Hence, this column is replaced with the voltage
drop. In Tables 9.1 and 9.2:

� Bad implies that the option chosen will require in-
depth study of this parameter and mitigating actions
to be taken.� Good indicates that the parameter will be favorably
influenced by the action (e.g., the voltage drop will
be lower along conductors with large Al area).� Neutralmeans that the parameter chosen will not be
affected by the choice of action.� Minor effect means that the effect is secondary but
must be taken into account in the design.

To determine the best set of design options among
a number of alternatives, an indicator called the appro-
priate technology indicator (ATI) has been proposed,
utilizing [9.6] the bang for your buck concept, the bang
being in this case the surge impedance loading and the
thermal rating of the line and the buck being the ini-
tial cost, with the life cycle cost also being included to
avoid focus on the initial cost only; thus, the higher the
ATI, the better the design option.

The following indicators have been proposed:
For AC lines,

ATIAC D w1LCCCw2
IC

MVAsil
Cw3

IC

MVAth
; (9.1)

Table 9.2 Relationship between actions taken in DC line design and effect on voltage drop, corona, mechanical loading,
and thermal rating

Action Voltage drop Corona Mechanical loading Thermal rating
C and � pole spacing decrease Neutral Bad Good Neutral
Large Al area/cond. (less conductors) Good Bad Good (minor effect) Bad
Diameter bundle increase Neutral Bad Bad (minor effect) Neutral
High steel content Neutral Neutral Bad Good

Action Voltage drop Corona Mechanical loading Thermal rating
C and � pole spacing decrease Neutral Bad Good Neutral
Large Al area/cond. (less conductors) Good Bad Good (minor effect) Bad
Diameter bundle increase Neutral Bad Bad (minor effect) Neutral
High steel content Neutral Neutral Bad Good

where the life cycle cost (LCC) includes system losses,
maintenance, and the initial cost (IC) of the line, MVAsil

is the surge impedance loading, MVAth is the ther-
mal limit under contingency conditions, and wi are the
weights for each term.

For DC lines,

ATIDC D w1LCCCw2Pcor loss Cw3
IC

MVAth
; (9.2)

where LCC is the life cycle cost including system
losses, maintenance, and the initial cost, Pcor loss is the
power loss due to corona, IC is the initial cost, and
MVAth is the thermal rating of the line.

The terms in (9.1) and (9.2) are normalized to
a score out of 10 to enable their addition.

The weightswi are determined by the network plan-
ners, who determine the importance of each component
in relation to the needs of the line in the network; for
example, the LCC would be given a high rating if the
cost of capital is relatively low but the marginal cost of
generation is high. It is recommended that the weights
be varied and the option with the highest ranking, rep-
resenting the most robust design, be adopted.

It is worth noting that, for DC lines, pioneering
work was reported in [9.7], where a detailed analysis
of a range of line configurations, voltages, and termi-
nal station options was evaluated. Based on this report
and in particular on Fig. 9.8 therefrom, the voltage level
of a new DC line can be determined for a given power
transfer and line length requirement. In this case, the
optimization process will be as follows [9.8]:

� Determine the voltage level using the method pro-
posed in [9.7].� Determine the conductor/bundle configurations that
meet the corona level limits for the selected voltage
level.� Determine the range of tower, conductor, and foun-
dation combinations using an objective indicator.� Once the group of line design options has been
finalized, revisit the voltage, converter, and line de-
sign options to confirm that the options chosen
are indeed valid. If not, the process needs to be
restarted.� Finalize the system design.
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Fig. 9.8 Optimal DC voltage as
a function of converter station
power and line length. Yearly cost:
line investment and losses as well
as station cost (station losses not
included, equal for same station power
and different voltage). (Adapted
from [9.7])

9.2.3 Costs

Reliable cost estimation at an early stage of the plan-
ning process is advantageous for the utility, in order to
forecast and set aside necessary investments. This is not
always easy, as the cost interactions of the various line
components are rather complex. This situation was well
explained in an early, remarkable paper [9.9].

Figure 9.9 presents in a nutshell quite valuable
information for the optimum span length of a 220-
kV double circuit line using ACSR 402/67 conductors
(402-mm2 aluminum, 67-mm2 steel), i.e., the often used
aluminum-to-steel ratio of 6 W 1, for two different con-
ductor everyday stresses (EDS) at 10 ıC. The higher this
stress, the heavier the towers and the larger the founda-
tions of the line. On the other hand, in this case, the
conductor sag f and thus the number of towers i per km
will decrease, leading to an optimum span length be-
tween 360 and 375m. The span length with minimum
investment costs is normally 10% higher, i.e., around
400m, because other costs such as insulators, fittings,
and earthing are directly proportional to the number of
towers.

Interestingly enough, in recent years, there has been
a trend in areas with low ice loads towards conductors
with higher aluminum content, i.e., aluminum-to-steel
ratios of up to 11 W 1 or even all aluminum conductors
(AAC). These cost less than ACSR cables with the same
aluminum cross-section, and although their lower ten-
sion increases the sag, at the same time, because of
their smaller weight and diameter, they impose lower
mechanical loads, leading to less expensive towers and
foundations.

In 2013, CIGRE WG B2.51 carried out a world-
wide survey on overhead line costs and published them
in [9.6], from which Fig. 9.10 is reproduced, showing
the total line cost per route kilometer for a number of

0 500

ACSR 402/67

f

i

600400300200100

500 600400300200100

a) Tower weight GM (t/km)

Span length (m)
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Fig. 9.9 (a) Tower weight per km GM and (b) sag
f (at 40 ıC) over the span length for a 380-kV line
to determine the optimal span length. Dashed lines:
GEDS D 55N=mm2 D 17% of GRTS; solid lines: GEDS D
65N=mm2 D 20% of GRTS [9.9]

lines in various parts of the world, which partly explains
the wide spread of costs.

Table 9.3 from the same source presents a compar-
ison of line component costs between 1991 [9.10, 11]
and 2013 [9.6].

Because the sample of answers to the survey in 2013
was considerably smaller than the more than 200 par-
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Fig. 9.10 Line costs in US dollars (USD) per route kilometer (adapted from [9.6])

Table 9.3 Comparison of line component costs between 1991 and 2013 (adapted from [9.6])

Year Material
costs

Construction
costs

Cond. Shield
wire

Insul. Towers FNDN

For all lines and voltages 1991 63.7 36.3 32.7 3.8 8.1 36.2 19.2
2013 42.4 57.6 31.8 2.7 7.6 46.3 11.6

For all lines up to 150 kV 1991 64.3 35.7 31.6 4.1 8.8 36.0 19.5
2013 46.4 53.6 28.6 2.0 7.9 49.6 11.9

For all lines over 300 kV 1991 62.6 37.4 34.1 3.9 6.9 36.4 18.7
2013 46.8 53.2 35.7 3.0 7.2 42.7 11.4

All single-circuit lines 1991 63.6 36.4 33.1 4.2 8.2 35.6 18.8
2013 42.8 57.2 33.4 2.8 6.9 43.7 13.3

All double-circuit lines 1991 63.8 36.2 32.0 3.3 7.9 37.1 19.7
2013 31.0 69.0 24.7 2.3 10.6 58.1 4.3

Guyed-structure lines 1991 59.6 40.4 32.8 3.2 8.3 36.0 19.8
2013 55.0 45.0 36.5 3.2 6.3 41.3 12.7

Lines with one conductor/phases 1991 64.4 35.6 32.2 4.2 8.5 36.3 18.8
2013 38.7 61.3 28.3 2.0 7.8 45.1 16.9

Lines with two conductors/phases 1991 64.6 35.4 32.3 4.0 8.1 36.2 19.4
2013 38.0 62.0 32.3 2.3 10.6 48.4 6.3

Lines with three conductors/phases 1991 60.8 39.2 35.1 3.7 7.0 40.3 13.8
2013 41.5 58.5 36.6 4.6 6.6 42.6 9.6

Lines with four conductors/phases 1991 61.4 38.6 33.4 2.7 7.6 33.5 22.9
2013 56.5 43.5 34.2 3.4 7.9 37.9 16.7

Year Material
costs

Construction
costs

Cond. Shield
wire

Insul. Towers FNDN

For all lines and voltages 1991 63.7 36.3 32.7 3.8 8.1 36.2 19.2
2013 42.4 57.6 31.8 2.7 7.6 46.3 11.6

For all lines up to 150 kV 1991 64.3 35.7 31.6 4.1 8.8 36.0 19.5
2013 46.4 53.6 28.6 2.0 7.9 49.6 11.9

For all lines over 300 kV 1991 62.6 37.4 34.1 3.9 6.9 36.4 18.7
2013 46.8 53.2 35.7 3.0 7.2 42.7 11.4

All single-circuit lines 1991 63.6 36.4 33.1 4.2 8.2 35.6 18.8
2013 42.8 57.2 33.4 2.8 6.9 43.7 13.3

All double-circuit lines 1991 63.8 36.2 32.0 3.3 7.9 37.1 19.7
2013 31.0 69.0 24.7 2.3 10.6 58.1 4.3

Guyed-structure lines 1991 59.6 40.4 32.8 3.2 8.3 36.0 19.8
2013 55.0 45.0 36.5 3.2 6.3 41.3 12.7

Lines with one conductor/phases 1991 64.4 35.6 32.2 4.2 8.5 36.3 18.8
2013 38.7 61.3 28.3 2.0 7.8 45.1 16.9

Lines with two conductors/phases 1991 64.6 35.4 32.3 4.0 8.1 36.2 19.4
2013 38.0 62.0 32.3 2.3 10.6 48.4 6.3

Lines with three conductors/phases 1991 60.8 39.2 35.1 3.7 7.0 40.3 13.8
2013 41.5 58.5 36.6 4.6 6.6 42.6 9.6

Lines with four conductors/phases 1991 61.4 38.6 33.4 2.7 7.6 33.5 22.9
2013 56.5 43.5 34.2 3.4 7.9 37.9 16.7

ticipants in 1991, care should be taken when drawing
conclusions. Nevertheless, analysis of the figures re-
veals certain trends:

� The cost per kilometer of lines increased from 1991
to 2013 in real terms mainly due to cost of labor and
environmental issues.

� Design costs average around 20% of the line cost,
which includes landowner and environmental con-
siderations.� Material costs have significantly reduced compared
with construction costs.� There were small changes in the relative shares of
conductors, insulators, and fittings in the total line
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Table 9.4 Design parameters and cost breakdown for HV AC OHL

Nominal voltage (kV)
Design parameters 110 220 380 500 750
Thermal rating (MVA) 10–350 300–1000 1400–2700 1800–3000 3000–5000
Optimal rating (MVA) 20–100 120–350 500–1200 700–1500 2000–3000
Right of way (ROW) (m) 40–50 55–60 60–70 60–70 80–120
Tower weight (t=km) 15–25 25–35 45–65 20–40 28–50
Concrete for foundations (m3=km) 100–200 120–250 150–300 120–250 150–300
Total line costs (kC=km) 125–200 150–400 650–1200 300–600 400–750

Cost breakdown (%)
Conductors, insulators, and fittings 35–45 40–50 45–55 45–60 45–60
Towers 35–45 35–45 35–45 30–45 30–45
Foundations 15–25 10–20 7–15 7–15 7–15
Planning 5 4 3 3 3

Nominal voltage (kV)
Design parameters 110 220 380 500 750
Thermal rating (MVA) 10–350 300–1000 1400–2700 1800–3000 3000–5000
Optimal rating (MVA) 20–100 120–350 500–1200 700–1500 2000–3000
Right of way (ROW) (m) 40–50 55–60 60–70 60–70 80–120
Tower weight (t=km) 15–25 25–35 45–65 20–40 28–50
Concrete for foundations (m3=km) 100–200 120–250 150–300 120–250 150–300
Total line costs (kC=km) 125–200 150–400 650–1200 300–600 400–750

Cost breakdown (%)
Conductors, insulators, and fittings 35–45 40–50 45–55 45–60 45–60
Towers 35–45 35–45 35–45 30–45 30–45
Foundations 15–25 10–20 7–15 7–15 7–15
Planning 5 4 3 3 3

costs, with conductors accounting for about 20% of
the total line cost.� The percentage of costs spent on towers seems to be
higher than in 1991. This increase in tower costs as
a percentage may be a result of an increased number
of angle and strain structures due to environmental
pressures resulting in certain line routes which are
not conducive to low-cost tower designs.� Foundations costs have increased at a lower rate
than other components.

In addition, Table 9.4 contains valuable information on
overhead line parameters and costs, mainly from Eu-
rope. The partly lower costs at 500 and 750 kV can be
explained by the fact that these are single-circuit lines
compared with double-circuit 380-kV lines.

9.2.4 Asset Management

Asset management applies to the full life cycle, in-
cluding planning, design, construction, commission-
ing, operation, maintenance, and decommissioning. In
this sense, asset management is described in [9.12]
as “coordinated activity of an organization to realize
value from assets.” In addition, as many line faults
remain unknown—which leads to incomplete analysis
and action—another important task of the asset owner
should be to reduce the number of unknown faults to
a minimum.

The electric utility industry is in a transient con-
dition brought on by privatization, deregulation, and
competition. It is becoming increasingly difficult to ob-
tain the required permits and/or funding to acquire new
rights of way and build new lines, thus utilities are seek-
ing ways to get the most from their existing OHL assets.
In this context, owners and asset managers of overhead
lines increasingly have to ask themselves the following
questions [9.13]:

� Can investments in the overhead transmission sys-
tem be justified?� Can the probability of the next overhead line failure
event be reasonably predicted?� Are the right data in case of a failure event being
collected and managed effectively?� Is the present capability of the overhead line com-
ponents adequately known?

In the past, such questions were answered using qual-
itative data and mostly based on personal experience.
However, in the future, related decisions will need to
be supported by quantitative information and databases
which were not previously available. Using these data,
risk management techniques can be applied to sup-
port management decisions. In the following, some
guidelines which should be helpful to answer the ques-
tions posed above and take the right decisions are
presented [9.14].

Investments
The goal of a management decision regarding an in-
vestment is to minimize the net present value (NPV)
of the annual expenditures over a predetermined invest-
ment period. To obtain comparable results, future costs
must be discounted to the present [9.14, 15], which can
be calculated as follows

NPV D
iDn
X

iD0

Ci

.1C r/i
; (9.3)

where NPV is the net present value of the annual ex-
penditures, n is the period taken into consideration, r is
the discount rate, and Ci is the annual expenditures in
year i, with

Ci D Ei CRi ; (9.4)
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Table 9.5 Annual expenditures related to different levels (adapted for [9.14])

Expenditures connected
mainly to

Annual expenditures
Planned expenditures Risk of failure

Company level Investments Injury or death
Serious damage to the built environment
Bad publicity, loss of customers, even more
difficulties finding new ROW
Cascade failures with electrical system breakdown

System operation level Energy and capacity losses Additional energy and capacity losses
More expensive power generation
Loss of profit due to nondelivered energy
Penalties by the regulator

OHL operation level Operation and maintenance (including landowner
compensation for damage to vegetation)
Overhead costs for information collection and
maintenance of a database

Regular inspections and patrols for checking the
condition of OHL
Painting, tree trimming, and smaller interventions
that are performed regularly
Repairs as necessary

Expenditures connected
mainly to

Annual expenditures
Planned expenditures Risk of failure

Company level Investments Injury or death
Serious damage to the built environment
Bad publicity, loss of customers, even more
difficulties finding new ROW
Cascade failures with electrical system breakdown

System operation level Energy and capacity losses Additional energy and capacity losses
More expensive power generation
Loss of profit due to nondelivered energy
Penalties by the regulator

OHL operation level Operation and maintenance (including landowner
compensation for damage to vegetation)
Overhead costs for information collection and
maintenance of a database

Regular inspections and patrols for checking the
condition of OHL
Painting, tree trimming, and smaller interventions
that are performed regularly
Repairs as necessary

where Ei is the deterministic costs, or planned expen-
ditures, in year i, and, Ri is the probabilistic costs
associated with a risk of failure in year i.

These components are discussed below.

Expenditures
Planned expenditures include the cost of investments
and of normal operations. These costs are related to
different levels within the company, i.e., the company
as a whole, the system operation division—also called
electricity commerce—and the overhead lines division.
Typical values for such costs are presented in Ta-
ble 9.5 [9.14].

Failures
Defects and failures in OHL occur in practice due to:

� Unforeseen external causes such as faults in an ad-
joining grid, extreme weather conditions, sabotage� Internal causes such as wear, aging, deformation,
poor construction, or material failure� Operational aspects such as electrical overload,
switching faults, and improper functioning of pro-
tection and control.

Failures often involve the subsequent effects:

� Fluctuations in the voltage level, leading to distur-
bances of operational processes of the customer� Reconfiguration of the system, resulting in in-
creased losses and/or higher generation costs� Disruption to planned maintenance programs� Restoration costs� Financial claims arising from unavailability of the
transmission line.

The risk of failure of an OHL is defined based on the
probability of failure times the sum of the resulting con-
sequences and whether the event causing failure can be
predicted or not.

Predictable Events. The components of a line are
subjected to many types of deterioration, such as wear,
fatigue, corrosion, deformation, and elongation. Since
they are made from different materials with differ-
ent properties in different environments, it is likely
that some of these components will deteriorate faster
than others. The current capabilities including residual
electrical and mechanical strength of all OHL com-
ponents can be determined using appropriate inspec-
tion/assessment technology (Sect. 9.9). In addition, if
a database of past component capabilities exists, then
their future capabilities can be extrapolated. The weak-
est link, i.e., the OHL component with the highest
probability to fail first, can then be determined. This is
accomplished by sequentially applying to the line the
relevant loading conditions and increasing the related
actions stepwise, such as the magnitude of the wind ve-
locity at different angular directions, weight of accreted
ice, or combined wind and ice, until the loading on
a component reaches its present capability. That repre-
sents the critical loading condition for that component,
and the probability of occurrence of that loading con-
dition (Sect. 9.3) indicates the reliability level of that
component.

Failures due to predictable events can thus be man-
aged using proactive measures, due to their predictabil-
ity.

Unpredictable Events. Unpredictable events can only
be managed by reactive measures, since their probabil-
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Table 9.6 Properties of predictable and unpredictable events (adapted from [9.14])

Properties Failure due to
Predictable events Unpredictable events

The probability of failure is Relatively high Relatively low
An economic way to avoid failure Does exist Does not exist
Proactive action Can be taken economically Cannot be taken economically
In case of proper action, the OHTL Will survive the event Will not survive the event
Reactive actions are Possible depending on economic evaluation The only opportunities to reduce the risk

economically

Properties Failure due to
Predictable events Unpredictable events

The probability of failure is Relatively high Relatively low
An economic way to avoid failure Does exist Does not exist
Proactive action Can be taken economically Cannot be taken economically
In case of proper action, the OHTL Will survive the event Will not survive the event
Reactive actions are Possible depending on economic evaluation The only opportunities to reduce the risk

economically

Failure initiating
event

OHL failure Data collection

Data baseRegulations

Management
decision

Risk acceptance

Risk assessment

Inspection

Risk reduction Risk increase

Fig. 9.11 Flowchart for OHL asset
management (adapted from [9.14])

ity of occurrence cannot be economically reduced using
proactive measures. These include, in particular, natu-
ral disasters such as hurricanes, cyclones or typhoons,
tornadoes, massive ice storms, floods, earthquakes, and
earthslides, which fortunately occur infrequently. When
they do, these disasters can cause total failure. Intu-
ition, judgment, experience, and information available
from a database must be used to assign the probability
of failure due to unpredictable events, thus the assign-
ment of such probabilities in situations of uncertainty
proceeds on a subjective rather than objective basis (Ta-
ble 9.6 [9.14]).

Asset Management Process
To determine appropriate options that minimize the net
present value of annual expenditures over an investment
period, an information system and process must be in
place. Figure 9.11 [9.14] shows an idealized process in
the form of a flowchart of the activities leading to man-
agement decisions for anOHLasset. A key role is played
by the collection of data, which will be presented here.

Data Collection
To be able to carry out a proper failure or defect analy-
sis, a database should be available, being unambiguous
and containing, but not limited to, asset data as built,
historical data, and in case of a failure, pre-event, event,
post-event, and cost data. The following data are im-
portant for any transmission line database and can be
tagged with an accuracy level index. Finally, a database
should include the costs and duration of actions, as well
as the costs of replacement of line segments, compo-
nents, and elements.

Asset Data as Built. The asset data as built should be
collected on three successive levels:

� Lines and circuits� Line components� Elements of components.

The data stored on the three levels allow one to analyze
and compare successively the:
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� Performance of lines� Condition of components� Condition of elements.

Historical Data. Three different kinds of historical
data on overhead transmission lines can be distin-
guished:

� Historical actions such as:
– Replacement or heightening of a support or

a part of a line (for instance due to the construc-
tion of a railway), stringing of a second circuit,
etc.

– Maintenance or painting, life extension, refur-
bishment, uprating, upgrading, etc.� Historical events such as failures, forced outages,

etc.� Historical observations and measurements on de-
fects of assets registered in periodic inspection re-
ports.

Pre-event Data.

� Design criteria and applicable manufacturing and
construction standards� As-built/constructed data including all components,
elements, their manufacturer, date of commission-
ing, and location� All inspection and maintenance records, includ-
ing location, date, observation, deterioration, and
changes or modification to any component or ele-
ment� Any refurbishment, uprating, or upgrading� Climatic and pollution conditions along the line� Data from any previous event� Strategic emergency material and equipment inven-
tory.

Event Data.

� Agency recording the event� Exact time of the beginning of the event� Distinction between incidents involving manual
tripping of the line, automatic tripping, automatic
tripping with successful auto-reclose, or automatic
tripping with unsuccessful reclose (lockout)� Description of climatic conditions such as wind,
precipitation, and ice accretion as well as pollution
influencing the line� Nominal voltage� Load current immediately prior to the event and an
estimate of the fault current

� Name and code of the circuit involved: arm, sus-
pension, insulator, conductor, earth wire, damper,
spacer etc.� Failure during operation, switching in, switching
off, or during works� Switching off by hand or by protection equipment� Switching off due to electrical phenomenon, sec-
ondary installation, inadequate functioning of pro-
tection, error in operating or switching, or cause
outside control area� Cause of electrical phenomenon or defect:
– Unforeseen external causes such as a fault

in an adjoining grid, fault at a user, extreme
weather conditions, fire, sabotage, birds, cranes,
etc. (if weather related, estimated or mea-
sured values of wind and/or ice at the failure
site and recorded values from nearby weather
stations)

– Internal causes as wear, aging, deformation,
poor construction, material, assembly, manufac-
turing, and adjustment

– Operational aspects such as overload, switching
or testing errors, poor or insufficient mainte-
nance, and improper operation of protection and
control

– Works in or under the line by or on behalf of the
owner� Any required continued investigation activities in-

volving the failed component or element, or of
additional similar components or elements, mea-
surements, outside expert opinions, accident re-
ports, formulation of a repair or replacement plan,
and cost analysis� Exact time to start the repair work� Exact time to complete the repair work� Exact time of recommissioning the line.

Post-event Data. Obviously, every failure or defect
causing the line to be switched off should be properly
analyzed. This analysis is meant to identify the cause
and detect possible deficiencies, wear, etc. of the type of
component or element involved in order to take action
at other points of installation. The results of such an in-
vestigation and the measures taken should be recorded
unambiguously in a database. At least, the following as-
pects should be mentioned:

� Reporting agency� Time of failure� Name and code of circuit involved� Failed component� Failed element
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� Manufacturer and type; number of years in opera-
tion� Voltage level� Comparison of the condition at the time of failure
with the original design criteria (i.e., pollution, me-
chanical loading or electrical loading)� Material� Description of the extent of the damage, including
photographs� Description of the manifestation of the damage, in-
cluding photographs� Identification of the cause of the damage� Measures to be taken and action plan.

In addition, the costs incurred because of a specific fail-
ure must be recorded, in particular:

� Loss of income due to undelivered energy� Cost of increased network losses� Cost of switching operations� Customer claims or penalties� Cost of investigation� Cost of called-in experts� Total cost of restoration, including manpower,
equipment, materials, and outside contracts

Data Storage. Today, an electronic database system is
the most convenient tool to store, consult, revise, and
extract data. Such a database enables statistics on line
performance and component and element condition to

be established. To simplify the data collection and stor-
age process, it is recommended to provide checklists
so that inspection results can be stored in the database
immediately after an inspection. The date of each data
record is important for management decisions and thus
should be included.

Evidently, the quality of the data cannot be improved
by just recording it in a database. Rather, the quality de-
pendsmainly on the crew collecting the inspection infor-
mation and the inspection technique applied. Both must
be recorded with the corresponding date to estimate the
quality and reliability. It is also important to specify who
is responsible for inputting the data and who is in charge
of updating them. Another important factor determining
the data quality is the inspection technique. The longer
the distance between the inspected item and the sensor,
the less reliable the data may be.

Experience has shown that, in the past, many
databases on overhead transmission lines have failed.
The following reasons have been identified: the lack of
reliable data for an extensive database, the lack of moti-
vated manpower to collect, store, and maintain the data,
non-user-friendly input and output, and especially the
lack of a clearly accepted scope or the lack of integra-
tion with other databases.

In general, it is relatively easy to store data for a new
line, but updating the database is a challenge and can
involve a considerable cost. If it is updated, the database
must be easy to use for the design of new lines as well
as modifications of old ones.

9.3 Line Design

Line design is a rather complex process as it encom-
passes a variety of distinctly differing disciplines, such
as electrical, mechanical, chemical, civil, environmen-
tal, and meteorological science. In the following, due to
unavoidable space limitations, the focus is placed not so
much on design details as physically intuitive and un-
derstandable explanations—and partly derivations—of
the basic concepts.

9.3.1 Design Methods

As stipulated in [9.16], an overhead line (OHL) should
be designed, erected, and operated in such a way that,
during its life expectancy:

� It shall perform its purpose under a defined set of
conditions, with acceptable levels of reliability and

in an economic manner. This refers to aspects of re-
liability requirements.� It shall be designed to avoid a progressive collapse
(cascading) if a failure is triggered in a defined
component. This refers to aspects of security re-
quirements.� It shall be designed to avoid human injuries or loss
of life during construction and maintenance. This
refers to aspects of safety requirements.

In this sense, all the components of a line should be
designed, manufactured, and installed in such a way
that, under the prevailing regular climatic conditions,
the rated voltage and current, and the expected short-
circuit loads, the line will operate without failure. In
addition, the impact of atmospheric and switching over-
voltages should be adequately considered.
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Fig. 9.12a,b Principles of determin-
istic (a) and probabilistic (b) design
methods (adapted from [9.1])

These conditions are best met when a line is con-
ceived following a widely accepted national or inter-
national standard. In this section, publication [9.16] is
exemplarily used, as it is applied extensively throughout
Europe.

Natural phenomena, which cause loads to overhead
lines, are stochastic; that is, their occurrence and im-
plications cannot be predetermined but must rather be
addressed using adequate statistical methods. This is
also the case, albeit to a much lesser extent, for the ma-
terial properties of the line components and in particular
their structural response to external loads. Until recently
in line design, a conservative approach, the so-called
deterministic approach, was almost exclusively applied.
In recent years, the more realistic but more complex
probabilistic method has been standardized and in some
cases applied. The concepts of and differences be-
tween these two methods are shown schematically in
Fig. 9.12 [9.1].

In the deterministic approach (Fig. 9.12a), the max-
imum load Emax is determined or estimated, often based
on long-time measurements, comparisons, and approx-
imations. For climatic loads, a return period of occur-
rence of 50 years is usually considered. The maximum
load must be lower by a safety margin compared with
the minimum strength Rmin of the examined compo-
nent. This may be a withstand voltage for an insulator
or a tensile strength for a tower member.

On the other hand, in the probabilistic method, the
load Q and strength R are obtained from a statistical
evaluation of a multitude of measurements under the
assumption of a probability law. For overhead lines,
the Gaussian or Gumbel distribution is used. As there
will always be an overlap between the load and strength
probability density (Fig. 9.12b), a very small probabil-
ity of failure Pf remains, expressed as

Pf D
ED1
Z

0

f .E/F.R/dE : (9.5)

This probability of failure Pf is related to the reliability
of the component in question Pr by

Pr D 1�Pf : (9.6)

The required reliability level—related to a certain re-
turn period—thus determines the acceptable level of the
probability of failure, which can be adjusted via (9.5),
for instance bymodifying the parameters of the strength
function F.R/.

The focus below is on the deterministic or empirical
approach, as it is still widely used and lines designed in
this way have proved over the years to be extremely reli-
able. The deterministic approach is applied here for the
mechanical design of the line and its components, while
its electrical design, where the probabilistic approach is
more often used, such as for insulation coordination is-
sues, is covered in Chap. 3.

External loads or actions on a line Emax, for exam-
ple, due to wind or ice, are contested by the structural
response, basically the geometry and material proper-
ties of the loaded component. In the case of a conductor
under a tensile load, e.g., this would be the conduc-
tor cross-section and the modulus of elasticity of the
conductor material. This leads to mechanical stresses
in the component, which should not exceed a related
strength Rmin, above which the component will deform
permanently or even fail. Both Emax and Rmin have to
be converted considering appropriate safety margins to
specified design values Ed and Rd, using (9.26) and
(9.8). Thus, the basic design formula in the determin-
istic approach is

Ed 
 Rd : (9.7)

We have to consider two limits for the external
load sustainability of a component, viz. the damage
limit and the failure limit, also called the mechanical
strength in this context. On one hand, the damage limit
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Table 9.7 Damage and failure limits of components

Component Loading Damage limit Failure limit
Members of lattice steel towers Tension, compression Yield strength Breaking strength buckling
Poles made of
– Steel Bending moments 1% nonelastic deformation at

the tower top
Collapse by local buckling or
bending

– Concrete Bending moments Crack opening or 0:5%
nonelastic deformation at
the tower top

Collapse of the pole

Separate foundations Uplift 1ı rotation of the support Excessive uplift of
50�100mm

Compression Reduction of 5% in support
strength

Excessive settlement of
50�100mm

Compact foundations Overturning moments 1ı rotation of the support Excessive rotation of 5ı or
more

Conductors Tension Approximately 75% of char-
acteristic strength or rated
tensile strength (RTS)

Ultimate tensile strength

Insulators Tension Approximately 70% of rated
strength

Rupture

Interface fittings Tension Permanent deformation Rupture

Component Loading Damage limit Failure limit
Members of lattice steel towers Tension, compression Yield strength Breaking strength buckling
Poles made of
– Steel Bending moments 1% nonelastic deformation at

the tower top
Collapse by local buckling or
bending

– Concrete Bending moments Crack opening or 0:5%
nonelastic deformation at
the tower top

Collapse of the pole

Separate foundations Uplift 1ı rotation of the support Excessive uplift of
50�100mm

Compression Reduction of 5% in support
strength

Excessive settlement of
50�100mm

Compact foundations Overturning moments 1ı rotation of the support Excessive rotation of 5ı or
more

Conductors Tension Approximately 75% of char-
acteristic strength or rated
tensile strength (RTS)

Ultimate tensile strength

Insulators Tension Approximately 70% of rated
strength

Rupture

Interface fittings Tension Permanent deformation Rupture

Table 9.8 Partial factors for materials �M
Component Type of stress Type of loading 
M

Conductors Tension Limit load 1.25
Insulators Tension, bending Limit load 2.00
Fittings All types of loading Minimum failing load 1.90
Lattice towers
– Members Tension, compression, buckling, bearing Limit load 1.10
– Bolted connections Shearing, bearing Limit load 1.25
– Welded connections Shearing Limit load 1.25
Poles
– Made of steel Tension, compression, bending, buckling Limit load 1.10
– Concrete Compression Limit load 1.50
– Reinforcement Tension Limit load 1.15
Guyed towers, anchors Tension Limit load 1.60
Foundations Uplift loading Limit load National requirements

Component Type of stress Type of loading 
M

Conductors Tension Limit load 1.25
Insulators Tension, bending Limit load 2.00
Fittings All types of loading Minimum failing load 1.90
Lattice towers
– Members Tension, compression, buckling, bearing Limit load 1.10
– Bolted connections Shearing, bearing Limit load 1.25
– Welded connections Shearing Limit load 1.25
Poles
– Made of steel Tension, compression, bending, buckling Limit load 1.10
– Concrete Compression Limit load 1.50
– Reinforcement Tension Limit load 1.15
Guyed towers, anchors Tension Limit load 1.60
Foundations Uplift loading Limit load National requirements

is the value of the external load or related internal stress
that, if exceeded, will cause damage to the component
that will impair its functionality. For example, when
its damage limit is exceeded, a post composite insula-
tor will exhibit permanent deflection but will not drop
the conductor (Sect. 9.5.5). The failure limit, on the
other hand, is the load which will cause permanent fail-
ure of the component, due to high deformation, loss
of stability (buckling), or loss of mechanical integrity
(breakage), which will endanger the safety of the re-
lated structure.

Table 9.7 presents the damage and failure limits of
various line components according to [9.17]. By their
nature, these material properties exhibit a certain de-
gree of scatter. Also, the dimensions of the components
in question vary slightly due to production processes.
This can be taken into account by reducing a material

property RK by a suitable safety factor, in [9.16] called
the partial factor for materials �M (Table 9.8). Thus, the
related design value Rd becomes

Rd D RK

�M
: (9.8)

9.3.2 Line Loads

A transmission line is subject to a number of different
loads, caused by:

� Conductor weight� Ice weight� Wind pressure� Conductor tension� Conductor vibrations
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Fig. 9.13 Extreme ice accretion on line conductors leading
to line outage (photo: Landsnet, Iceland)

� Temperature variations� Exceptional loads.

These are, with the exception of conductor vibrations,
static or quasistatic loads. In addition there are excep-
tional loads, which occur accidentally, such as during
construction and maintenance, short circuits, differen-
tial settlement of foundations, or—very seldom—loads
from conductor failures (which can cause a tower cas-
cade), avalanches, and earthquakes. The most important
loads for line design, besides the weight of the conduc-
tors, are the so-called climatic loads, i.e., wind and ice
loads, which are examined below.

Conductor Weight
The conductor weight and ice on conductors cause the
main vertical loads on the components of a line. These
loads are transferred via the fittings and the insulators
to the supports and ultimately to the foundations.

Table 9.9 Classification of ice types with typical density ranges (adapted from [9.18])

Ice and snow type Density (kg=m3) Description
Glaze ice 700–900 Pure solid ice, sometimes icicles underneath the wires. The density may vary with the

content of air bubbles. Very strong adhesion and difficult to knock off
Hard rime 300–700 Homogeneous structure with inclusion of air bubbles. Pennant shaped against the wind

on stiff objects; more or less circular on flexible cables. Strong adhesion and more or less
difficult to knock off, even with a hammer

Soft rime 150–300 Granular structure, feather like or cauliflower like. Pennant shaped also on flexible wires.
Can be removed by hand

Wet snow 100–850 Various shapes and structures are possible, mainly dependent on the wind speed and tor-
sional stiffness of the conductor. When the temperature is close to zero, it may have a high
content of liquid water, slide to the bottom side of the object and slip off easily. If the
temperature drops after accretion, the adhesion strength may be very strong

Dry snow 50–100 Very light pack of regular snow. Various shapes and structures are possible; very easy to
remove by shaking of wires

Hoar frost < 100 Crystal structure (needle like). Low adhesion, can be blown off

Ice and snow type Density (kg=m3) Description
Glaze ice 700–900 Pure solid ice, sometimes icicles underneath the wires. The density may vary with the

content of air bubbles. Very strong adhesion and difficult to knock off
Hard rime 300–700 Homogeneous structure with inclusion of air bubbles. Pennant shaped against the wind

on stiff objects; more or less circular on flexible cables. Strong adhesion and more or less
difficult to knock off, even with a hammer

Soft rime 150–300 Granular structure, feather like or cauliflower like. Pennant shaped also on flexible wires.
Can be removed by hand

Wet snow 100–850 Various shapes and structures are possible, mainly dependent on the wind speed and tor-
sional stiffness of the conductor. When the temperature is close to zero, it may have a high
content of liquid water, slide to the bottom side of the object and slip off easily. If the
temperature drops after accretion, the adhesion strength may be very strong

Dry snow 50–100 Very light pack of regular snow. Various shapes and structures are possible; very easy to
remove by shaking of wires

Hoar frost < 100 Crystal structure (needle like). Low adhesion, can be blown off

The conductor weight per unit length can be found
in manufacturers’ tables. Typical values for high-
voltage lines are between 10 and 20N=m. To calculate
the related conductor load, one must know the so-called
weight span, which is defined as the distance between
the low-point sags of one span to the low-point sag of
the next.When there is no height difference between the
conductor attachment points at the adjacent spans, the
weight span is the arithmetic mean of the length of these
spans; otherwise, the weight span has to be calculated
using the so-called complementary span method [9.4,
pp. 541].

Ice on Conductors
Ice on the conductor increases the conductor weight;
ice loads thus act in the vertical direction. In extreme
climatic conditions, they can overload the line, causing
catastrophic failure and line outage (Fig. 9.13).

Ice accretion on line conductors is a complex phys-
ical process, well described in [9.19]. Table 9.9 lists the
main characteristics of the different ice types [9.18],
and Fig. 9.14 shows common types of ice on conduc-
tors.

Ice loads on conductors with a value qi per unit
length cause vertical loads as well as increased ten-
sion in the conductors. The related loads on suspension
insulators and supporting structures can be calculated
similarly as for the conductor unit weight, i.e., by using
the relevant weight span.

Due to the lack of sufficient statistical data on ice,
design values for ice loads are mostly based on expe-
rience or long-term applications with positive results.
Often, these values are related to the conductor diame-
ter d and vary according to the topography, i.e., height
above sea level and differing climatic and atmospheric
conditions. A typical value for qi for average ice condi-
tions is 20N=m.
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a) c)b)

Fig. 9.14a–c Different types of ice on conductors. (a) Glaze ice (photo: F. Jackl), (b) soft rime, (c) wet snow (photo:
Landsnet, Iceland)

Fig. 9.15 Bora wind causes severe conductor blow-out
(photo: F. Jackl)

As an example, the values specified for Germany
with respect to altitude are

qi D 5C 0:1dN=m .below 400m/

qi D 10C 0:2dN=m .between 400 and 600m/

qi D 15C 0:3dN=m .between 600 and 750m/

qi D 20C 0:4dN=m .above 750m/:

Wind Loads
Wind can cause severe loads on transmission lines
(Fig. 9.15). In particular, wind loads on conductors
will cause increased conductor tension, which will not
only be transferred via the insulators to the line sup-
ports and their foundations, but will also considerably
influence the tower top geometry via conductor dis-
placement.

Wind Action on Line Components. The value of
the force QWx caused by a wind blowing horizontally
and perpendicular to any element of a line is given
by

QWx D qzGqGxCxA ; (9.9)

where qz is the dynamic wind pressure at height z, Gq

is the gust response factor, Gx is the structural reso-
nance factor for the element considered, Cx is the drag
factor depending on the shape of the element consid-
ered, and A is the area of the element projected onto
a plane perpendicular to the wind direction. However,
the parameters in (9.9) are defined differently in rele-
vant standards.

The wind pressure qz on a surface A can be calcu-
lated from Bernoulli’s equation, under the assumption
that the kinetic energy at the reference wind velocity
vz is fully transformed to pressure when the wind is
stopped by this surface, i.e.,

qz D 1

2
�v 2

z : (9.10)

Use of an air density of �D 1225 kg=m3 (15 ıC, a.s.l.)
yields

qz�0:6v 2
w .qz in N=m2; vz in m=s/ : (9.11)

The reference wind velocity vz is obtained from

vz D kvmean : (9.12)

Here, vmean is the annual mean of the maximum wind
velocity measured in open terrain at a reference height
of 10m above ground and k is a factor considering
the envisaged return period, the number of observation
years, and the yearly standard deviation; For example,
for a return period of 50 years, a measurement period
of 30 years, and a standard deviation of 0:14, one gets
k D 1:42.

The reference wind velocity vz increases with height
h above ground due to the boundary effect, since fric-
tional forces reduce � near the ground. It can be calcu-
lated from

vz.h/D krvz ln

�

h

z0

�

; (9.13)
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Table 9.10 Terrain categories, roughness length z0, and terrain factor kr
Terrain category z0 (m) kr
0 Sea or coastal area exposed to open sea 0.003 0.155
I Lakes of flat and horizontal area with negligible vegetation and without obstacles 0.01 0.169
II Area with low vegetation such as grass and isolated obstacles (trees, buildings) with separations of at least 20

times obstacle heights
0.05 0.189

III Area with regular cover of vegetation or buildings or with isolated obstacles with maximum separation of 20
times obstacle heights (such as villages, suburban terrain, permanent forest)

0.3 0.214

IV Area in which at least 15% of the surface is covered with buildings with average height exceeding 15m 1 0.233

Terrain category z0 (m) kr
0 Sea or coastal area exposed to open sea 0.003 0.155
I Lakes of flat and horizontal area with negligible vegetation and without obstacles 0.01 0.169
II Area with low vegetation such as grass and isolated obstacles (trees, buildings) with separations of at least 20

times obstacle heights
0.05 0.189

III Area with regular cover of vegetation or buildings or with isolated obstacles with maximum separation of 20
times obstacle heights (such as villages, suburban terrain, permanent forest)

0.3 0.214

IV Area in which at least 15% of the surface is covered with buildings with average height exceeding 15m 1 0.233

Note: The terrain categories are illustrated in [9.20].

where kr is the terrain factor and z0 is the roughness
length (Table 9.10 [9.16]). The latter can also be used
to calculate the turbulence intensity

lv .h/D 1

c0 C ln.h=z0/
: (9.14)

Therein, c0 is the orography factor, which consid-
ers the effects of topography and can be set to c0 D 1
when the average slope of the upwind terrain is small.
Together with vz.h) and using

qz D 1

2
�v 2

z ; (9.15)

one gets the peak wind pressure at a reference height
h above the ground to be used in the calculation of the
horizontal wind force on any line component as

qp.h/D Œ1C 7lv .h/�qz.h/ : (9.16)

The two remaining factors in (9.9), viz. the structural
resonance factor Gx and the drag factor Cx, differ for
different components of the line and are considered in
the respective sections.

Wind Action on Conductors. For typical conductor
sizes, the recommended drag factor is CC D 1:0. Also,
the structural resonance factor GC is called the span
factor and considers the spatial effects of the wind on
a span, as it is recognized that the wind will not act si-
multaneously on the whole length of the span. In some
standards, this factor drops linearly from 1:0 to 0:7 for
spans of 350 to 500m, respectively. Thus, the wind
pressure on the conductors of two adjacent spans will
cause the following load on the associated support

QWC.�/D qp.h/GCCCd aW cos2.�/ ; (9.17)

where d is the conductor diameter, aW is the wind
span—defined as the arithmetic mean of the spans adja-
cent to the tower—and � is the angle between the wind
direction and the conductor. In the case where the wind

acts perpendicular to the normal conductor, � D 0ı and
(9.17) becomes

QWC.0ı/D qp.h/GCCCd aW : (9.18)

In the case of a conductor bundle, the total wind load is
defined as the sum of the wind loads on the individual
subconductors, without taking into account any shelter-
ing effects on leeward conductors.

The wind load will cause the conductor to swing;
this will affect the distance of the conductor from the
other conductors and earthed objects in its neighbor-
hood and has to be adequately considered by respecting
the statutory clearances (Sect. 9.3.3). The swing angle
'C of the conductor follows from

'C D arctan

�

qp.z/GCCCd aW
mCga

�

; (9.19)

where aW is the wind span andmC is the conductormass
per unit length.

Combination of Wind and Ice Loads. The wind ac-
tion on ice-covered conductors must also be considered
in the design of line supports, such as an extreme ice
load combined with a high-probability wind velocity;
in this case, the wind pressure may be reduced by 50%.

The equivalent diameter in m of an ice-covered con-
ductor may be calculated [9.4, p. 185] as

Di D
s

d2 C 4gi
 �i

D
p

d2 C 0:000170gi ; (9.20)

where d is the diameter of the conductor [m], gi is the
characteristic ice load on the conductor [N=m], and �i
is the ice load density [N=m3].

The density of the ice �i may be assumed to be
7500N=m3, and the drag factor to be 1:0.

Wind Action on Insulators. Wind forces on insula-
tors result from wind forces on the conductors as well
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as from wind pressure on the insulators themselves. The
latter is given by the expression

QWins.h/D qp.h/GinsCinsAins ; (9.21)

where qp.h/ is the peak wind pressure, h is the refer-
ence height above ground to be used for the insulator
set (which is the height of the attachment point on the
support), Gins is the structural factor for the insulator
(with a recommended value of 1:0), Cins is the drag fac-
tor for the insulator set (with a recommended value of
1:2), and Ains is the area of the insulator.

For the design of the insulator itself, the resultant
force Qins from the weight and the wind load of the
suspended conductor has to be considered. This load
is important as its direction determines the swing angle
'ins of the insulator and thus the clearance to the line
support (Sect. 9.3.3)

'ins D arctan

�

qp.z/CCGLd aW CQWins=2

wC Cwins=2

�

;

(9.22)

where Cc is the drag factor (equal to 1.0 for typical
conductors), qp.z/ is the peak wind pressure, GL is the
span factor taking into account the effect of the span
length, d is the conductor diameter, QW is the wind
span, QWins is the wind load on the insulator set, WC

is the effective conductor weight taking into account
the differences in the level of the conductor attach-
ment points, andWins is the dead weight of the insulator
set.

Wind Action on Line Supports. There are two basic
types of line support: The classical steel lattice tow-
ers and the increasingly used, in particular for compact
lines, polygonal or circular poles (steel, concrete, wood,
etc.) (Sect. 9.7). For the latter, the calculation of the
wind forces is relatively simple, as they have basically
a cylindrical shape.

The wind forces on poles can thus be determined
by

QWP.h/D qp.h/GPCPAP ; (9.23)

where qp.h/ is the peak wind pressure, h is the reference
height above the ground of the pole, GP is the structural
factor for the pole (with a recommended value of 1:0),
CP is the drag factor for the pole (with values between
0:7 for circular and 1:4 for hexagonal cross-section, for
wooden poles CP D 0:9), and AP is the area (or section)
of the pole projected onto a vertical plane perpendicular
to the wind direction.

On the other hand, the calculation of the wind forces
on steel lattice towers follows basically the same proce-
dure as for other line components as per (9.9), whereby
the lattice tower is divided into sections. The related
drag factor CT depends on the so-called solidity ratio
�, defined as the ratio of the effective area AT of the
tower profile to the circumscribed area of the respective
tower section h.b1 C b2/ [9.21]

�D AT
2

h .b1 C b2/
(9.24)

and can be calculated as [9.22]

CT D 3:96.1� 1:5�C�2/ : (9.25)

In case of the usual design with angle sections, CT

may be assumed to be approximately and uniformly
2:8 [9.22].

Security Loads. Security loads as per [9.16] cover
one-sided release of static tension in a conductor and
conventional unbalanced overloads such as unequal ice
loads on adjacent spans, respectively. They cause longi-
tudinal and torsional loads on the line supports and have
to be considered accordingly.

Safety Loads. Line supports should be able to with-
stand all construction and maintenance loads that are
likely to be imposed on them with an adequate margin
of safety, taking into account working procedures, tem-
porary guying, lifting arrangement, etc., as well as loads
related to the weight of linesmen, which is assumed not
be less than 1:0 kN acting together with the permanent
loads.

Short-Circuit Loads. Consideration should be given
to the effects of the forces imposed on the overhead
lines forming part of a transmission system with very
high short-circuit characteristics. The main concern
during a short circuit is whether uncontrolled swinging
of conductors could lead to conductor clashes, resulting
in permanent circuit isolation following circuit-breaker
operation at that time. The basics of the mechanical
effects of short circuits are well explained in [9.23].
Short-circuit conditions may also cause mechanical
problems on supports and conductor hardware, such as
spacers and spacer dampers. The latter is examined in
Sect. 9.6.3.

Avalanches and Earthquakes. When routed through
mountainous regions, overhead lines may be exposed
to avalanches or creeping snow. As such, considera-
tion should be given to the possible additional loads
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on the supports, foundations, and possibly conductors.
The same applies for lines in seismically active regions,
where forces due to earthquakes have to be taken into
account, which will depend on the eigenfrequency of
the support, the site structure resonance factor—varying
with the soil conditions—and the height, weight, and
mass distribution of the support. Since the frequency of
the support is higher than that of the conductors, the dy-
namic load from the conductors will not be significant.
Conversely, no important effects from the support rela-
tive to conductors should be expected.

Partial Factors for Actions
It is evident from the discussion above that the determi-
nation of the different loads is coupled with uncertain-
ties, as most of them are stochastic in nature. Similar
to the partial actors for material properties presented in
Sect. 9.3.1, partial factors �F must also be introduced
for actions, which have to be multiplicatively applied to
the characteristic value EK of a certain action in order
to obtain the respective design value Ed,

Ed D �FEK : (9.26)

Table 9.11 [9.16] presents recommended values for the
partial factor � and combination factor � for the actions
presented in this section for various reliability levels as
per Table 9.12, whereby the reference is level 1.

9.3.3 Electrical Clearances

Besides the mechanical issues, line design also has to
consider the electrical requirements of a transmission

Table 9.11 Partial and combination factors for actions
(adapted from [9.16])

Action Sym-
bol

Reliability level
1 2 3

Variable actions (climate loads):
Extreme wind load �w 1.0 1.2 1.4
Nominal wind load �w 0.4 0.4 0.4
Extreme ice load �i 1.0 1.25 1.5
Nominal ice load �i 0.35 0.35 0.35
Permanent actions:
Self-weight �G 1.0
Security loads
(accidental actions):
Torsional loads due
to conductor tension

�A1 1.0

Longitudinal loads due
to conductor tension

�A2 1.0

Safety loads:
Construction and maintenance
loads

�P 1.5

Action Sym-
bol

Reliability level
1 2 3

Variable actions (climate loads):
Extreme wind load �w 1.0 1.2 1.4
Nominal wind load �w 0.4 0.4 0.4
Extreme ice load �i 1.0 1.25 1.5
Nominal ice load �i 0.35 0.35 0.35
Permanent actions:
Self-weight �G 1.0
Security loads
(accidental actions):
Torsional loads due
to conductor tension

�A1 1.0

Longitudinal loads due
to conductor tension

�A2 1.0

Safety loads:
Construction and maintenance
loads

�P 1.5

Table 9.12 Reliability levels

Reliability level Theoretical return period T of climatic
actions (years)

1 (reference) 50
2 150
3 500

Reliability level Theoretical return period T of climatic
actions (years)

1 (reference) 50
2 150
3 500

line, not only from the system perspective (Chap. 5)
but also from the reliability and safety point of view.
This is basically an issue of insulation coordination
(Chap. 3), which leads to certain minimum clearances,
which again will influence the support geometry and the
necessary right of way (ROW), specifically the distance
to objects near the line, such as roads, buildings, cross-
ings with other lines, etc. Nowadays though, in most if
not all cases, the ROW will be determined by the im-
posed electromagnetic field (EMF) limits presented in
Sect. 9.3.4.

Internal Clearances
The geometry of the top of the line supports must be
designed so as to ensure that the so-called internal
clearances between live parts and supporting earthed
structures as well as between conductors within the
span, especially in mid-span, are respected. Thereby
and because of economic considerations, a very small
number of interphase flashovers is considered accept-
able, as these will not affect the safety of the public.

In a first step, the conductor and insulator posi-
tions due to the action of wind have to be determined.
Methods to calculate the conductor and insulator dis-
placement are detailed in [9.24] (Fig. 9.16) for the
clearances between live conductors and earthed struc-
tures, such as the supports, while [9.25] (Fig. 9.17)
gives guidance on the calculation of these displace-
ments for the clearances between conductors within the
span. In the case of long spans, differential swing an-
gles may occur between horizontal phase conductors,
thus one phase conductor may swing more than an adja-
cent one, causing reduced clearances. This situation has
been designated more recently as asynchronous swing,
resulting in a tower top geometry design based upon
statistical considerations.

In [9.25], valuable information was gathered from
quite a large number of countries and completed with
information from standards. The related review resulted
in a proposal to consider two situations when designing
the tower top geometry andmid-span clearances in view
of conductor and insulator swing under the action of
wind load:

� In still air or under moderate winds, there should be
adequate clearance to withstand lightning or switch-
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5.00 m

5.00 m

Earthed structure

Pos. 2
(15.9°)

0.4 m
3.40

1.16

Pos. 1
(46.6°)

Fig. 9.16 Clearance between insulator set and earthed
structure (400 kV, twin-bundle ACSR Finch (ACSR
564/72), 5min wind velocity, 400m wind span) (adapted
from [9.24])

Earthed
structure

5.00 m 6.70 m

0.4 m

20.0 m

5.0 m

0.4 m

16.5°

10.5°

48.1°
39.3°

1.52

3.73

Fig. 9.17 Clearances between adjacent conductors in
mid-span (400 kV, twin-bundle ACSR Finch (ACSR
564/72), 5min wind velocity, 400m wind span) (adapted
from [9.25])

ing surge impulse voltages with a probability of
more than 90%. Still-air conditions apply to con-
ductor positions occurring during at least 99% of
the operation period.� Under high wind, the clearances should be adequate
to withstand the power frequency voltage only. The
probability of flashovers depends on the probability

Table 9.13 Type of internal clearance per load case

Type Electrical stress of the
air gap

Load case

1 Lightning/switching
impulse voltage

Still-air conditions with
maximum conductor
temperature or ice load

2 Reduced impulse voltage Reduced wind load
(T D 3 years)

3 Power frequency voltage Extreme wind load
(T D 50 years)

Type Electrical stress of the
air gap

Load case

1 Lightning/switching
impulse voltage

Still-air conditions with
maximum conductor
temperature or ice load

2 Reduced impulse voltage Reduced wind load
(T D 3 years)

3 Power frequency voltage Extreme wind load
(T D 50 years)

of occurrence of the corresponding wind veloc-
ity. For a wind velocity having a return period of
50 years, the probability of flashover will be 1% per
year at maximum.

In [9.16], three load cases for the internal clearances are
considered. They are summarized in Table 9.13, where
T is the return period of the wind load.

Certain countries consider additional load cases
such as galloping (Sect. 9.4.11) and different wind or
ice loads on adjacent conductors.

In a second step, the clearances necessary to with-
stand given electrical stresses have to be determined.
These are derived from the electrical characteristics of
the transmission system, in particular from its insulation
level as per [9.26]. This standard prescribes that, for
lines up to 245 kV, lightning (fast front) impulses deter-
mine the insulation level, while for lines above 245 kV,
switching (slow front) impulses do.

Finally, coordination between the conductor posi-
tions and electrical stresses has to be established. For
this purpose, [9.25] proposes to consider at least two
cases when designing the tower top geometry and mid-
span clearance (Table 9.14).

Case 1 is described by the conductor and insula-
tor positions which would occur under the action of
the design wind velocities having a return period T of
50 years. These positions are combined with the clear-
ances required to withstand power frequency voltages.
The probability of flashovers depends on the proba-
bility of occurrence of the corresponding design wind
velocity. For a wind velocity having a return period of
50 years, the probability of flashover will be 1% per
year at maximum.

Case 2 is described by the conductor and insula-
tor positions which are assumed not to be exceeded
during 99% of the time. These positions are combined
with the clearances required to withstand the light-
ning or switching overvoltages with a probability of
more than 90%. The flashover probability is that at
which the design overvoltage conditions will be ex-
ceeded.
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Table 9.14 Coordination of conductor positions and electrical stresses (adapted from [9.25])

Electrical stress of the air gap Conductor and still air or
moderate wind during
99% of time

Insulator positions
High wind velocity with
T D 50 years

Probability High Low
Power frequency voltage High Covered by cases 1 and 2 Case 1
Lightning/switching impulse voltage Low Case 2 Not considered

Electrical stress of the air gap Conductor and still air or
moderate wind during
99% of time

Insulator positions
High wind velocity with
T D 50 years

Probability High Low
Power frequency voltage High Covered by cases 1 and 2 Case 1
Lightning/switching impulse voltage Low Case 2 Not considered

Table 9.15 Required clearances for power frequency volt-
ages

Voltage level [9.27] [9.16]
UR US Dpe_pf Dpp_pf Dpe_pf Dpp_pf

(kV) (kV) (m) (m) (m) (m)
110 123 0.32 0.42 0.23 0.37
230 245 0.64 0.85 0.43 0.69
400 420 1.16 1.85 0.70 1.17
500 525 1.68 2.20 0.86 1.47

Voltage level [9.27] [9.16]
UR US Dpe_pf Dpp_pf Dpe_pf Dpp_pf

(kV) (kV) (m) (m) (m) (m)
110 123 0.32 0.42 0.23 0.37
230 245 0.64 0.85 0.43 0.69
400 420 1.16 1.85 0.70 1.17
500 525 1.68 2.20 0.86 1.47

These clearances apply to the following reference
conditions for altitudes not exceeding 1000m:

� Temperature 20 ıC� Air pressure 101:3 hPa (1013mbar)� Humidity 11 g=m3.

Between live parts of insulator sets or conductors and
earthed components, and between conductors and earth
wires, minimum phase-to-earth clearances are required,
while between live conductors having differing phases,
minimum phase-to-phase clearances must be complied
with. Tables 9.15 and 9.16 present the clearances under
power frequency and impulse voltages, respectively, for
the two system voltage categories mentioned above.

External Clearances
External clearances have to be respected between the
live parts of the line and their neighborhood, so that
danger from an electrical discharge to the general pub-
lic and persons working and/or maintaining the power
lines can be avoided. The following situations have to
be considered:

� Clearances to ground in remote areas� Clearances to residential and other buildings� Clearances when crossing lines or adjacent to roads,
railways, and navigable waterways� Clearances when crossing or running parallel to
other power lines or overhead telecommunication
lines� Clearances to recreational and sports areas� Clearances in other specific situations.

These are often vertical clearances, where the max-
imum conductor temperature is of paramount impor-

Unfavorable
conductor

position

Del

Dadd

Dadd

Fig. 9.18 Definition of external clearances (adapted
from [9.4])

tance, as this will result in the maximum conductor sag.
Sag calculations (Sect. 9.4.4) should be based on the
maximum continuous service temperature of the con-
ductor.

External clearances consist of the necessary electri-
cal distance Del and an additional safety distance Dadd

so that neither persons nor objects come dangerously
close to the live line (Fig. 9.18 [9.4, p. 59] and Ta-
ble 9.17 [9.16]).

9.3.4 Environmental Issues

The first 380-kV—in practice 400-kV—overhead line
worldwide was constructed and put into operation in
1952 in Sweden. Many other similar lines followed
in order to keep pace with the enormous demand for
electricity necessary to resurrection the economy after
WorldWar II. In those days, overhead lines were neither
ugly nor beautiful and were not considered harmful to
health. On the contrary, it was a privilege to be con-
nected to the electrical grid, which by the way is still
the case in many developing countries.

However, things have changed. Since then, the
ecological conscience of the public in industrialized
countries—and elsewhere—has been awakened, and
transmission lines are often criticized and their con-
struction strongly objected to, on one hand due to
their visual impact and on the other due to the pur-
ported harmful impact of their electromagnetic fields
(EMF) on health. This attitude of the public—and some
journalists and politicians—has caused in many cases
serious delays to the approval and construction of new
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Table 9.16 Required clearances for impulse voltages

Voltage level Impulse voltages [9.28] [9.27] [9.16]
UR US U90%_ff U50%_ff Umax_sf Dpe Dpe Dpp Dpe Dpp

(kV) (kV) (kV) (kV) (kV) (m) (m) (m) (m) (m)
110 123 450 490 – 0.9 0.94 0.96 0.89 1.00

550 590 – 1.1 1.13 1.17 1.07 1.20
230 245 850 920 – 1.7 1.76 1.83 1.67 1.86

950 1030 – 1.9 1.97 2.05 1.87 2.07
1050 1140 – 2.4 2.18 2.26 2.05 2.29

400 420 1175 1270 850 2.4 2.40 2.70 2.25 2.67
1300 1410 950 2.9 2.80 3.20 2.64 3.15
1425 1540 1050 3.4 3.25 3.73 3.02 3.68

500 525 1300 1410 950 2.9 2.80 3.20 2.64 3.15
1425 1540 1050 3.4 3.25 3.73 3.02 3.68
1550 1680 1175 4.1 3.90 4.48 3.60 4.40

Voltage level Impulse voltages [9.28] [9.27] [9.16]
UR US U90%_ff U50%_ff Umax_sf Dpe Dpe Dpp Dpe Dpp

(kV) (kV) (kV) (kV) (kV) (m) (m) (m) (m) (m)
110 123 450 490 – 0.9 0.94 0.96 0.89 1.00

550 590 – 1.1 1.13 1.17 1.07 1.20
230 245 850 920 – 1.7 1.76 1.83 1.67 1.86

950 1030 – 1.9 1.97 2.05 1.87 2.07
1050 1140 – 2.4 2.18 2.26 2.05 2.29

400 420 1175 1270 850 2.4 2.40 2.70 2.25 2.67
1300 1410 950 2.9 2.80 3.20 2.64 3.15
1425 1540 1050 3.4 3.25 3.73 3.02 3.68

500 525 1300 1410 950 2.9 2.80 3.20 2.64 3.15
1425 1540 1050 3.4 3.25 3.73 3.02 3.68
1550 1680 1175 4.1 3.90 4.48 3.60 4.40

UR nominal voltage; US highest system voltage for equipment; Uff fast front (lightning impulse) withstand voltage; Umax_sf maximum
slow front (switching impulse) withstand voltage; Dpe minimum phase-to-earth clearance; Dpp minimum phase-to-phase clearance

Table 9.17 Distances Dadd (m) to obstacles in addition to Del (adapted from [9.16])

Crossed obstacle Maximum conductor temperature;
ice load; average wind load

Local ice load

Ground in open countryside
– Normal ground profile, used by agriculture 5.0 a

– Steep slopes 2.0 a

Trees
– Impossible to climb 0.0 a

– Possible to climb 1.5 a

Buildings with fire-resistant roofs
– Slope greater than 15ı 2.0b 2.0b

– Slope less than 15ı 4.0c 4.0c

Non-fire-resistant roofs 10.0 10.0
Antennas, street lamps, flag poles, and similar structures 2.0 2.0
Roads 6.0 6.0
Electric overhead contact lines 2.0 2.0
Ropeways 2.0 2.0
Towers of ropeways 4.0 4.0
Gauge of navigable waterways 2.0 2.0
Power lines and telecommunication lines Dd

pp Dd
pp

Recreational areas
– General 7.0 7.0
– Swimming pools 8.0 8.0
– Permanently installed facilities 3.0 3.0

Crossed obstacle Maximum conductor temperature;
ice load; average wind load

Local ice load

Ground in open countryside
– Normal ground profile, used by agriculture 5.0 a

– Steep slopes 2.0 a

Trees
– Impossible to climb 0.0 a

– Possible to climb 1.5 a

Buildings with fire-resistant roofs
– Slope greater than 15ı 2.0b 2.0b

– Slope less than 15ı 4.0c 4.0c

Non-fire-resistant roofs 10.0 10.0
Antennas, street lamps, flag poles, and similar structures 2.0 2.0
Roads 6.0 6.0
Electric overhead contact lines 2.0 2.0
Ropeways 2.0 2.0
Towers of ropeways 4.0 4.0
Gauge of navigable waterways 2.0 2.0
Power lines and telecommunication lines Dd

pp Dd
pp

Recreational areas
– General 7.0 7.0
– Swimming pools 8.0 8.0
– Permanently installed facilities 3.0 3.0

a Verification of clearances is not required for local ice loads b Required minimum clearance distance 3m c Required minimum
clearance distance 5m d Required minimum clearance distance 1m

lines, many of which are badly needed for the inte-
gration of the increasing number of renewable energy
sources (RES). The industry has reacted and introduced
a plethora of measures not only to inform the public
but also to comply with the related laws and regula-
tions; the latter will evidently influence line design. In
addition, line components have to be selected and de-

signed with consideration of the life cycle assessment
(so-called LCA) of the line. In this sense, this section
covers:

� Calculation of EMFs� Impact of EMFs on health� Other environmental issues
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� Consultation models� LCA.

Calculation of EMFs
Overhead lines create both electric and magnetic fields
with a low frequency of 50 or 60Hz. Electric fields in
general influence electric charges, also on the surface
of the human body, affecting the current flow within the
body, while magnetic fields induce currents in it, which
depend on the dimensions as well as the conductivity of
the different parts of the human body. A first necessary
step is thus to calculate the electric and magnetic fields
in the vicinity of a line.

Nowadays, such calculations are done using com-
puter simulations based on approaches such as the finite
element method (FEM) or boundary element method
(BEM). The problem can be simplified to a good ap-
proximation to be only two dimensional, whereby the
conductors are considered to be of infinite length.

Electric Field. The electric field resulting from a high-
voltage line depends on the voltage, the form of the
tower, and the configuration of the conductors. It is eas-
ily calculated from Maxwell’s equations if the charges
on the conductors and the ground are known. In the
two-dimensional approximation, a charge q gives rise
to a field strength E.R/

E.R/D q

2 "0R
; (9.27)

where R is the distance to the charge and "0 is the di-
electric constant of vacuum.

For this calculation, the charges on the conduc-
tors and ground first have to be calculated by solving
Poisson’s equation. This can be done, for example,
by means of the capacity matrix. A typical plot is
shown in Fig. 9.20 for the conductor arrangement in
Fig. 9.19 [9.29]. The maximum root-mean-square (rms)
values of the electric field shown there are obtained at
the time instants when the voltage of the middle con-
ductor is at its maximal value or passes through zero,
i.e., when the voltage values of the left and right con-
ductors are equal.

Magnetic Field. The value of the magnetic field B.R/
due to a current I at a radial distance R from the conduc-
tor is given in the two-dimensional (2-D) approximation
considered here by the simple expression

B.R/D I

2 �0R
; (9.28)

where �0 is the permeability of vacuum.

20 m

12 m 12 m

y

x

Fig. 9.19 Schematic of a high-voltage line for EMF calcu-
lations (earth wires neglected) (adapted from [9.29])
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Fig. 9.20 Lateral distribution of maximum (rms) electric
field E of the line in Fig. 9.19 at 2m above the ground with
a conductor 20m above the ground (adapted from [9.29])

The direction of the magnetic field vector is always
tangential to concentric circles around the conductor,
following the so-called right-hand rule. As in the case
of the electric field above, B.R/ is the value of the to-
tal magnetic field strength, i.e., the value of the vector
sum of the magnetic field strengths of the three phases.
Figure 9.21 [9.29] shows the related rms value for the
line configuration in Fig. 9.19, and Fig. 9.22 shows
a schematic of the three-dimensional (3-D) magnetic
field distribution for a line with so-called Danube-
type towers. Evidently, the highest field values occur
in the center of the span (greatest sag) and fall off
rapidly.
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Fig. 9.21 Lateral distribution of maximum magnetic field
(rms) of the line in Fig. 9.19 at 2m above the ground with
a conductor at 20m above the ground

The electric and magnetic field values depend
strongly on the line design and in particular on the
support geometry and conductor arrangement (Ta-
ble 9.18 [9.30]). Therein, the influence of these pa-
rameters on the radio interference (RI) and acoustic
noise (AN), both arising from the so-called corona ef-
fect (Sect. 9.4.7), is also shown.

Specifically:

� Compaction is the best way to reduce the EF at
ground level.� Compaction is the best way and increasing the
height of the conductor the easiest way to reduce
the MF at ground level [9.31].� Compaction increases the AN and RI levels, as the
related EF increases on the conductor surface of the
phase conductors.� The best way to reduce the RI and AN levels is to
increase the number of subconductors.

In addition, transposition of the conductors can reduce
the EMF considerably [9.32].

Table 9.18 Influence of line parameters on electrical line design

Parameter EF MF RI AN
Phase-to-phase distance " " " & #
Conductor height above the ground " # # & &
Number of subconductors (for given total cross-section) " # = # #
Subconductor spacing " % = % %
Total conductor cross-section " % = & &

Parameter EF MF RI AN
Phase-to-phase distance " " " & #
Conductor height above the ground " # # & &
Number of subconductors (for given total cross-section) " # = # #
Subconductor spacing " % = % %
Total conductor cross-section " % = & &
" Strong increase, # Strong decrease, % Slight increase, & Slight decrease, = no significant effect,
EF: electric field, MF: magnetic field, RI: radio interference, AN: acoustic noise

Fig. 9.22 3-D distribution of the magnetic field of
a double-circuit line

Impact of EMFs on Health
In the 1970s, a new issue emerged, namely the pur-
ported negative effects that lines might have on public
health. In line with the megatrend of the growing en-
vironmental awareness of the public, this has become
a major concern for the industry, beside line esthet-
ics (Sect. 9.7.6). For many years, this health issue has
been closely monitored by a special-purpose, perma-
nent CIGRE working group,WG C3.01, which recently
published two state-of-the-art reports, from which the
following information is extracted [9.33, 34].

It all started with a study carried out in Denver,
Colorado in 1979 [9.35]. The authors were looking
for possible environmental factors around the homes
of children who had leukemia. The magnetic field
produced in houses by the current flowing in the
wires was estimated to be about 0:2�T, and the au-
thors suggested that it might be the reason for this
association. The design of the original Denver study
was exploratory in nature and subject to many possi-
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ble sources of error. Despite the skepticism, the study
was given very serious consideration by the author-
ities, academia, and the industry and led to a vast
international research effort. Practically all studies
showed that an association between the presence of
power lines and childhood leukemia almost certainly
could not be attributed to magnetic fields generated
by power lines. One of the largest studies carried out
among a collection of over than 225 000 electrical
utility workers looked at past exposure to magnetic
and electric fields in 4154 cases of cancer [9.36]. The
cancer risk for all types of cancer among the highest
exposed group was not different from the lowest ex-
posed group.

Many of these studies were carried out among ex-
posed workers, where average fields are up to 20 times,
with short periods of exposure at up to 1000 times the
residential exposure level. Those studies also failed to
show an increased risk of cancer. Results consistently
showed cancer mortality rates 20�30% lower among
workers, compared with the general public, an observa-
tion known as the healthy worker effect.

Another portion of such studies has examined car-
cinogenicity in animals: human beings are mammals,
and their respective physiology is very similar. Thus,
it is no surprise that, among the hundred or so human
carcinogens confirmed so far, all of them, with no ex-
ception, have been shown to be carcinogenic to animals.
For this reason, magnetic field carcinogenicity has been
extensively tested on animals. Results are highly consis-
tent: overall, no evidence of an increase in the incidence
of benign or malignant tumors including leukemia was
reported.

A few experimental studies have been carried out
on human volunteers at high field levels up to 3000�T.
The subjects were not able to perceive the presence of
the fields, nor were adverse effects or signs of toxic-
ity reported. Thus, the absence of any toxicity at levels
up to 30 000 times the average field in homes (0:1�T)
makes a carcinogenic effect extremely unlikely.

In conclusion, it can today safely be assumed that
the hypothesis raised by the Denver study in 1979 is
very likely to be a false alarm. The exceptional amount
of data accumulated over the last 35 years confirms
that fields below the above-mentioned recommended
power-frequency magnetic field levels are much too
weak to influence human biology.

Despite the fact that no consistent adverse findings
have been identified and no particular health effect re-
ported, the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) as a precautionary mea-
sure has recommended exposure limits of 200�T for
the public and 1000�T for workers; quite a few coun-
tries have implemented even lower values. These values

Table 9.19 Typical electric and magnetic field value of
lines

Line voltage Electric field at
ground level
(1m height)

Magnetic field at
ground level
(1m height)

(kV) (kV=m) (�T)
765 8–13 28–32
525 5–9 25–30
420 4–8 22–28
245 2–3.5 20–25
123 1–2 12–15
70 1–1.5 2–2.5

Line voltage Electric field at
ground level
(1m height)

Magnetic field at
ground level
(1m height)

(kV) (kV=m) (�T)
765 8–13 28–32
525 5–9 25–30
420 4–8 22–28
245 2–3.5 20–25
123 1–2 12–15
70 1–1.5 2–2.5

are much lower than typical field values from lines
(Table 9.19) but often also from magnetic fields from
household appliances.

Electric fields are in general not considered carcino-
genic, but they induce electric charges on the body sur-
face that affect the current flow within the body. These
currents, depending on their magnitude, may cause eye
flickering, stimulation of muscles and nerves, and in
extrema the often lethal heat fibrillation. A widely ac-
cepted limit is 5 kV=m.

9.3.5 Approval Procedure

The approval process for building a new, but also for
modifying a line is an important part of the design pro-
cess, as it takes quite a long time, much more than
the time needed to technically plan and build the line
(Fig. 9.7). In addition, and as the line has to fulfill
increasing and not always easily understandable en-
vironmental constraints, the line design often has to
be modified during the approval procedure; For ex-
ample, suspension insulators may have to be replaced
with insulated cross-arms (Fig. 9.66) to avoid conductor
swing, the height of the tower may have to be increased
to reduce the EMFs at ground level, or even parts of
the line have to be partially undergrounded, which will
require special terminal structures.

A CIGRE inquiry in 1999 [9.5] revealed the top
five problems that utilities face when planning an OHL
project. These are valid, even more, nowadays:

� EMF health concerns� Visual impact� Landowner negotiations and access� Community opposition� Property values.

In drawing up proposals for new overhead transmis-
sion lines, undertaking environmental impact assess-
ments (EIAs), and seeking rights, permits, and consents
to construct, transmission companies are increasingly,
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whether legally required or voluntarily, undertaking
more stakeholder consultation. Community involve-
ment can be key to the success of often-controversial
new transmission infrastructure proposals, requiring the
use of innovative and best-practice approaches. Public
hearings are a key feature of most processes [9.37].

Best practices for consultation models and stake-
holder engagement strategies in sustainable develop-
ment for OHL projects have been summarized in [9.38,
39].

Consultation Models
Most companies undertake much more consultation
than legislation requires. Mandatory consultation re-
quirements often only exist in environmental assess-
ment legislation. Whilst consultation takes time, it also
helps identify likely concerns and possible points of
objection and helps refine proposals, address concerns,
and smooth the eventual permitting process. Compa-
nies should establish a consistent approach to map-
ping stakeholders and understanding their viewpoints,
needs, and expectations. Use of independent specialists
when considering options, preparing consultation in-
formation, and assisting at advisory meetings increases
the credibility of the information presented and helps
secure understanding and cooperation from stakehold-
ers.

Presenting as much information as possible, trying
to get the balance right, and tailoring information to
suit the audience, as well as communicating via the best
methods available (e.g., companywebsite, detailed pub-
lications or brochures, periodic newsletters, advertorials
in local newspapers, etc.) and conducting open and en-
gaging consultationwith a broad range of representative
and interested groups are often used as methods to ac-
celerate the approval procedure.

Stakeholder Engagement Strategies
Stakeholder engagement should be appropriate for the
purpose and the target audience and should be proac-
tive and meaningful. Stakeholders should generally be
involved at project stages where they are able to influ-
ence an outcome or decision.

The following checklist may prove useful for suc-
cessful stakeholder engagement:

� Consistent approach� Project scoping� Stakeholder identification� Early engagement� Targeted mix of consultation/engagement methods� Open and transparent process� Feedback to stakeholders.

Life Cycle Assessment
Life cycle assessment (LCA) is a very valuable tool
for overhead lines engineers, planners, and utilities
to assist in the evaluation of the impact or interac-
tion of overhead lines and the environment. It can be
used and developed across a range of applications from
environmental reporting to product improvement and
comparison. However, it should be noted that its use
has some restrictions.

CIGRE WG B2.15 was set up in 2000 to exam-
ine LCA issues as applied to overhead lines and to
study aspects of overhead lines relating to environmen-
tal concerns. Based on the work across the range of
LCA issues investigated and informed by the studies
undertaken within the working group and elsewhere,
conclusions are presented in [9.40].

The results of actual LCA studies carried out on
some of the principal overhead line components lead
to the following recommendations:

To reduce the environmental impact, especially in
terms of resource exhaustion, it is strongly recom-
mended that lattice steel towers be recycled. This could
reduce the amount of iron as well as zinc reserve con-
sumption.

In addition, related to gas emissions as well as
resource exhaustion, it is strongly recommended that
conductors be recycled. It is commonly known that the
energy required to recycle aluminum is about 3% of that
needed for original aluminum production. The electrol-
ysis process applied to extract alumina from bauxite for
original aluminum production requires a large amount
of electricity, while the aluminum recycling process
basically consists of melting and molding processes,
which need less energy than the electrolysis process.

Another way to reduce the environmental impact
is to reduce transmission losses. In this respect, the
development of low-resistance conductors seems to
represent an effective approach that could be recom-
mended. Upgrading to a higher-voltage may also seem
to be effective; however, a more comprehensive analy-
sis of the whole power system would be needed to draw
this conclusion.

With regard to insulators, only a small percentage of
removed insulators are experimentally recycled as con-
struction materials, and a porcelain insulator recycling
system is not fully established. Given that more energy
is consumed in the manufacturing processes of insula-
tors than in the raw material manufacturing processes,
the establishment of the reuse of removed insulators as
value-added materials is desirable.

Another approach to reduce environmental impacts
might be to extend the function of insulators as long
as possible. In this respect, the development of efficient
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and reliable diagnostic methods as well as life span ex-
tension technologies is recommended.

Last but not least, efforts should be made to keep the
duration of overhead line construction to a minimum,
as significant environmental impacts can arise at this
stage. It is recommended that environmental manage-

ment plans should be developed and used. If required by
the authority or landowner, access roads should be re-
moved and the related material recycled. Maintenance
activities should be organized and scheduled to elimi-
nate or minimize the environmental impact, particularly
painting of towers.

9.4 Conductors

The phase conductors of an overhead power line are
considered to be the most important component of the
line, since they are required to transmit electric power,
and their cost contribution toward the total cost of the
line is significant. Conductor costs (material and instal-
lation) associated with the capital investment of a new
overhead power line can contribute up to 40% of the
total capital costs of the line. In addition, the longi-
tudinal (tension), transverse (wind), and vertical loads
produced by the conductor system, and the maximum
sag at high current levels, largely determine the cost of
the towers and their foundations. Consequently, much
attention has always been given to proper selection of
the conductor to meet present and predicted future load
requirements [9.41].

With regard to environmental effects, the conductor
system largely determines the corona noise and audible
noise levels produced by the line and the electrical re-
sistance, as well as the energy losses over the life of the
line.

A relatively recent focus on line uprating (Sect. 9.10)
has led to the development of new conductor options
and applications and in particular of so-called high-
temperature low-sag (HTLS) conductors. This section
covers, besides the basic mechanical and electrical
properties of conductors, their behavior under wind-
induced oscillations, conductor hardware, conductor
monitoring, and HTLS conductors.

9.4.1 Types and Basic Properties
of Conductors

The most widely used form of bare overhead conduc-
tors are concentrically stranded, with the outer, current-
carrying layers consisting of aluminum wires, helically
wrapped around a core consisting of steel wires, whose
purpose is to provide mechanical strength. Such con-
ductors are called aluminum conductor steel-reinforced
(ACSR). The number of aluminum layers varies from
one to four or more in very large-diameter conductors,
while the steel core normally consists of 7�37 wires
depending on the strength required. In areas with mild

ice and wind loads, the steel core may be replaced with
aluminum or aluminum alloy. In lines designed or up-
rated to maximum design temperatures over 100 ıC, the
steel core may be replaced with special core materials
consisting for example of embedded carbon or ceramic
fibers. Stranding improves conductor flexibility com-
pared with a solid rod, and thereby its ease of handling
and reeling. Stranding also enables the manufacture of
considerable lengths of conductors without the need for
joining.

All standard overhead conductors are reverse lay;
i.e., the direction of rotation of each layer is opposite
to that of the layer below (Fig. 9.23). Use of reverse
lay reduces the torque that is created in conductors
when they are tensioned and which can cause prob-
lems during stringing. Reverse lay in addition improves
the electrical characteristics, in particular the self-in-
ductance and AC resistance. For phase conductors, the
usual convention is to wrap the outer layer with a right-
hand lay, as opposed to the shield, also called earth or
ground wires, which have a left-hand lay in their outer
layer. For conductor layers with equal-diameter wires,
each lay has six wires more than the layer beneath
it, which provides a good fit between the conductor
wires. This and other important information on con-
ductor design and fabrication are covered extensively
in [9.42].

An important property of the conductor geometry
is the lay length `L or pitch. This is defined as the

1. layer

Core wire

Wire lay angle

2. layer 3. layer
a) b)

Fig. 9.23a,b Conductor characteristics. (a) Conductor ge-
ometry, (b) direction of lay (adapted from [9.42])
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Fig. 9.24 Conductor geometry

axial length of a complete turn of the helix formed
by an individual wire in a stranded conductor. The
respective lay angle ˇL is the angle of the wire axis to
the conductor axis.

These properties are best illustrated in terms of
a wire that has been unrolled from its helix onto a plane
(Fig. 9.24). If the diameter of the cylinder defined by
the helical axis of the wires in a layer is dL, then its
circumference is  dL, and the lay angle ˇL is obtained
as

ˇL D arctan
�

 dL
`L

�

: (9.29)

Lay angles are usually in the region of 10�15ı if
the so-called lay ratio, defined as the ratio of the lay
length `L to the mean diameter dL of the helix of a wire
layer, lies within the values permitted in the respective
standards, i.e., between 10 and 17—preferably around
13—for aluminum layers and between 12 and 30—
preferably 20�25—for steel layers. These values result
in satisfactory layer fill and good handling characteris-
tics of the finished conductor. It should be noted that,
the smaller the lay ratio, the more turns the wire makes
in a given length and the more flexible the stranded con-
ductor becomes [9.43].

Very early on, i.e., at the end of the 19th cen-
tury, aluminum-based conductors began to replace the
copper conductors that had originally been used. Mod-
ern aluminum wires are produced in a rolling/casting
process and are called Properzi blanks [9.43]. Some
overhead conductors are constructed only from pure
aluminum and are referred to as all aluminum conduc-
tors (AAC). Because of their relatively low strength-
to-weight ratio, these types of conductor are suitable
for short spans in distribution networks and for areas
where ice and wind loads are limited, as well as for flex-
ible busbars in substations. For added strength, various
aluminum alloys with inclusion of magnesium and sil-
icon have been developed, referred to as all aluminum
alloy conductors (AAAC), also called Almelec or Al-

Fig. 9.25 ACSR
conductor (steel
wires are dark
shaded)

drey conductors. Their excellent corrosion resistance
has made AAACs the conductors of choice for use in
coastal areas.

When a higher strength-to-weight ratio is desired,
a strength member has to be added to the conductor.
This is usually done by including a core of steel wires,
leading to the aluminum conductor steel-reinforced
(ACSR) configuration (Fig. 9.25) that has been the most
commonly used type of conductor worldwide since the
beginning of the 20th century, estimated to account
for about 80% of the total. ACSR cables are avail-
able with a wide range of steel content—from 7% by
weight for 36/1 stranding to 40% for 30/7 stranding
(Table 9.20) [9.44, Table F.19]. Early designs of ACSR
such as 6/1, 30/7, 30/19, 54/19, and 54/7 strandings
featured high steel content of 26�40%, with an em-
phasis on strength perhaps due to fears of vibration
fatigue problems (Sect. 9.4.11). Today, the most widely
used strandings are 18/1, 45/7, 72/7, and 84/19, with
a range of steel content of 11�18%. The high-strength
ACSR 8/1, 12/7, and 16/19 strandings are used mostly
for overhead ground wires, extralong spans, river cross-
ings, etc.

The steel core wires used in most ACSR overhead
conductors are made of medium-strength zinc-coated
(galvanized) steel containing 0:50�0:85wt% carbon
with a nominal tensile strength of 1400MPa, or more
seldom aluminum-coated (aluminized) or aluminum-
clad steel, in which the aluminum cladding accounts for
25% of the area of the wire, with a minimum coating
thickness of 10% of the overall radius.

The multiple-layer aluminum envelope of compos-
ite conductors permanently protects the zinc-coated
steel wires against corrosion, when the steel cores are
greased. However, especially in regions with a hot
climate, grease of an inappropriate type could melt
and drop from the conductor, thus producing corona
discharges. Therefore, attention should be paid to
a sufficiently high drop point of the grease (above
80 ıC) and a high viscosity. Standard [9.45] applies to
greases.

In homogeneous conductors, i.e., conductors em-
ploying only a single material (AAC and AAAC), all
the wires have the same diameter; this is also the case
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Table 9.20 Characteristic data of ACSR conductors

Designation Former
code

Cross
section

Number of strands Conductor
diam.

Mass per
unit length

Rated
strength

DC resis-
tance

Current-
carrying
capacity

ACSR total
(mm2)

Al St (mm) (kg=km) (kN) (�=km) (A)

15-AL1/3-ST1A 16/2.5 17.8 6 1 5.40 61.6 5.80 1:8769 105
24-AL1/4-ST1A 25/4 27.8 6 1 6.75 96.3 8.95 1:2012 140
34-AL1/6-ST1A 35/6 40.1 6 1 8.10 138.7 12.37 0:8342 170
44-AL1/32-ST1A 44/32 75.6 14 7 11.2 369.3 44.24 0:6574 200
48-AL1/8-ST1A 50/8 56.3 6 1 9.60 194.8 16.81 0:5939 210
51-AL1/30-ST1A 50/30 81.0 12 7 11.7 374.7 42.98 0:5644 230
70-AL1/11-ST1A 70/12 81.3 26 7 11.7 282.2 26.27 0:4132 290
94-AL1/15-ST1A 95/15 109.7 26 7 13.6 380.6 35.93 0:3060 350
97-AL1/56-ST1A 95/55 152.8 12 7 16.0 706.8 77.85 0:2992 370
106-AL1/76-ST1A 105/75 181.2 14 19 17.5 885.3 105.82 0:2742 400
122-AL1/20-ST1A 120/20 141.4 26 7 15.5 491.0 44.50 0:2376 410
122-AL1/71-ST1A 120/70 193.4 12 7 18.0 894.5 97.92 0:2364 415
128-AL1/30-ST1A 125/30 157.8 30 7 16.3 587.0 56.41 0:2260 425
149-AL1/24-ST1A 150/25 173.1 26 7 17.1 600.8 53.67 0:1940 470
172-AL1/40-ST1A 170/40 211.8 30 7 18.9 788.2 74.89 0:1683 520
184-AL1/30-ST1A 185/30 213.6 26 7 19.0 741.0 65.27 0:1571 535
209-AL1/34-ST1A 210/35 243.2 26 7 20.3 844.1 73.36 0:1381 590
212-AL1/49-ST1A 210/50 261.5 30 7 21.0 973.1 92.46 0:1363 620
231-AL1/30-ST1A 230/30 260.8 24 7 21.0 870.9 72.13 0:1250 630
243-AL1/39-ST1A 240/40 282.5 26 7 21.8 980.1 85.12 0:1188 645
264-AL1/34-ST1A 265/35 297.7 24 7 22.4 994.4 81.04 0:1095 680
304-AL1/49-ST1A 300/50 353.7 26 7 24.4 1227.3 105.09 0:0949 740
305-AL1/39-ST1A 305/40 344.1 54 7 24.1 1151.2 96.80 0:0949 740
339-AL1/30-ST1A 340/30 369.1 48 7 25.0 1171.2 91.71 0:0852 790
382-AL1/49-ST1A 380/50 431.2 54 7 27.0 1442.5 121.30 0:0758 840
389-AL1/34-ST1A 385/35 420.1 48 7 26.7 1333.6 102.56 0:0749 850
434-AL1/56-ST1A 435/55 490.6 54 7 28.8 1641.3 133.59 0:0666 900
449-AL1/39-ST1A 450/40 488.2 48 7 28.7 1549.1 119.05 0:0644 920
490-AL1/64-ST1A 490/65 553.8 54 7 30.6 1852.9 150.61 0:0590 960
494-AL1/34-ST1A 495/35 528.4 45 7 29.9 1632.6 117.96 0:0584 985
511-AL1/45-ST1A 510/45 585.8 48 7 30.7 1765.3 133.31 0:0566 995
550-AL1/71-ST1A 550/70 620.9 54 7 32.4 2077.2 166.32 0:0526 1020
562-AL1/49-ST1A 560/50 611.2 48 7 32.2 1939.5 146.28 0:0515 1040
571-AL1/39-ST1A 570/40 610.6 45 7 32.3 1887.1 136.40 0:0506 1050
653-AL1/45-ST1A 650/45 698.8 45 7 34.4 2159.9 156.18 0:0442 1120
679-AL1/86-ST1A 680/85 764.5 54 19 36.0 2549.7 206.56 0:0426 1150
1046-AL1/45-ST1A 1045/45 1090.9 72 7 43.0 3249.2 218.92 0:0277 1580

Designation Former
code

Cross
section

Number of strands Conductor
diam.

Mass per
unit length

Rated
strength

DC resis-
tance

Current-
carrying
capacity

ACSR total
(mm2)

Al St (mm) (kg=km) (kN) (�=km) (A)

15-AL1/3-ST1A 16/2.5 17.8 6 1 5.40 61.6 5.80 1:8769 105
24-AL1/4-ST1A 25/4 27.8 6 1 6.75 96.3 8.95 1:2012 140
34-AL1/6-ST1A 35/6 40.1 6 1 8.10 138.7 12.37 0:8342 170
44-AL1/32-ST1A 44/32 75.6 14 7 11.2 369.3 44.24 0:6574 200
48-AL1/8-ST1A 50/8 56.3 6 1 9.60 194.8 16.81 0:5939 210
51-AL1/30-ST1A 50/30 81.0 12 7 11.7 374.7 42.98 0:5644 230
70-AL1/11-ST1A 70/12 81.3 26 7 11.7 282.2 26.27 0:4132 290
94-AL1/15-ST1A 95/15 109.7 26 7 13.6 380.6 35.93 0:3060 350
97-AL1/56-ST1A 95/55 152.8 12 7 16.0 706.8 77.85 0:2992 370
106-AL1/76-ST1A 105/75 181.2 14 19 17.5 885.3 105.82 0:2742 400
122-AL1/20-ST1A 120/20 141.4 26 7 15.5 491.0 44.50 0:2376 410
122-AL1/71-ST1A 120/70 193.4 12 7 18.0 894.5 97.92 0:2364 415
128-AL1/30-ST1A 125/30 157.8 30 7 16.3 587.0 56.41 0:2260 425
149-AL1/24-ST1A 150/25 173.1 26 7 17.1 600.8 53.67 0:1940 470
172-AL1/40-ST1A 170/40 211.8 30 7 18.9 788.2 74.89 0:1683 520
184-AL1/30-ST1A 185/30 213.6 26 7 19.0 741.0 65.27 0:1571 535
209-AL1/34-ST1A 210/35 243.2 26 7 20.3 844.1 73.36 0:1381 590
212-AL1/49-ST1A 210/50 261.5 30 7 21.0 973.1 92.46 0:1363 620
231-AL1/30-ST1A 230/30 260.8 24 7 21.0 870.9 72.13 0:1250 630
243-AL1/39-ST1A 240/40 282.5 26 7 21.8 980.1 85.12 0:1188 645
264-AL1/34-ST1A 265/35 297.7 24 7 22.4 994.4 81.04 0:1095 680
304-AL1/49-ST1A 300/50 353.7 26 7 24.4 1227.3 105.09 0:0949 740
305-AL1/39-ST1A 305/40 344.1 54 7 24.1 1151.2 96.80 0:0949 740
339-AL1/30-ST1A 340/30 369.1 48 7 25.0 1171.2 91.71 0:0852 790
382-AL1/49-ST1A 380/50 431.2 54 7 27.0 1442.5 121.30 0:0758 840
389-AL1/34-ST1A 385/35 420.1 48 7 26.7 1333.6 102.56 0:0749 850
434-AL1/56-ST1A 435/55 490.6 54 7 28.8 1641.3 133.59 0:0666 900
449-AL1/39-ST1A 450/40 488.2 48 7 28.7 1549.1 119.05 0:0644 920
490-AL1/64-ST1A 490/65 553.8 54 7 30.6 1852.9 150.61 0:0590 960
494-AL1/34-ST1A 495/35 528.4 45 7 29.9 1632.6 117.96 0:0584 985
511-AL1/45-ST1A 510/45 585.8 48 7 30.7 1765.3 133.31 0:0566 995
550-AL1/71-ST1A 550/70 620.9 54 7 32.4 2077.2 166.32 0:0526 1020
562-AL1/49-ST1A 560/50 611.2 48 7 32.2 1939.5 146.28 0:0515 1040
571-AL1/39-ST1A 570/40 610.6 45 7 32.3 1887.1 136.40 0:0506 1050
653-AL1/45-ST1A 650/45 698.8 45 7 34.4 2159.9 156.18 0:0442 1120
679-AL1/86-ST1A 680/85 764.5 54 19 36.0 2549.7 206.56 0:0426 1150
1046-AL1/45-ST1A 1045/45 1090.9 72 7 43.0 3249.2 218.92 0:0277 1580

in some ACSR conductors. However, in the majority
of the latter, all the aluminum wires have the same di-
ameter while all the steel wires have another, different
diameter. Wire diameters in overhead line conductors
range between 2 and 5mm.

Apart from the standard conductor designs, there
are also a number of special designs, such as con-
ductors with high steel content for very long spans
such as river crossings, smooth-body conductors, and
expanded conductors. One way to improve and tai-
lor conductors for special situations is to form the

aluminum wires in a trapezoidal or z-shape. These con-
ductors make better use of their space compared with
round-wire conductors and are, therefore, called com-
pact (Fig. 9.26).

The proper designation of conductors is an inter-
esting issue. In Central Europe, the conductor name
contains the abbreviation of the conductor material(s)
and the respective cross-section(s) in mm2. For ex-
ample, a commonly used ACSR conductor with an
aluminum cross section of 243mm2 and a steel cross-
section of 39mm2, in the old days simply called Al/St
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Fig. 9.26 Compact
ACSR conductor

240/40 [9.46], is nowadays denoted as 243-AL1/39-
ST1A. In other parts of the world, the North American
practice is often followed, whereby conductors carry
names of flowers, cities, and birds, e.g., Tulip, Rose,
and Magnolia for AAC, Akron, Montreal, and Hal-
ifax for AAAC, and Pelican, Hawk, and Drake for
ACSR.

9.4.2 Conductor Manufacture

Conductor manufacture is a complex process and a cru-
cial one as the manufacturing method employed deter-
mines the stress regime in the conductor strands, which,
in turn, significantly influences the behavior of the con-
ductor under mechanical loads in service.

This is best explained by describing the operation of
a so-called orbital strander(Fig. 9.27 [9.47]), which is
mainly used for manufacturing smaller conductors with
up to 19 strands as well as steel cores of up to 19 strands
for ACSR.

In this type of strander, spools of wire are mounted
in heads which rotate about the conductor axis, with
each head supplying the strands for one layer. A clos-
ing die, usually made of fiber material or wood, forces
the strands snugly into their final position. Just before
reaching the closing die, the wires pass through so-
called preformers (Fig. 9.28 [9.47]), which have the
task of forming the strands to approximately the shape
that they will adopt in the finished conductor. In this
way, the built-in stresses and moments in the strands
are reduced, as well as their tendency to spring back
after cutting. The handling characteristics of these con-

6 bobbins head 12 bobbins head

Core supply Closing die Closing die

Finished cable

Fig. 9.27 Schematic of orbital strander (adapted from [9.26])

ductors are greatly enhanced by this process. Finally,
the capstan supplies the pulling force to draw the layer
wires from their spools and also the core wire from its
reel. The capstan speed is synchronized to the rotational
speeds of the strander heads by gearing, to achieve the
desired pitch of the strand helices.

The influence of the manufacturing process has
been thoroughly investigated and presented in [9.48]
using a 3-D FEM model and verified by extensive
full-size tests. In particular it has been shown that the
path of the individual wires from their round shape
on the bobbin to their helical shape when embedded
in the conductor is of paramount importance for the
residual stresses in the conductor wires. In Fig. 9.29,
the two extreme conditions are shown schematically,
together with the FEM simulation results for the ax-
ial stresses in the conductor. As can be seen, due to
room-temperature viscoplastic effects, stress relaxation
occurs during storage, reducing the magnitude of the
residual stresses.

9.4.3 Tests

Wire Tests
Tests of the individual conductor wires are prescribed in
a number of national and international standards. Usu-
ally, sample tests are carried out on every 10% of the
wire length ready for stranding:

� Wire diameter: Accuracy two decimal places; max.
deviation from value in the standard: ˙0:003mm
for diameters up to 3mm, ˙1% above.� Wire surface: Smooth, free from cracks, fissures,
and other damage, no inclusion of copper particles
in the aluminum wires.� Tensile strength: Tested on a wire sample of 250mm
length; should meet the prescribed value.� Wrapping test: An aluminum sample wire is coiled
eight times around a mandrel of the same diameter,
then six turns are uncoiled and coiled again; the test
is passed if the wire does not break.� Galvanizing: The zinc mass of galavanized steel
wire is determined by removing the zinc coat-
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Fig. 9.28 Preforming head (adapted from [9.47])

ing using hydrochloric acid, while the uniformity
of the coating is tested by applying the zinc dip
test.� Resistivity: In this test, the wire resistance is first
measured at a temperature of 10�30 ıC and then
adjusted to the reference temperature of 20 ıC us-

Best case

On the bobbin

Minimum stress
case

Maximum stress
case

S, S33
(Avg: 75%)

+4.305E+02
+3.000E+02
+2.500E+02
+2.000E+02
+1.500E+02
+1.000E+02
+5.000E+01
+0.000E+00
–5.000E+01
–1.000E+02
–1.500E+02
–2.000E+02
–2.500E+02
–3.000E+02

Time point

After
stranding

After
storage

Uncoiled Wound on
conductor

Worst case

a)

b)

Fig. 9.29a,b Minimum and maxi-
mum stress case in the conductor.
(a) Schematic of the wire stranding
process; (b) residual axial stresses in
the conductor wires in N=mm2

ing the well-known formula

R20 D RT

1C˛.T � 20/
; (9.30)

where T is the measurement temperature, RT and
R20 are the resistance at temperature T and 20 ıC,
respectively, and ˛ is the temperature coefficient of
resistance.
In this regard, ˛ D 23�10�6 for aluminum and ˛ D
11:5�10�6 for steel; i.e., the ratio is 2 W 1, a value to
be remembered for later.� Welding: When aluminum wires are broken during
stranding, they can be joined again by welding un-
der the following prerequisites:
– The number of joints is limited.
– The minimum distance between two joints in

the same wire or any other wire is 15m.
– The joints should be rendered smoothly.
– The joints should withstand a minimum tensile

stress of 75N=mm2.
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Table 9.21 Type and sample tests for conductors (adapted
from [9.44])

Type test Sample test
Conductor
– Surface condition � �
– Diameter � �
– Inertness � �
– Lay ratio and direction of lay � �
– Number and type of wires � �
– Mass per unit length � �
– Stress–strain curve a –
– Tensile breaking strength a –
– Stringing test a –
– Creep test b a –

Grease
– Mass per unit length � �
– Drop point � �

Type test Sample test
Conductor
– Surface condition � �
– Diameter � �
– Inertness � �
– Lay ratio and direction of lay � �
– Number and type of wires � �
– Mass per unit length � �
– Stress–strain curve a –
– Tensile breaking strength a –
– Stringing test a –
– Creep test b a –

Grease
– Mass per unit length � �
– Drop point � �
a According to agreement between manufacturer and purchaser
b According to [9.49]

It is good practice to mark by tape the welding locations
on the wires of the outer layer.

Conductor Tests
For the finished conductors, the tests listed in Ta-
ble 9.21 [9.44] are required.

These tests are of particular importance as they pro-
vide the necessary input for the mechanical behavior of
a conductor in service.

Stress–Strain Test. This test describes the behavior of
the conductor under mechanical load and is carried out
on a conductor sample of at least 400 times the con-
ductor diameter but not less than 10m. The test loads
should be applied on the conductor using the follow-

0 0.450.400.350.300.25

Initial modulus
One hour modulus
Final modulus

70% RTS

50% RTS

30% RTS

0.200.150.100.05

Stress (MPa)

Strain (%)

300

200

100

0

Fig. 9.30 Typical
stress–strain curve of
a conductor (adapted
from [9.50])

ing steps, where the load should be completely released
after each step:

� Initial load of 5% of the rated tensile strength (RTS)
to straighten the conductor� Load with 30% RTS and holding the load for 0:5 h� Reload to 50% RTS and holding for 1 h� Reload to 70% RTS and holding for 1 h� Reload to 85% RTS and holding for 1 h� After the fourth application of load, the conductor is
loaded again by increasing the tensile force steadily
until the actual breaking strength is reached.

The initial stress–strain diagram is obtained by drawing
a smoothed line through the strain point after 0:5 h at
30% RTS and the strain points after 1 h at 50%, 70%,
and 85% RTS. The curve should be adjusted to pass
through the zero point. The initial stress–strain diagram
is represented by the blue line marked initial modulus
in Fig. 9.30. The characteristic final stress–strain dia-
gram may be determined from the unloading part (from
50%, 70%, or 85% RTS) of the graph, as agreed upon
between the manufacturer and client. Figure 9.30 shows
an example stress–strain diagram [9.50].

The rated tensile strength (RTS) of bimetallic
conductors is determined in accordance with [9.44,
Sect. 5.9]. For ALx/STyz and ALz/yzSA conductors, it
is equal to the minimum tensile strength �BAl of the
aluminum wires before the stranding process, multi-
plied by their nominal cross section AAl plus the ten-
sile stress �1%Fe of the steel or aluminum-clad steel
wires at 1% elongation on a 250-mm gauge length be-
fore stranding, multiplied by their nominal cross sec-
tion AFe.

RTS D �BAlAAl C �1%FeAFe : (9.31)
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Fig. 9.31 Creep curves for ACSR Cardinal (483-AL1/63-
ST1A) (adapted from [9.4])

The requirements on the RTS of a conductor are con-
sidered to be met by a test when failing of individual
wires occurs only after 95% of its rated strength has
been reached.

Creep Test. Creep is another expression for plas-
tic elongation and is explained in [9.51]. Aluminum
strands, and, to a much lesser extent, steel strands used
in bare overhead conductors, undergo plastic (i.e., per-
manent) elongation as the result of tension applied over
time. Initial plastic conductor elongation includes the
strand settlement and deformation which occurs during
stringing and sagging (initial plastic elongation), plastic
elongation which occurs during relatively brief, high-
tensile-load events, and long-time metallurgical creep
elongation, which occurs at everyday tension levels
over the life of the line. Metallurgical creep of alu-
minum is accelerated at sustained high temperatures
(above 20 ıC). This effect has been extensively studied
recently and presented in [9.47].

The creep strain e of the conductor is described ac-
cording to [9.52] by

e D e1ht
n ; (9.32)

where t is the time in hours and e1h and n are parameters
which depend on the conductor type and load condition.

These values are measured by means of the tests
described in [9.53], which are performed on a sample
which is at least as long as 100 times the conductor di-
ameter, clamped in a test bench, which keeps the load
constant during the test, with an accuracy of ˙1% or
˙120N. The measuring intervals are selected on a log-
arithmic scale, and the results of the tests are then
presented on a double logarithmic scale corresponding
to the equation

log e D log e1h C n log t : (9.33)

ACSR 380/50 mm2

ACSR 230/30 mm2

ACSR 340/30 mm2

ACSR 240/40 mm2

ACSR 95/55 mm2
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20
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6
4

2

Fig. 9.32 Tensile stress decrease ��Al due to creep in the
aluminum wires of different ACSRwith a load of 25%RTS
at 20 ıC (adapted from [9.54])

In this way, the creep strain e in the ideal case forms
a straight line where e1h is the intersection with the or-
dinate for t D 1 h and n is the slope of the straight line.
Figure 9.31 [9.4] shows such a creep diagram, present-
ing a mean straight line through the measuring points on
a double logarithmic scale. The creep strain can then be
extrapolated out to 100 000 h (approximately 10 years).
Indicative data for e1h and n can be found in [9.53].

The creep of steel wires is much less significant and
is normally neglected. Due to this fact, the creep in the
aluminum wires of a bimetallic conductor reduces their
tensile load by ��Al but increases the load in the steel
core wires. This load shift also depends on the ratio of
aluminum to steel (Fig. 9.32 [9.54]).

9.4.4 Mechanical Properties

Conductors have to sustain a plethora of electrical,
mechanical, and environmental loads. Moreover, it is
expected that, during the projected lifetime of a line,
i.e., 40 years or more, and under all foreseeable condi-
tions, they must not break under high tension, nor fail
under fatigue caused by wind-induced oscillations, nor
sag such that minimum electrical clearances are com-
promised. This can be ensured by understanding the
behavior of the conductor under such loads and apply-
ing appropriate calculation methods [9.51].

Tensile Behavior
In a straight piece of conductor loaded in tension, the
load H is distributed in the individual conductor wires
following the basic rules of engineering mechanics. In
the determination of the tensile forces in the individual
wires, it is assumed that the conductor cross-section re-
mains plane and all wires are in the linear elastic region,
i.e., that Hooke’s law is applicable. The changes in the
lay angle and the transverse contraction (Poisson effect)
of the wire cross-sections amount to around 2% of the
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total tensile stress in the wire and are usually neglected.
In a homogeneous conductor such as AAC and AAAC
with n wires of the same diameter d and with modulus
of elasticity E, the stress � in a single wire is given by

� D H

n d2=4
: (9.34)

This is related to the corresponding wire strain " by

� D E" : (9.35)

The situation becomes more complex for a bimetallic
conductor, notably ACSR. In this case, the wires of
the conductor stick to each other, because the tensile
load creates radial compression (Fig. 9.51); they are
also held firmly together by the conductor hardware,
mainly the dead-end clamps (Fig. 9.108). Consequently,
the wire strains "Al and "St for the aluminum and steel
wires are equal

"Al D "St : (9.36)

And since

�Al D EAl"Al resp. �St D ESt"St ; (9.37)

it follows that

�St D ESt

EAl
�Al : (9.38)

From (9.38) and considering typical values of ESt D
190GPa and EAl D 55GPa as indicated in [9.55] for
stranded steel and aluminum wires, respectively, it can
be concluded that the tensile stresses in the steel wires
of an ACSR are more than three times higher than the
corresponding stresses in its aluminum wires.

The value of the stresses themselves can then be cal-
culated as

�Al D H
EAl

AEC
(9.39)

and

�St D H
ESt

AEC
; (9.40)

where EC is the so-called composite modulus of elastic-
ity of the conductor, given by

EC D EAl
AAl

A
CESt

ASt

A
; (9.41)

and A is the total conductor area. Calculations using
(9.39)–(9.41) show that even modest steel areas (e.g.,
11% of the total area) greatly stiffen ACSR conductors,
increasing the composite modulus from 55 to 70GPa,
i.e., by approximately 25%.

Thermal Behavior
Conductors do not only elongate when under tension,
but also change their length by a fraction �L under
the influence of temperature. For individual conductor
wires with original length L, the following well-known
relationship applies

�L

L
D ˛�T ; (9.42)

where ˛ is the coefficient of linear expansion and�T is
the temperature difference. For the two most common
conductor materials, i.e., aluminum and its alloys and
steel, the coefficients of linear expansion exhibit a ratio
of 2 : Specifically, the coefficient of linear expansion of
aluminum (˛Al D 23�10�6 ıC�1) is twice that of steel
(˛St D 11:5�10�6 ıC�1). This fact has important con-
sequences in the calculation of conductor sag in a span.

Based on a reasoning similar to that applied for the
tensile behavior of a bimetallic conductor above, the
composite coefficient of linear expansion can be calcu-
lated as

˛C D ˛Al
EAl

E

AAl

A
C˛St

ESt

E

ASt

A
: (9.43)

Since the thermal expansion coefficients of steel and
aluminum are different, a load shift takes place be-
tween aluminum and steel depending on the change of
temperature. For a temperature increase, the load shifts
from aluminum to steel, whereas the opposite is true
for a temperature decrease. In this case, the aluminum
strands of the conductor have to carry a greater me-
chanical load [9.56], which can be critical in the winter
period, when this unfavorable characteristic coincides
with the highest tension in the conductor. This issue is
also important for vibration assessment (Sect. 9.4.11).

The Catenary
The shape of a conductor suspended from two points
at equal height above the ground having between them
a distance S (the span) and loaded by a weightw (which
can be its own weight plus an additional weight, e.g.,
from ice) and a tensile load H is a curve called a cate-
nary (Fig. 9.33), because it is the curve that an idealized
chain assumes (from the Latin catena for chain). Its
mathematical function can be derived by applying the
three conditions of static equilibrium in a plane on the
differential elements of the curve as shown schemati-
cally on the right-hand side of Fig. 9.33 [9.4]; this leads
to the differential equation

d2y

dx2
D w

H

s

1C
�

dy

dx

�2

: (9.44)
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Fig. 9.33 The catenary (adapted from [9.4])

Its solution delivers the mathematical expression for
the catenary

y.x/D H

w

h

cosh
�wx

H

	

� 1
i

; (9.45)

which can be simplified to the equation of a parabola

y.x/D wx2

2H
: (9.46)

The maximum deflection, which occurs at the center of
the span S and is called the sag D, can be obtained by
inserting x D S=2 into (9.45), thus

D D H

w

�

cosh

�

wS

2H

�

� 1

�

; (9.47)

which can be simplified to

D D wS2

8H
: (9.48)

Equation (9.48) for the sag follows intuition, as evi-
dently the sag will increase with the conductor weight
and span length but decrease with the conductor ten-
sion. The sag is further proportional to the square of the
span length; i.e., when the span length is doubled, the
sag will increase four times, which is an important issue
for long spans.

These approximations for the catenary curve and the
sag are valid when

w 2S2

48H2
� 1 ; (9.49)

which applies for the majority of overhead lines, with
the exception of long, steep, or deep spans such as may
be found in river, lake, or fjord crossings.

For a typical 380-kV line with a horizontal span
length S of 300m, equipped with a Drake conduc-
tor (ACSR 403-A1/S1A, 26/7) with a weight per unit
length w of 16N=m and a tension H of 28 kN, cor-
responding to 20% of its RTS of 140 kN, the sag D
becomes 6420mm with the exact solution (9.47) and
6417mm with the approximation (9.48), i.e., a differ-
ence of only 3mm, evidently well below the practical
accuracy of sag measurements in the field. In this con-
text, it is instructive to verify that the condition (9.49)
is met

162 � 3002

48� 28 0002
D 0:0006 � 1 :

The length of the catenary L between the supports
A and B (Fig. 9.33) can be calculated from the line in-
tegral of the catenary curve differential ds

L D
B
Z

A

ds D
B
Z

A

p

dx2 C dy2

D
B
Z

A

1C
s

1C
�

dy

dx

�2

dx : (9.50)

Inserting (9.45) and under the assumption of (9.49), we
obtain a very good approximation for the length of the
catenary of

L Š SC 8D2

3S
; (9.51)

and for the so-called slack, i.e., the difference between
the catenary length L and the span length S, we obtain

L� S Š 8D2

3S
: (9.52)

For the example, we get L D 300:366m and L� S D
0:366m, which is only about 0:1% of the span length S.

Another interesting observation is that the differ-
ence between the total tension T and the horizontal
tension H in the conductor is normally very small, in
this case amounting to just over 100N.

The ratio H=w (with dimension m), which appears
in the preceding equations, is commonly referred to as
the catenary constant. An increase in the catenary con-
stant causes the catenary curve to become shallower and
the sag to decrease. The catenary constant typically has
a value in the range of 500�2000m for most transmis-
sion line catenaries under most conditions, and it also
plays an important role in the assessment of conductor
vibration severity (Sect. 9.4.11).
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Sag–Tension Calculations. As explained above, the
shape of the catenary changes with the conductor tem-
perature, ice and wind loading, and time (creep). To
ensure adequate vertical and horizontal clearance under
all weather and electrical loadings, and to ensure that
the breaking strength of the conductor is not exceeded,
the shape of the conductor catenary under all conditions
must be determined. This is done through calculations
commonly referred to as sag–tension calculations; these
are extensively described in [9.51].

The basic idea behind sag–tension calculations is to
relate mathematically two physically distinct conductor
states. The first state—designated in the following by
a subscript “1”—is defined by the conductor tempera-
ture T , tension H, and load w and related to a second
conductor state (indicated by a subscript “2”) through
a change of the conductor length L, as the latter depends
on the mentioned parameters. The basic conductor state
corresponds to the time of installation, when the con-
ductor sag and the related tension with the conductor
unloaded and at a known temperature are measured and
fixed in such a way that the limiting conductor parame-
ters (Fig. 9.36) are not exceeded. Specifically

L2 D L1 Œ1C ˛ .T2 �T1/�

�

1C H2 �H1

EA

�

; (9.53)

where ˛ is the coefficient of linear expansion, E is the
modulus of elasticity, and A is the area of the cross-
section of the conductor in question. Inserting for L
(9.51) into (9.53) with D from (9.48), we arrive at what
is often called in literature the conductor state-change
equation

H2
2 .H2 �H1/C EA .w1S/

2

24H2
1

CEA˛ .T2 � T1/

D EA .w2S/
2

24H2
2

;

(9.54)

or in the more convenient stress form

�2
2 .�2 � �1/C E .w1S/

2

24A2�2
1

CE˛ .T2 �T1/

D E .w2S/
2

24A2
: (9.55)

In (9.55) it has been assumed that the conductor be-
haves linear elastically, with a single elastic modulus
and a single coefficient of thermal elongation, which
is a reasonably good approximation for many overhead
lines, in particular for conductors with a maximum op-
erating temperature up to 60 ıC. Consequently, it is

called the linear elastic (LE) model. The above cubic
equation (9.55) can be solved easily, even analytically.

However, overhead conductors are not purely elas-
tic. They elongate with tension, but when the tension
is reduced to zero, they do not return to their initial
length; that is, conductors are plastic, and their stress–
strain curves are nonlinear (Fig. 9.30). Such curves can
be obtained in laboratory tests and then introduced into
dedicated software, which can carry out all the neces-
sary calculations using more sophisticated conductor
models such as the simplified plastic elongation (SPE)
and experimental plastic elongation (EPE) models de-
scribed in [9.51]. Specifically:

� The LE model ignores the settlement and strand
elongation as well as the long-time or high-tension
plastic elongation, although these may be allowed
for by the use of adequate clearance buffers.� The SPE model ignores the settlement and strand
elongation that occur during initial tensioning of
the conductor but accounts for long-time or high-
tension creep plastic elongation by considering an
equivalent increase in temperature

�Tcreep D "creep

˛
: (9.56)

� The EPE elongation model enables the calculation
of both settlement and strand elongation as well as
long-time or high-tension plastic elongation based
on laboratory conductor test results and an assumed
line design and load sequence.

Conductor test data for use in the SPE and EPE models
can be found in [9.55].

The various contributions to the conductor elonga-
tion are shown schematically in Fig. 9.34 [9.51].

However, the situation becomes more complicated
when ACSR are operated at elevated tempera-
tures [9.57]. Such conductors, being composed of two
metal components with different thermal expansion
rates, show a more complex sag–tension characteristic
at elevated temperature. As the temperature increases,
the tension carried by the aluminum shell shifts to
the steel core as its expansion rate is twice the rate of
the steel core. Hence, in steel-reinforced conductors,
the percentage of the load supported by the steel
core increases as the conductor temperature increases.
Above a particular conductor temperature, called the
knee-point temperature (KPT), the mechanical load
carried by the aluminum wires is completely off-
loaded to the steel core and hence add to the core’s
tensile loading, although there is an understanding
that the inner, constricted aluminum wires can sustain
a small amount of compression [9.58]. There are
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Fig. 9.35 Sag versus temperature of a 300-m span for
ACSR Cardinal (54/7) using the LE/SPE and EPE conduc-
tor models (adapted from [9.60])

also indications that the KPT is influenced by the
manufacturing process [9.59]. High-temperature sags
of multiple-layer ACSR conductors may thus be
smaller than those predicted by simpler sag–tension
models (Fig. 9.35 [9.60]).

Another important issue to be considered in sag–
tension calculations is the fact that, in a typical over-
head line and depending on the utility design philos-
ophy and the terrain, the suspension spans between
dead-end strain structures can vary in length, although
normally not over a wide range. If all of the suspension
spans were of the same length and reasonably level, and
all were subject to the same ice and wind loads, then
the sag and tension change with ice and wind and con-
ductor temperature would be the same for all the spans.
This is evidently not the case, as changes in conductor
temperature or load will yield different tensions in each
span. Small movements of the suspension points, how-
ever, will equalize the tension between spans.

Although exact sag–tension calculations for mul-
tiple, mechanically coupled suspension spans are now
carried out using customized software, it is instructive,
in order to better understand the physical background
of the situation, to carry out the sag–tension calculation
for a single ruling, also called equivalent, span [9.61,
62]. The ruling span is defined by

SR D
s

S1
3 C S2

3 C � � � C Sn
3

S1 C S2 C : : : Sn
; (9.57)

where SR is the ruling span for a line section containing
n suspension spans, S1 is the span length of the first
suspension span, S2 is the span length of the second
suspension span, and Sn is the span length of the n-th
suspension span.

Since the numerator in (9.57) depends on the cube
of the span length, the value of the ruling span is greatly
influenced by the longest spans. And, since the tension
in all the suspension spans in the line section is assumed
to be reasonably equal, once the sag DR for the ruling
span has been calculated, the sagDi in any of the related
suspension spans can be calculated as

Di D DR

�

Si
SR

�2

: (9.58)

Using sag–tension calculations, the sagging condition,
i.e., the tension in the conductor during installation, can
be determined. For this purpose, firstly the limit stresses
at the critical conductor conditions (Fig. 9.36 [9.51]) are
calculated and the prevailing condition is selected.

These conditions vary depending on the environ-
ment, the utility practice, and the standards to be fol-
lowed; For example, in Germany [9.63], the maximum
conductor stresses are calculated for:



9.4 Conductors 651
Section

9.4

Ground level

Span length

Initial installed sag @ 15 °C

Final unloaded sag @ 15 °C

Sag @ max ice/wind load

Sag @ max electrical
load, Tmax

Minimum electrical
clearance

Fig. 9.36 Sag variation with conductor temperature, ice
and wind loads, and time after installation calculated from
the initial sag during stringing (adapted from [9.51])

� �20 ıC without ice loads or� �5 ıC and ice load according to 4.5.2/DE.1 or� �5 ıC and ice load combined with wind load ac-
cording to 4.6.6.1/DE.1 or� C5 ıC with wind load according to 4.4.1/DE.1.

Table 9.22 Mechanical characteristics and permissible everyday stress for standard conductors (adapted from [9.64])

Conductor type
and reference
standard

Cross-sectional
ratio

Number
of strands

Coefficient of
thermal expansion ˛

(�10�6 K�1)

Effective modulus of
elasticity E
(kN=mm2)

Everyday stress
(N=mm2)
AL1/ST1A AL3/ST1A

AL1/ST1A and
AL3/ST1A

1:4 W 1 14/7 15.0 110 90 104
14/19

1:7 W 1 12/7 15.3 107 84 102
4:3 W 1 30/7 17.8 82 57 69
6:0 W 1 6/1 19.2 81 56 67

26/7 18.9 77
7:7 W 1 24/7 19.6 74 52 63

54/7 19.3 70
54/19 19.4 68

11:3 W 1 48/7 20.5 62 44 53
14:5 W 1 45/7 20.9 61 40 50
23:1 W 1 72/7 21.7 60 35 –

AL1 / 7 23.0 60 30
19
37

57

61
91

55

AL3 (E-AlMgSi) / 7 23.0 60 44
19
37

57

61
91

55
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Thereby, the tensile stress at the fixing point of the con-
ductor multiplied by the partial factor �C D 1:35 should
not exceed the value obtained as 95% of the rated ten-
sile strength of the conductor divided by the material
partial factor �M D 1:25. RTS values of ACSR are listed
in Table 9.20.

In addition and at the annual mean temperature,
which can be assumed to be C10 ıC, the horizontal
component of the conductor tensile stress without wind
load should not exceed the everyday stress (EDS). De-
pending on the design of the suspension assemblies and
the efficiency of the vibration protection, the horizontal
component of the conductor tensile stress may exceed
the specified values by up to 25%. Table 9.22 [9.64] lists
these values for typical ACSR.

The maximum conductor and structure tensile loads
increase with increasing initial installed tension, while
the sag decreases. To avoid conductor tensile failure,
but also, unless constrained by design, failure of sup-
porting structures plus splices and dead-end fittings
under high ice and wind loads, the conductor ten-
sion under maximum ice and wind is usually limited
to 50�60% of the RTS [9.66]. For this purpose, the
conductor’s initial unloaded tension at the time of con-
struction or reconductoring is limited to a rather modest
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Fig. 9.37 Factors affecting the
thermal equilibrium of an OHL
conductor (adapted from [9.65])

value, i.e., 15�25% of the RTS. In addition, limiting
the initial and final unloaded tensions to certain per-
centage ranges of the RTS is common as a means of
vibration control, while recent work by CIGRE [9.67]
suggests that limiting the so-called catenary constant
H=w for the coldest month is better. This is discussed
in Sect. 9.4.11.

9.4.5 Thermal Rating

The purpose of an overhead line conductor is to carry
electrical current safely and efficiently under normal
and emergency operating conditions, under all weather
conditions, through the whole life expectancy of the
line. To avoid overheating and damage to the phase
conductors, the line’s thermal rating is calculated as de-
scribed extensively in [9.65]. This important document
covers static and dynamic thermal rating calculations
for both AC and DC operation, particularly at high
temperatures and current densities, which are common
nowadays because of the increased power flows in the
grid.

Figure 9.37 [9.65] shows schematically the various
contributions to the thermal state of the conductor and
indicates that the resulting temperature distribution in
the conductor is not necessarily constant, varying along
the line with weather conditions (particularly wind) and
at current densities above 2A=mm2 often increasing to-
wards the core by more than 5 ıC [9.68].

We concentrate here on the static steady-state condi-
tion of the conductor under the reasonable assumption
that the conductor will have reached thermal equilib-
rium, i.e., that its temperature will not change signifi-
cantly over time. Thereby, conservation of energy must

be observed

PJ CPS D PC CPR : (9.59)

The different contributing factors are addressed briefly
below.

Joule Losses
The Joule losses per unit length PJ in a conductor
are mainly caused by the resistance that the conductor
material poses to electrons moving within it. This re-
sistance increases with the average temperature of the
conductor Tav, which can be explained intuitively by
the fact that, as the temperature increases, the ampli-
tude of the vibration of atoms in the metal lattice of the
conductor also increases, thus impeding the passage of
electrons. The increase in the DC resistance with tem-
perature amounts to approximately 4% for every 10 ıC
change in the conductor temperature.

PJ D RDCI
2 D �DC

A
I2

D �DC Œ1C˛20 .Tav � 20/�
I2

A
; (9.60)

where A is the cross-sectional area of the conductor.
Additional effects which increase the conductor re-

sistance in the case of AC are the skin effect and
magnetic losses [9.69]. Their combined contribution is
accounted for in (9.61) by the factor kJ, which has, with
very few exceptions, a value of less than 1:1; i.e., it
causes an increase of RAC with respect to RDC by a max-
imum of 10%

RAC D kJRDC : (9.61)
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Evidently, the main contributor to the Joule, also often
called ohmic, losses is the square of the current magni-
tude I. For ACSR Drake with a diameter of 28mm and
a resistivity of 0:073�=km, they amount to 6:8W=m at
300A and 75W=m at 1000A.

Solar Heating
The solar heat gain per unit length by a conductor PS is
directly proportional to the conductor diameter D, the
absorptivity ˛S of the conductor surface, and the global
radiation intensity IR [9.70]

PS D ˛SIRD : (9.62)

The value of ˛S varies from around 0:2 for a bright new
conductor to near 1:0 for a weathered conductor in an
industrial environment after one or more years. As it is
not easy to measure the absorptivity accurately, a de-
fault minimum value of 0:8 is often used.

The global radiation intensity IR is a combination
of the direct solar radiation on a surface normal to the
sun’s beam, the diffuse sky radiation onto a horizon-
tal surface, and the incident radiation reflected from the
ground, the so-called albedo. Transmission lines are of-
ten rated with a value of IR D 900W=m2.

Convective Cooling
Convection is the transfer of heat in the direction
of a temperature gradient due to bulk movement of
molecules within fluids such as gases. The heat transfer
from an overhead conductor to the surrounding atmo-
sphere is quantified by the convective coolingPC, which
depends on the thermal conductivity of the air �f, the
dimensionless Nusselt number Nu, and the difference
between the temperatures of the conductor surface Ts
and surrounding air Ta

PC D  �f .Ts �Ta/Nu : (9.63)

There are two types of convection. Natural convec-
tion occurs when motion of air molecules is caused by
buoyancy forces that result from density variations in
the air. Forced convection occurs when a stream of air
molecules flows over the conductor surface and trans-
fers heat away from the hot conductor to the cold sur-
rounding air. Already at quite low perpendicular wind
speeds, even less than 0:5m=s, forced convection dom-
inates and natural convection can be ignored. At very
low wind speeds though, natural convection may have
a significant effect, becoming the dominant convection
mechanism at 0:3m=s and below; For example, for
a Drake conductor at 100 ıC in air at ambient tempera-
ture of 40 ıC, natural convection contributes 42W=m
to its cooling while forced convection contributes 82

and 115W=m at a wind velocity perpendicular to the
conductor of 0:6 and 1:2m=s, respectively. The total
convection at low wind speeds can be found by adding
the natural and forced convection vectorially.

Radiative Cooling
Radiation is the result of the random movements of
atoms and molecules in matter, which takes place at any
temperature above absolute zero. Since these atoms and
molecules are composed of charged particles (protons
and electrons), their movement results in the emission
of electromagnetic radiation in the form of photons,
which carry energy away from the surface of the ob-
ject in question, here the conductor. The radiative heat
transfer, specifically the radiative cooling PR of a con-
ductor, is given by the Stefan–Boltzmann law

PR D  D�B"S
h

.Ts C 273/4 � .Ta C 273/4
i

;

(9.64)

where D is the conductor diameter, �B is the Stefan–
Boltzmann constant, "s is the emissivity of the con-
ductor surface, and Ts and Ta are the temperature of
the conductor surface and the ambient, respectively.
For bare overhead conductors, radiative cooling is
generally much weaker than convective cooling. For
a Drake conductor at 75 ıC with a suitably conser-
vative wind speed of 0:6m=s, the convective cooling
is approximately three times the radiative cooling per
unit length. Inserting (9.60) – (9.64) into (9.59), we get
the relationship between the thermal rating, i.e., the
maximum current IAC that the conductor can carry at
thermal equilibrium for an ambient conductor temper-
ature Ta

IAC D
s

PC CPR �PS

kJ�DC Œ1C˛20 .Tav � 20/� =A
: (9.65)

Table 9.23 presents an example calculation, and
Fig. 9.38 [9.71] the strong dependence of the thermal
rating on the wind velocity and ambient temperature.
The maximum permissible conductor temperature is
usually set at 80 ıC (Sect. 9.4.9).

9.4.6 Corona

Corona is an ionization process caused by the acceler-
ation of electrons in an inhomogenuous electric field.
If the field strength is high enough, electrons will ac-
quire enough energy to ionize neutral molecules in the
ambient air [9.72]. Thus, new free electrons are cre-
ated, which, subjected to the same field, likewise ionize
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Table 9.23 Thermal rating of ACSR 265/35 for solar ra-
diation of 900W=m2 with wind perpendicular to the line
(adapted from [9.71])

Conductor ACSR
265/35

ACSR
265/35

Wind velocity (m=s) 0.6 2
Ambient temperature (ıC) 35 20
Max. conductor temperature (ıC) 80 80
Thermal rating (A) 688 1055

Conductor ACSR
265/35

ACSR
265/35

Wind velocity (m=s) 0.6 2
Ambient temperature (ıC) 35 20
Max. conductor temperature (ıC) 80 80
Thermal rating (A) 688 1055

–10 –5 0 5 10 15 20 25 30

Initial static
rating

35 40

I/INominal (%)

T (°C)

145
140
135
130
125
120
115
110
105
100

0.6 m/s
1.0 m/s
2.0 m/s

Fig. 9.38 Thermal rating of ACSR 265/35 over ambi-
ent temperature with wind velocity as parameter (adapted
from [9.71])

molecules, leading through progressive multiplication
to partial discharges in the air.

Depending on the voltage polarity, there are two
types of such discharge:

� Negative corona or glow, which is characterized
by blue light with lower intensity and low audible
noise.� Positive corona or streamers, which is characterized
by sparkles with white light and high audible noise,
thus being an important design issue for AC and DC
lines; for the latter, corona effects get more compli-
cated because of accumulation and wind dispersion
of space charges.

The onset field intensity Ec for corona discharge of con-
ductors can be reasonably well predicted using Peek’s
formula [9.73], which has been defined based on corona
cage experiments

Ec D mE0ı

�

1C Kp
ır

�

: (9.66)

For AC voltages, Ec is the peak value of the field inten-
sity in kV=cm, r is the radius of the conductor in cm,
and ı is the relative air density.

Table 9.24 Typical three-phase corona losses in W=m

Line voltage (kV) Fair weather Fog Rain Rime
110 0.001 – – 1.0
220 0.3 2.9 8.0 30.0
380 0.6 4.3 12.0 50.0

Line voltage (kV) Fair weather Fog Rain Rime
110 0.001 – – 1.0
220 0.3 2.9 8.0 30.0
380 0.6 4.3 12.0 50.0

Furthermore, E0 D 31 kV=cm is the breakdown
voltage of air in a quasihomogeneous field and K D
0:308 is an empirical factor. These values are also valid
for DC voltages with a negative polarity, while for DC
voltages with positive polarity E0 D 32:7 kV=cm and
K D 0:241 [9.74]. Peek’s formula was developed for
smooth cylindrical bodies and not for stranded conduc-
tors, whose circumference is by definition not round. In
addition, local surface irregularities are produced dur-
ing conductor manufacture and stringing, which cause
local concentrations of the electric field and conse-
quently decrease the corona onset voltage. This is taken
into account in (9.66) by including a surface state coef-
ficient m.

A typical value of m caused by stranding alone is
0:9; rain may reduce it to 0:6 or even lower.

In practice, it is recommended that the conductor
surface gradient of overhead conductors should be lim-
ited to about 17 kVrms=cm [9.4].

Corona can cause:

� Ozone (O3)� UV radiation� Corona loss (CL)� Audible noise (AN)� Electromagnetic interference (EMI)� Radio interference (RI)� Television interference (TVI).

In particular, as shown in Table 9.24, under adverse
weather conditions, corona losses can reach values
close to those of the Joule losses of the line.

For AC lines, design levels of 70 dB for radio in-
terference and 60 dBA for AN at the edge of the right
of way are often used. With the increased sensitivity
of the public in respect to OHLs, audible noise caused
by corona, in particular in poor weather, has motivated
considerable research on understanding the physics of
the problem as well as suitable mitigation methods in
recent years [9.75].

Another important investigation [9.76] revealed the
dependence of the electric field gradient (EF), AN, and
RI on various key design parameters of the line, as pre-
sented in Table 9.18, and provided recommendations on
how to reduce unacceptably high levels of RI and AN,
both related to corona discharges.
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Voltage: 150–500 kV
Spacing: 320–600 mm
(most used 400–457 mm)

Voltage: 380–800 kV
Spacing: 320–600 mm
(most used 400–457 mm)

Voltage: 800–1000 kV
Spacing: 320–500 mm
(most used 320–400 mm)

Fig. 9.39a–c Typical conductor bundles and dimensions
(adapted from [9.81]). (a) Twin bundles, (b) triple and quad
bundles, (c) six and eight conductor bundles

9.4.7 Bundle Conductors

For voltages above 220 kV, the conductor diameter re-
quired to ensure that the limit of the field intensity at the
conductor surface is not exceeded becomes prohibitive,
leading to conductor sizes which are difficult to manu-
facture and to handle in the field; For example, if single
conductors were to be used, they would have a diameter
of 4:7, 8:5, and 13:8 cm for 400, 735, and 1100kV AC,
respectively [9.77]. This, together with the necessity to
maximize the surge impedance load (SIL) of the line,
has led to the development of so-called bundle conduc-
tors [9.78–80]. Typical bundle configurations are twin
bundles for 220 kV, triple and quad bundles for 380 kV,
six bundles for 765 kV, and eight bundles for 1000 kV
(Fig. 9.39 [9.81]). Incidentally, the first field installation
of bundle conductors took place in 1952 for a 380-kV
line in Sweden equipped with quad bundles.

As per [9.82] for a balanced three-phase system
voltage Vsmax, the average electric field gradient on the
surface of the conductor bundle Eavg (kVrms=cm), can
be estimated using

Eavg D 0:354
p
3Vsmax

nrc ln.Deq=Rb/
; (9.67)

where Vsmax is the maximum system voltage, usually
with a 5�10%margin above the nominal system (phase
to phase) rms voltage, n is the number of conduc-
tors in the bundle, rc (cm) is the outside radius of
the subconductors, Deq is the equivalent phase conduc-
tor spacing with Dij (cm) being the center-to-center
distances among phases, and Rb (cm) is the geomet-
ric mean radius of the bundle (9.68). It is normal to
use a 5% margin above the nominal system voltage in
corona calculations

Deq D 3
p

DabDacDbc : (9.68)

2rc

3 2

1

n

R

Fig. 9.40 Ge-
ometry of an
n-conductor bun-
dle (adapted
from [9.83])

The maximum field intensity Emax (kVrms=cm) is re-
lated to the average field Eavg by

Emax

Eavg
D 1C 2rc

Dmin
.n� 1/ sin

� 

n

	

; (9.69)

where Dmin is the minimum distance among the n con-
ductors in the bundle with typical values for a quad
bundle of 400mm in Europe and 457mm in North
America and elsewhere. Thereby the geometric mean
radius Rb of a bundle of n conductors, each with out-
side radius rc (cm), is given by

Rb D R n

s

n
R

rc
; (9.70)

where R is the radius of the cycle of the locus of the sub-
conductors (Fig. 9.40). Physically, a single conductor of
radius Rb has the same capacitance as the bundle with n
subconductors. Figure 9.41 finally shows the field plots
and the reduction factors of the maximumfield intensity
for different bundle arrangements [9.83].

The second big advantage of bundle conductors is
that, while they reduce the series inductance, at the
same time they increase the shunt capacitance, and
consequently reduce the characteristic impedance of
the line. At the same time, the surge impedance load
(SIL), which is the limiting factor for the maximum
power transfer along long lines, will increase [9.84]. In-
creasing the number and reducing the spacing of the
subconductors as well as decreasing the distance be-
tween the phases of the line are favorable for a higher
SIL (Table 9.1); For example, in a recent project in
Brazil for a more than 600-km-long 500-kV AC line,
by introducing expanded six-conductor bundles with
2580-mm spacing in lieu of the usual quad bundles of
457mm, the SIL of the line was increased considerably
from the standard 1000 to 1640MW [9.6], i.e., by more
than 60%, although this is partly counterbalanced by
higher costs due to the use of more subconductors, dif-
ficulties encountered during the stringing of the bundle,
and also problems during maintenance because of the
large size and reduced rigidity of the related fittings.
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Fig. 9.41 Field plots and reduction factors of different bundle arrangements (adapted from [9.83])

9.4.8 Earth Wires

Most overhead transmission lines operating at voltages
of 110 kV or above are provided with earth wires, which
are also called shield or ground wires. In this context,
the term earth wire is used for all types of conductors
at earth potential. The main purpose of earth wires is
to protect the conductors against the direct incidence
of lightning strokes, which can cause line outages. Be-
cause of this, earth wires are earthed at each tower
and have to carry, during the normal operation of the
line, only small currents due to electromagnetic in-
duction or electrostatic effects, resulting in negligible
losses.

However, when a phase-to-earth short circuit oc-
curs, a short-circuit current, often with significant mag-
nitude, will flow through the earth wire and heat it up
adiabatically, meaning that, because of its short dura-
tion, there will be no heat transfer to the environment.
Earth wires thus have to be selected so that they should
not exceed the maximum permissible temperature as
per their material properties. This temperature is often
indicated in the range of 160�220 ıC. The design of
earth wires under short-circuit conditions can be carried
out according to [9.85]. Table 9.25 [9.4] lists technical
data and maximum short-circuit currents of some typi-
cal steel earth wires.

In addition, the tensile stresses and sags of earth
wires and the relevant stringing conditions need to be
established so that the separation between earth wires
and conductors at mid-span is wider than their separa-
tion at the towers. It should also be demonstrated that
long-term vibrations with large amplitudes that could
cause unacceptable damage do not occur. Thus, atten-
tion should be given to their proper vibration protection.
It is usual to set the earth wire sag as 90�95% of the
conductor sag at the average yearly temperature (every-
day condition), for instance 10 ıC in Europe, then to

ensure that the earth wire sag never exceeds the con-
ductor sag.

In the past, earth wires having low conductivity,
such as steel strands or AL1/STyz (ACSR) conductors
with low aluminum content, were mostly employed,
and they are still used in several countries. However to-
day, most utilities, especially in Europe, have changed
to the use of larger AL1/STyz (ACSR) conductors.

In some developing countries, the use of earth wires
has been extended to the transmission of small amounts
of energy at lower voltages, thus enabling rural elec-
trification schemes [9.86]. Also the utilization of earth
wires to carry telecommunication signals on integrated
glass fibers has become very popular. Such earth wires
are called optical ground wires (OPGW), and they are
available in various designs:

� Self-supporting optical ground wires (OPGW)� All dielectric self-supporting cables (ADSS)� Optical fiber cables attached to earth or messenger
wires.

Optical fiber cables and their design, installation, and
maintenance are aptly described in [9.87]. Because the
inclusion of optical fibers results in sensitivity to me-
chanical damage, particular attention must be given to
the proper selection of their fittings. This issue is cov-
ered in detail in [9.88–90].

9.4.9 High-Temperature Conductors

One of the most successful methods to increase the
power transfer capacity of an existing line without
extensive reconstruction is to increase the current it
can safely carry by reconductoring it with so-called
high-temperature low-sag (HTLS) conductors. The term
safely has two aspects here: Firstly, as an increase in
current will also increase the temperature of the con-
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Table 9.25 Technical data of steel earth wires

Shield wire type Cross-sectional
area A

Specific heat c Resistivity � Specific mass 
 Short-circuit duration
0:2 s 0:5 s 1:0 s

(mm2) (W s=.kgK/) (�mm2=m) (kg=.mmm2/) (kA) (kA) (kA)
49-ST1A 49.5 481 0.192 0:00778 4.9 3.3 2.4
66-ST1A 65.8 481 0.192 0:00778 6.6 4.4 3.2
93-ST1A 93.3 481 0.192 0:00778 9.2 6.2 4.5
117-ST1A 117.0 481 0.192 0:00778 11.6 7.8 5.6

Shield wire type Cross-sectional
area A

Specific heat c Resistivity � Specific mass 
 Short-circuit duration
0:2 s 0:5 s 1:0 s

(mm2) (W s=.kgK/) (�mm2=m) (kg=.mmm2/) (kA) (kA) (kA)
49-ST1A 49.5 481 0.192 0:00778 4.9 3.3 2.4
66-ST1A 65.8 481 0.192 0:00778 6.6 4.4 3.2
93-ST1A 93.3 481 0.192 0:00778 9.2 6.2 4.5
117-ST1A 117.0 481 0.192 0:00778 11.6 7.8 5.6
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Fig. 9.42 Loss of strength (annealing) of hard-drawn alu-
minum wire (adapted from [9.92])

ductor, it has to be considered that conventional hard-
drawn aluminum [9.91] recrystallizes at temperatures
above 100 ıC and loses its mechanical strength over
time (Fig. 9.42 [9.92]). This applies to aluminum-mag-
nesium-silicon alloys [9.93] aswell and is called anneal-
ing. Annealing occurs via the diffusion of atoms within
a solid material, here aluminum, so that the material
progresses towards its equilibrium state. Heat increases
the rate of diffusion by providing the energy needed to
break bonds. The movement of atoms has the effect of
redistributing and eradicating dislocations and allows
the metal to deform more easily, increasing its ductil-
ity. Temperatures below 300 ıC do not affect the tensile
strength of steel strands, but extended operation above
200 ıCcan damage the galvanization on steelwires.Alu-
minum conductors having a steel core (ACSR) also ex-
perience a loss of their total strength if operated above
100 ıC, but since the strength of the steel core is unaf-
fected, the reduction in the tensile strength of the alu-
minum strands is of less concern than for conductors
made entirely of aluminum or aluminum alloy.

Secondly, the elevated temperature will cause
greater conductor sag, which may violate the required
clearances along the line. In this regard, it is worth
mentioning that the conductor sag at elevated temper-
atures is influenced by some additional factors, which
will increase it unfavorably. This is evident from Ta-

ble 9.26 [9.92], where the influence of these factors is
quantified.

To address these issues, in the last years, HTLS
conductors have been developed [9.92, 94]. They are
capable of operating continuously at temperatures of
at least 150 ıC and as high as 250 ıC during emergen-
cies. For HTLS conductors with zirconium-aluminum
wires [9.95], it is generally agreed that the emergency
temperature should not apply for more than 10 hours per
year. The main types of HTLS conductors are described
below.

An ACSS (aluminium conductor steel-supported)
consists of a steel core with one or more layers of
aluminum, showing no difference in appearance or
geometry from ACSR, including the possibility of be-
ing compacted. They can operate continuously up to
250 ıC, because, since the aluminum wires have been
annealed in the factory before stranding, there is no
concern that the conductor will lose strength at high
temperatures. When an ACSS is heated up in service,
the aluminum wires elongate and quickly shift their
load onto the steel core. From this point onwards, the
conductor essentially behaves as a steel conductor, that
is, its thermal elongation and modulus of elasticity
are those of the steel core. In addition, and since the
elongation at failure of annealed aluminum wires is ap-
proximately 20%, compared with that of the steel core,
which is limited at 1%, the conductor can utilize the
steel core at its full strength. Moreover, the high elon-
gation of the aluminum means that the creep properties
of the conductor are ruled by the steel core, which usu-
ally exhibits very low creep. For further increase of the
conductor ampacity, trapezoidal wires (TW), as shown
in Fig. 9.43a, are used.

(Z)TACSR (Fig. 9.43b) has the same construction as
conventional ACSR, with galvanized steel wires for the
core and (Z)TAL, i.e., thermally resistant zirconium-
aluminum alloy wires, which do not anneal at tem-
peratures up to 210 ıC. On the other hand, it has the
same thermal elongation behavior as ACSR, which will
affect clearances. Thus, such conductors are mainly in-
stalled in new lines expecting high power transfer and
for which high sags can be considered in the design
stage.
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Table 9.26 Typical error magnitudes in high-temperature sag calculations (adapted from [9.92])

ACSR Drake ACSR Condor ACSR Tem
Aluminum area (strands) (mm2) 403 (26) 403 (54) 403 (45)
Steel area (strands) (mm2) 66 (7) 53 (7) 28 (7)
Final tension at 20 ıC (N) 25 800 23 150 19 100
Equivalent span length (m) 250 250 250
Sag at 20 ıC (m) 4:84 5:06 5:36

Effects of calculation methods on final 120 ıC sag (m)
Calculation assuming constant modulus 7:76 7:78 8:53
Graphical method with no Al compression 7:00 7:53 8:53
Graphical method with typical 20MPa maximum compression 7:32 7:73 8:53

Additional sag errors at 120 ıC (m)
Temperature difference core/surface C0.03 C0.05 C0.06
Change of elastic modulus versus temperature C0.15 C0.11 C0.06
High-temperature creep 0 0 C0.50
Multiple span effects C0.6 to �1.0 C0.5 to �0.9 C0.5 to �0.8
Effect of core magnetization losses 0 C0.07 C0.05
Effect of manufacturing temperature ˙0.14 ˙0.12 0

ACSR Drake ACSR Condor ACSR Tem
Aluminum area (strands) (mm2) 403 (26) 403 (54) 403 (45)
Steel area (strands) (mm2) 66 (7) 53 (7) 28 (7)
Final tension at 20 ıC (N) 25 800 23 150 19 100
Equivalent span length (m) 250 250 250
Sag at 20 ıC (m) 4:84 5:06 5:36

Effects of calculation methods on final 120 ıC sag (m)
Calculation assuming constant modulus 7:76 7:78 8:53
Graphical method with no Al compression 7:00 7:53 8:53
Graphical method with typical 20MPa maximum compression 7:32 7:73 8:53

Additional sag errors at 120 ıC (m)
Temperature difference core/surface C0.03 C0.05 C0.06
Change of elastic modulus versus temperature C0.15 C0.11 C0.06
High-temperature creep 0 0 C0.50
Multiple span effects C0.6 to �1.0 C0.5 to �0.9 C0.5 to �0.8
Effect of core magnetization losses 0 C0.07 C0.05
Effect of manufacturing temperature ˙0.14 ˙0.12 0
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Fig. 9.43a–f HTLS conductors: (a) ACSS/TW, (b) (Z)TACSR, (c) (Z)TACIR, (d) ACCR, (e) ACCC, (f) G(Z)TACSR
(adapted from [9.94])

The increased sag issue can be addressed by us-
ing (Z)TACIR (Fig. 9.43c), which has galvanized or
aluminum-clad Invar alloy steel wires in lieu of the steel
strands of (Z)TACSR. Invar is an iron-nickel alloy with
a coefficient of thermal expansion of around one-third
that of galvanized or aluminum-clad steel wire. These
conductors can operate continuously up to 210 ıC with
relatively low sag.

G(Z)TACSR or gap-type conductors have a small
gap between the steel core and innermost shaped alu-
minum layer, to allow the conductor to be tensioned on
the steel core only, thereby allowing the low-sag prop-
erties of the steel core to be exploited over a greater
temperature range. The gap is filled with heat-resistant
grease, to reduce friction between the steel core and alu-
minum layer and prevent water penetration.

Aluminumconductor composite reinforced (ACCR)
(Fig. 9.43d) is an HTLS conductor consisting of zirco-

nium-aluminum alloy strands over a reinforcing core of
ceramic fibers in an aluminum matrix. The high elas-
tic modulus of the aluminum composite core and its
low thermal elongation rate (half that of steel) makes
this conductor particularly useful for existing lines with
heavy ice loads and minimum high-temperature sag
clearances.

Finally, aluminum conductor composite core
(ACCC) is a HTLS conductor with a single-strand
carbon-reinforced high-temperature thermoset resin
core and trapezoidal annealed aluminum wires. The
core has a very low thermal elongation rate, making
this conductor very effective for limiting sag at high
temperatures, while because of the thermoset resin,
the manufacturer recommends a maximum continuous
operating temperature of 180 ıC.

Figure 9.43 [9.94] portrays all these conductors,
while Fig. 9.44 [9.92] compares their sag variation with
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Fig. 9.44 Sag versus temperature for different HTLS conductors; dashed horizontal line depicts maximum sag of an
equivalent ACSR Drake for 420-m span (adapted from [9.92])

conductor temperature for ACSR Drake in a 420-m-
long span.

However, it should be remembered that, for high
currents I such as those in HTLS conductors, the ohmic
losses, which vary with I2, become prohibitive for
line lengths above approximately 80�100 km, thus the
benefits of installing such conductors may be limited.
Further, the application of some types of HTLS con-
ductors is still a developing technology, requiring better
calculation tools and additional laboratory and field test
data.

9.4.10 Real-Time Monitoring

As an alternative or sometimes in addition to HTLS
conductors, real-time monitoring (RTM) systems can
be employed to determine the rating of the line in real
time. They consist of devices that measure directly or
indirectly the temperature and sag of the conductor.
From these measurements, the actual thermal rating or
ampacity of the conductor can be calculated. The main
objectives of an RTM system are therefore to:

� Determine the actual sag in critical spans and corre-
sponding mean conductor temperature� Compare the actual sag with the maximum allow-
able sag or maximum permissible temperature in
each of these spans.

Using this information, safe buffers for the critical spans
based on the known actual load can be determined

and converted into electrical loads for each critical
span.

Such thermal rating methods can be direct or in-
direct. Direct methods involve measuring at least one
physical parameter of the line, such as tension, temper-
ature, vibration frequency, or ground clearance, which
is then used to derive parameters such as sag, temper-
ature, and tension where not directly measured. With
indirect methods, weather parameters are first measured
and then used in conjunction with conductor electrical
load data to calculate the temperature and subsequently
the sag and/or tension of the conductor. These are de-
scribed in [9.96], from which the following information
is extracted.

Donut Devices
So-called donut devices were probably the earliest RTM
systems to be conceived and used. They employ tem-
perature sensors and are clamped directly onto the
conductor (Fig. 9.45). They can measure simultane-
ously, besides the conductor surface temperature, the
line-to-ground voltage and the actual current, and trans-
mit these data to a base station or the next control room
for evaluation. They are cheap and easy to apply, but
their relatively high mass acts as a heat sink and can
negatively influence the vibration behavior of the con-
ductor.

Tension Monitoring
Tension monitoring systems are probably the most of-
ten used. They measure the conductor tension using
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Fig. 9.45 Power
donut (adapted
from [9.96])

Fig. 9.46 Load cells (red) for tension monitoring (adapted
from [9.96])

a load cell installed on the earth side of a dead-end
insulator string (Fig. 9.46) and transmit this informa-
tion wirelessly to the line operator. There, the tension
can be expertly converted to a conductor temperature
and sag, thereby enabling calculation of the actual
conductor current and possible reserves in the ther-
mal rating of the line. Tension monitoring systems are
well developed, robust, and proved in numerous in-
stallations worldwide, but their installation is rather
complicated.

Monitoring Through Vibration Analysis
In a relatively recent development, the conductor ten-
sion and sag—and backwards therefrom the conductor
temperature—can be derived by detecting the funda-
mental frequency of the span due to aeolian vibra-
tions (Sect. 9.4.11) using a so-called smart monitor
(Fig. 9.47), which can be applied anywhere along the
span. Such monitors are light, easy to install, self-
sustaining (by harvesting energy from the conductor),
and capable of data transmission, although operating
experience remains limited.

Fig. 9.47
Monitoring through
vibration anal-
ysis (adapted
from [9.96])

9.4.11 Conductor Vibrations

Conductor vibrations are quite a common phenomenon
and, if not properly damped, can cause serious damage
not only to the conductors themselves but also to other
line components. Such vibrations are part of a broad
class of external line loads, the so-called dynamic or
cyclic loads, such as loads caused by conductor rupture,
short circuits, ice shedding, and rarely seismic loads.
We will concentrate here on so-called wind-induced vi-
brations, as they are by far the most common.

Wind-induced vibrations started to plague overhead
lines with the wide introduction of aluminum-based
conductors early in the 20th century, due to their greater
susceptibility, mainly due to their low weight compared
with the copper conductors previously used. In addi-
tion, because of its metallographic structure, aluminum
is quite sensitive to fatigue. To understand this better,
consider the various mechanisms of vibration excitation
by wind as well as their consequences for the fatigue
strength of the conductor involved.

Three main types of wind-induced vibrations are
recognized: aeolian vibrations, wake-induced or sub-
span oscillations, and galloping. Their main properties
are summarized in Table 9.27 [9.97]. Anecdotally, for 1
case of galloping, there are 10 cases of subspan oscilla-
tions and 1000 cases of aeolian vibration.

Aeolian Vibrations
Wind Excitation and Strouhal Frequency. The most
common type of wind-induced conductor motions are
the so-called aeolian vibrations, named after Aeolus,
the keeper of the winds in Greek mythology. They are
excited by moderate, laminar winds, and their peak-to-
peak amplitude seldom exceeds one conductor diame-
ter. Physically, the flow of a fluid, here air, interacting
with a cylindrical shape, here the conductor, has been
observed to generate so-called von Kármán vortices,
which are shed in a downstream wake (Fig. 9.48). The
pressure fluctuation due to such vortex shedding is re-
sponsible for up- and downlift forces on the conductor
with a prevailing frequency equal to the Strouhal fre-
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Table 9.27 Comparison of types of cyclic conductor motion (adapted from [9.97])

Aeolian vibration Conductor galloping Wake-induced oscillation
Types of overhead lines af-
fected

All All Lines with bundled conductors

Approximate frequency range
(Hz)

3–150 0.08–3 0.15–10

Approximate range of vibra-
tion amplitudes (peak-to-peak)
(expressed in conductor diam-
eters)

0.01–1 5–300 Rigid-body mode: 0.5–80
Subspan mode: 0.5–20

Weather conditions favoring
conductor motion
– Wind character Steady Steady Steady
– Wind velocity (m=s) 1�7

(3:5�25 km=h)
7�18
(25�65 km=h)

4�18
(15�65 km=h)

Conductor surface Bare or uniformly iced (i.e.,
hoarfrost)

Asymmetrical ice deposit on
conductor

Bare, dry

Design conditions affecting
conductor motion

Line tension, conductor self-
damping, use of dampers,
armor rods

Ration of vertical natural fre-
quency to torsional natural
frequency: sag ratio and sup-
port conditions

Subconductor separation, tilt
of bundle, subconductor ar-
rangement, subspan staggering

Damage
Approximate time required for
severe damage to develop

3months to 20+ years 1�48 h 1 month to 8+ years

Direct causes of damage Metal fatigue due to cyclic
bending

High dynamic loads Conductor clashing, accelerate
wear in hardware

Line components most af-
fected by damage

Conductor and shield wire
strands

Conductor, all hardware, insu-
lators, structures

Suspension hardware, spacers,
dampers, conductor strands

Aeolian vibration Conductor galloping Wake-induced oscillation
Types of overhead lines af-
fected

All All Lines with bundled conductors

Approximate frequency range
(Hz)

3–150 0.08–3 0.15–10

Approximate range of vibra-
tion amplitudes (peak-to-peak)
(expressed in conductor diam-
eters)

0.01–1 5–300 Rigid-body mode: 0.5–80
Subspan mode: 0.5–20

Weather conditions favoring
conductor motion
– Wind character Steady Steady Steady
– Wind velocity (m=s) 1�7

(3:5�25 km=h)
7�18
(25�65 km=h)

4�18
(15�65 km=h)

Conductor surface Bare or uniformly iced (i.e.,
hoarfrost)

Asymmetrical ice deposit on
conductor

Bare, dry

Design conditions affecting
conductor motion

Line tension, conductor self-
damping, use of dampers,
armor rods

Ration of vertical natural fre-
quency to torsional natural
frequency: sag ratio and sup-
port conditions

Subconductor separation, tilt
of bundle, subconductor ar-
rangement, subspan staggering

Damage
Approximate time required for
severe damage to develop

3months to 20+ years 1�48 h 1 month to 8+ years

Direct causes of damage Metal fatigue due to cyclic
bending

High dynamic loads Conductor clashing, accelerate
wear in hardware

Line components most af-
fected by damage

Conductor and shield wire
strands

Conductor, all hardware, insu-
lators, structures

Suspension hardware, spacers,
dampers, conductor strands

Fig. 9.48 Aeolian vibration initiated
by vortex shedding (gray arrow:
wind velocity, brown arrows: up- and
downlift forces)

quency fS (in Hz)

fS � 0:2
vw
dc
: (9.71)

In this expression, vw is the wind velocity perpen-
dicular to the conductor in m=s, dc is the conductor
diameter in m, and S is the so-called Strouhal number,
which for aeolian vibrations has a (dimensionless) value
in the range of 0:2. Consequently and as explained later,
when the velocity of the wind is such that the Strouhal
frequency of the vortices approaches a modal frequency
of the conductor, the latter will start moving transverse

to the wind direction. In reality, aeolian vibrations occur
over a range of wind velocities, and once the conduc-
tor starts to vibrate, a lock-in effect takes place and the
vortex-shedding frequency is controlled by the vibra-
tion, even if the wind velocity varies in the range of
90�130% of the initial wind velocity.

Wave Equation and Natural Frequencies. The con-
ductor movements propagate as traveling waves to the
span extremities, where they are fully or partly reflected
and superpose to form standing waves along the span.
In this case, the conductor can be modeled as a taut
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string with negligible flexural rigidity, obeying the well-
known wave equation [9.98–101]

T
@y2

@x2
D m

@y2

@t2
; (9.72)

from which the shape of the conductor can be obtained
as a harmonic oscillation in space and time

y.x; t/D ymax sin
�

n 
x

L

	

sin.!t/ ; (9.73)

with a propagation velocity of

v D
r

T

m
(9.74)

and a wave impedance of

Zc D p
mT ; (9.75)

where T is the conductor tension, m is its mass per unit
length, ymax is the maximum vibration amplitude, L is
the span length, and n is the order of the vibrationmode.

Considering that

n
�

2
D L (9.76)

and the definition

v D f� ; (9.77)

combination of (9.74) and (9.76) with (9.77) yields the
spatial frequency of the n-th vibration mode as

fn D n

2L

r

T

m
: (9.78)

This mode can only be excited if its characteristic fre-
quency fn coincides with the Strouhal frequency fS, i.e.,
by equating (9.78) with (9.71) and solving for n

n D 2LfS

r

m

T
D 0:4

vwL

dc

r

m

T
: (9.79)

For example, for a Drake conductor (ACSR
400/70mm2, (26�4:44AlC 7�3:47 St) with 28mm
diameter and a mass of 1:63 kg=m), tensioned at
28 000N in a 400m span, the 43rd mode is excited at
a wind velocity of 1m=s and the 215th mode at a wind
velocity of 5m=s, the corresponding wavelengths
�D 2L=n being 18:6 and 3:7m, respectively.

The situation is different in the vicinity of the sus-
pension clamp, where the conductor is considered to
be fixed, i.e., the tangent to its deflection is horizontal.
At this location, the bending stiffness of the conduc-
tor cannot be neglected and plays an important role
in determining the stress regime within the conduc-
tor [9.102, 103].

Table 9.28 Terrain categories and characteristics for aeo-
lian vibration assessment (adapted from [9.67])

Terrain
category

Terrain characteristics

1 Open, flat, no trees, no obstruction, with snow
cover, or near/across large bodies of water; flat
desert

2 Open, flat, no obstruction, no snow; e.g., farmland
without any obstruction, summer time

3 Open, flat or undulating with very few obsta-
cle; e.g., open grass or farmland with few trees,
hedgerows and other barriers; prairie, tundra

4 Built-up with some trees and buildings, e.g.,
residential suburbs; small towns; woodlands
and shrubs. Small fields with bushes, trees, and
hedges

Terrain
category

Terrain characteristics

1 Open, flat, no trees, no obstruction, with snow
cover, or near/across large bodies of water; flat
desert

2 Open, flat, no obstruction, no snow; e.g., farmland
without any obstruction, summer time

3 Open, flat or undulating with very few obsta-
cle; e.g., open grass or farmland with few trees,
hedgerows and other barriers; prairie, tundra

4 Built-up with some trees and buildings, e.g.,
residential suburbs; small towns; woodlands
and shrubs. Small fields with bushes, trees, and
hedges

Energy Balance Principle. When a conductor starts
to vibrate, the energy imparted to it by the wind Pw

will feed the vibration and continuously increase its am-
plitude. The relative wind power input Pw=S (where S
is the span length) depends on the maximum vibration
amplitude ymax, also called the antinode or the free loop
amplitude, the excitation Strouhal frequency fS, and the
conductor diameter dc and can be approximated as

Pw

S
D f 3S d

4
c fnc

�

ymax

dc

�

; (9.80)

where the function is usually determined by measure-
ments in wind tunnels and given by [9.104]

fnc
�

ymax

dc

�

D 0:2256C 0:1677
�

ymax

dc

�

C 101:62
�

ymax

dc

�2

� 99:73

�

ymax

dc

�3

: (9.81)

Typical curves for this function are shown in
Fig. 9.49 [9.105].

It has been recognized and is easily understood that
terrain is the single most important factor for the ex-
citation of aeolian vibrations. This has to do with the
amount of turbulence created by the terrain and partic-
ularly by the ground cover; For example, wind blowing
over a desert area (Fig. 9.50a) or a water body, such as
a lake, will be more laminar in nature and thus more
favorable for conductor vibrations than the same wind
blowing over a built-up area with trees and buildings
(Fig. 9.50b). To facilitate vibration assessment, four ter-
rain categories with growing turbulence intensity have
been introduced [9.67] (Table 9.28).
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Fig. 9.49 Maximum wind power
input coefficient fnc.ymax=dc/ per
unit length for a single conductor
as obtained by different researchers
(adapted from [9.105])
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Fig. 9.50 (a) Terrain category 1 per Table 9.28, (b) Terrain category 4 per Table 9.28

Fortunately, in addition to the resistance that the
surrounding air poses to the conductormovement (aero-
dynamic damping) and the intrinsic damping of the
conductor material (Coulomb damping), the conductor
itself contributes the greatest amount to its so-called
self-damping. To understand this issue, consider that,
when the conductor is tensioned, the radii of the helices
of the conductor wires are reduced, imposing a lat-
eral pressure on the crossing points with the underlying
wires (Fig. 9.51 [9.106]). In reality, these point-to-point
contacts have an elliptical shape (Fig. 9.52) with a size
that depends on the material properties of the wires and
the tension level; i.e., the softer the material and the
higher the tension, the larger the contact area. When
the conductor starts to vibrate, it actually bends and,
at low amplitudes, the friction between the wires is
high enough to prevent sliding; i.e., the wires stick to-
gether. However, above a certain vibration amplitude,

this interwire friction is overcome and the wires start
to slip over one another [9.102, 103], firstly only at
the edges of the contact ellipses, which is called mi-
croslip, and then via rigid-body motion, i.e., full slip.
Evidently, during this process, energy is dissipated at
each wire contact, and the sum of the energy dissipated
over all contacts within the conductor results in the
self-damping of the conductor. Intuitively, self-damping
decreases with increasing conductor tension, as the on-
set of the wire slip is then retarded, and increases with
the vibration frequency and amplitude, as these will
increase the bending of the vibration loops and thus
facilitate wire slip. Figure 9.53 [9.1] confirms these ob-
servations.

Conductor self-damping is usually measured in the
laboratory using dedicated test spans [9.107], form-
ing the basis for [9.108], which describes the cur-
rent methodologies, including apparatus, procedures,
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TensionCompressionCompression

Fig. 9.51 Tension-induced compression in a conductor
(adapted from [9.106])

Elliptical contacts

 

Fig. 9.52 Elliptical contacts at the surface of conductor
aluminum wires (photo: U. Cosmai)

and accuracies for such measurements and data han-
dling. Publication [9.109] provides details of various
self-damping measurements of several conductors and
OPGWs originating from five different laboratories.
Data measured on laboratory spans are generally ex-
pressed empirically using a power law [9.110]

Pdiss D P

L
D kAlfm

Tn
; (9.82)

where P=L is the power per unit length dissipated by
the conductor, A is the antinode displacement of the vi-
bration, and f is the frequency of the vibration, while
l, m, and n are the amplitude, frequency, and tension
exponents, respectively. The so-called conductor fac-
tor k combines the conductor diameter D (mm), its
rated strength RS (kN), and its mass per unit length m
(kg=m) [9.97]

k D Dp
RSm

: (9.83)

Using the empirical rule (9.83), the self-damping deter-
mined using short laboratory spans can be extrapolated
to actual, much longer spans.

Self-damping data have always been difficult to
measure and obtain. In case no experimental data are
available, an alternative is to use the so-called simi-
larity laws [9.111]. These laws are derived from the
assumption that self-damping should be the same for all
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Fig. 9.53 Self-damping of ACSR 560/60 (dc D 32mm)
over vibration frequency f at a free-field bending angle of
20ı with EDS as parameter (adapted from [9.1])

conductors of the same construction. Noiseux’s findings
can be expressed in the form

P

L
D D4��2:76

Al A2:44f 5:63 ; (9.84)

whereD is the overall conductor diameter (mm) and �Al
is the stress in the aluminum wires in N=m2.

If the wind power input and the power dissipated
through self-damping are now plotted on the same
diagram versus the dimensionless amplitude ymax=D
(Fig. 9.54), the prevailing amplitude of vibration can be
determined from the point of intersection of these two
curves; at this point, energy equilibrium occurs. This is
the idea of the energy balance principle (EBP) [9.110]

EW D EC ; (9.85)

where EW is the energy imparted to the conductor by the
wind and EC is the energy dissipated by the vibrating
conductor.

In most cases, the conductor self-damping mech-
anism is insufficient to control the levels of vibration
within limits which do not produce high accumulation
of damaging fatigue cycles. Therefore, often additional,
external damping has to be considered, and the EBP
equation becomes

EW D EC CED ; (9.86)

where ED is the minimum energy dissipated by the
dampers (Sect. 9.6.3), indicated by the dashed area in
Fig. 9.54.
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Relative vibration amplitude ymax/D

Fig. 9.54 EBP explained schematically (source U. Cos-
mai)

The EBP acts in the frequency domain; i.e., one
mode of vibration at a time is considered, and the
steady-state solutions corresponding to the maximum
vibration amplitude which could be excited on that con-
ductor at that frequency are computed; this is consid-
ered to be acceptable for most engineering applications,
as it is on the safe side.

On the other hand, Fig. 9.55 shows the calculation
results for a real case, where the arrow marks the bal-
anced amplitude for an wind input with 5% turbulence
and the self-damping curve of the conductor for a given
frequency.

Fatigue. The wire movement in the conductor is, on
one hand, beneficial towards vibration control, as it
is by far the major contributor to the conductor self-
damping. However, on the other hand, it is also the main
factor causing internal conductor damage, via a phe-
nomenon called fretting fatigue [9.112]. This occurs
at locations where the conductor is fixed by hard-
ware and mainly at suspension clamps (Fig. 9.105).
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0
Fig. 9.55 EBP in a real case (source
J.L. Lilien)

There, conductor bending but also lateral contact forces
which influence the wire slip are the highest within the
span. When the wires start moving, surface material
is abraded, i.e., for aluminum wires, aluminum oxide,
a hard, powder-like substance with black color, which
acts as an abrasive. In combination with the high local
stresses in the contact areas, but also the high bending
stresses in the bulk of the wire, cracks can be initiated
at local surface imperfections (Fig. 9.56) due to irregu-
larities in the wire material properties or caused during
manufacturing. These cracks start propagating across
the wire until it fails (Fig. 9.57a). As the remaining
sound wires will then have to carry a higher mechani-
cal load, if the vibration continues, further wire failures
will take place until the full conductor fails (Fig. 9.57b),
with detrimental consequences. It is worth noting that
wire failures will often occur in the inner layers of the
conductor and be concentrated in the lower part of the
conductor close to the clamp mouth, making it difficult
to detect them during visual inspections.

Laboratory Fatigue Tests. In these tests, the con-
ductor is forced to vibrate at various amplitudes until
a predetermined number of wires fail. In this way,
the so-called S=N or Wöhler curve of the conduc-
tor is determined [9.113]. It was recognized early on
that the conductor endurance capability depends largely
on the associated hardware, namely the suspension
clamp [9.114], and it is thus recommended to carry out
such tests using the same conductor clamp combina-
tion as used in the field [9.115]. As these tests are time
consuming and rather expensive, a generic S=N curve
has been proposed [9.54], viz. the so-called safe-border
line, which can be used to determine the conductor en-
durance limit. This can be either a dynamic bending
stress/strain or the so-called bending amplitude. The
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343 μm

200 μm

Fig. 9.56 Crack
initiation in a wire
(picture L. Cloutier)

a)

b)

Fig. 9.57a,b Wire failure (a) leading to conductor rup-
ture (b) (photos U. Cosmai)

latter is the dynamic peak-to-peak bending amplitude
measured at a distance of 89mm (equal to 3:5 in) from
the last point of contact (LPC) of the conductor with the
clamp (Fig. 9.58 [9.81]).

Field Measurements. Vibrating conductors are com-
plex mechanical systems for which field measurements
are indispensable in order to determine their vibration ac-
tivity and also to check related theoretical predictions.
For quite a few years now, the state of the art has been
to monitor conductor vibrations in the field under real-
life conditions usingmodern vibration recorders [9.116].
Themajority of these recordersmeasure the bending am-
plitude Yb versus the vibration frequency and the corre-
spondingnumberofcycles.Modern recorders (Fig. 9.59)
work autonomously for many months and store and
transmit the measured data to a base station; such mea-

LPC

xb = 89 mm (3½")

Yb: bending amplitude (pp)

Fig. 9.58 Definition of bending amplitude (adapted from
[9.81])

Fig. 9.59 Modern vibration recorder in the field (photo:
Pfisterer Sefag)

surements and the associated data evaluation procedures
are described in [9.117, 118].

Vibration Safe Design. To control aeolian vibrations
to acceptable levels, a methodology had to be developed
to establish limits beyondwhich vibration will not harm
the conductor.

One way to do this, predominantly in the design
stage, i.e., before the line has been built, is to limit
the conductor tension or a parameter related to it. For
many years and still nowadays, the recommendations of
the so-called CIGRE EDS panel were followed [9.119].
These prescribed the so-called everyday stress (EDS),
i.e., the stress in the conductor at the average yearly
ambient temperature, and the related tensile load, as
a percentage of the RTS of the conductor, with a value
of 20% often being used (Table 9.29 [9.67]).

However, this has proved to cause problems in cer-
tain cases of ACSR and also to be rather on the high side
for monometallic conductors such as AAAC. For this
purpose, the subject has been reassessed and new rec-
ommendations have been issued [9.67]. They are based
on H=w , the ratio between the tensile load H (N) of
the conductor and its weight per unit length w (N=m).



9.4 Conductors 667
Section

9.4

Table 9.29 EDS panel recommendations for safe design
tensions as a percentage of RTS (adapted from [9.67])

Unpro-
tected
lines

Line equipped with
Armor
rods

Dampers Both

Copper 26
ACSR 18 22 24 24
Aluminum con-
ductors

17

Aldrey conductors 18 26
Steel conductors
– Rigid clamps 11
– Oscillating
clamps

13

Unpro-
tected
lines

Line equipped with
Armor
rods

Dampers Both

Copper 26
ACSR 18 22 24 24
Aluminum con-
ductors

17

Aldrey conductors 18 26
Steel conductors
– Rigid clamps 11
– Oscillating
clamps

13

Table 9.30 Recommended admissible conductor safe de-
sign tension at the average temperature of the coldest
month as a function of terrain category, valid for ho-
mogeneous aluminum and aluminum alloy conductors
Ax (AAC and AAAC), bimetallic aluminum conductors
Ax/Ay (ACAR, aluminum conductor alloy reinforced),
and steel-reinforced aluminum conductors A1/Syz (ACSR)
(adapted from [9.67])

Terrain
category

Terrain characteristics .H=w/adm (m)

1 Open, flat, no trees, no obstruc-
tion, with snow cover, or near/
across large bodies of water; flat
desert

1000

2 Open, flat, no obstruction, no
snow; e.g., farmland without any
obstruction, summer time

1125

3 Open, flat or undulating with
very few obstacle; e.g., open
grass or farmland with few trees,
hedgerows and other barriers;
prairie, tundra

1225

4 Built-up with some trees and
buildings, e.g., residential sub-
urbs; small towns; woodlands
and shrubs. Small fields with
bushes, trees, and hedges

1425

Terrain
category

Terrain characteristics .H=w/adm (m)

1 Open, flat, no trees, no obstruc-
tion, with snow cover, or near/
across large bodies of water; flat
desert

1000

2 Open, flat, no obstruction, no
snow; e.g., farmland without any
obstruction, summer time

1125

3 Open, flat or undulating with
very few obstacle; e.g., open
grass or farmland with few trees,
hedgerows and other barriers;
prairie, tundra

1225

4 Built-up with some trees and
buildings, e.g., residential sub-
urbs; small towns; woodlands
and shrubs. Small fields with
bushes, trees, and hedges

1425

Here, H is the initial horizontal tension before any sig-
nificant wind and ice loading and before creep at the
average temperature of the coldest month at the site of
the line. For single conductors, this parameter depends
mainly on the terrain (Table 9.30).

On the other hand, adding dampers in a span is in-
expensive and may allow higher conductor tensions re-
sulting in significant cost savings during line construc-
tion. For this reason, based upon extensive theoretical
studies and in-depth evaluation of field experience, ad-
ditional recommendations for single conductors which
consider the effect of Stockbridge dampers (Sect. 9.6.3)

0 500 1000 1500

Safe
design
zone
span-
end

damping

Special application
zone

Safe design
zone

no damping

2000 2500 3000

L D /m (m3/kg)

H/w (m)

20

18

16

14

12

10

8

6

4

2

0

Fig. 9.60 Recommended safe design tension for single
conductor lines (H: initial horizontal tension; w : conductor
weight per unit length; L: actual span length; D: conductor
diameter and m: conductor mass per unit length). Terrain
categories: green line: open, flat, no trees, no obstruction,
with snow cover, or near/across large bodies of water or
flat desert; blue line: open, flat no obstruction, no snow,
e.g., farmland without any obstruction, summer time; black
line: open, flat, or undulating with very few obstacles, e.g.,
open grass of farmland with few trees, hedgerows and
other barriers, prairie, tundra; red line: built-up with some
trees and buildings, e.g., residential suburbs, small towns,
woodlands and shrubs, small fields with bushes, trees, and
hedges (adapted from [9.67])

when added at both ends of a span have been pre-
pared [9.67]. This practice is summarized in Fig. 9.60,
where the safe design zone – no damping applies to
undamped and unarmored single conductors, the safe
design zone – span end damping constitutes a zone
where full protection of single conductors against aeo-
lian vibrations is assuredly feasible by means of one or
more Stockbridge-type dampers set at the span extrem-
ities, and finally in the special application zone, aeolian
vibrations, it is recommended that line designers de-
termine the availability of adequate protection before
finalizing the design.

For bundle conductors, which are not so sensitive
to aeolian vibrations due to the interaction of the sub-
conductors, the safe H=w value is recommended as
a matter of prudence to be limited to 2500m in any
terrain category and irrespective of whether they are
equipped with spacer dampers (Sect. 9.6.3), although
there is evidence that quite a few bundle lines have oper-
ated for many years safely at higherH=w values [9.67].

A second approach to vibration safe design is to
limit the conductor stresses/strains that occur during vi-
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a) b)
Fig. 9.61a,b Schematic of a subspan
oscillation of a twin (a) and quad (b)
bundle (adapted from [9.81])

bration. This happens in the design stage of the line
through the application of dedicated simulation soft-
ware [9.104]. Most such programs first calculate the
displacements at the antinode as well as in the vicinity
of critical locations, mainly at the suspension clamps;
these are then converted to stresses or equivalent strains
in the conductor, which can be compared with their
corresponding limit values obtained from tests in the
laboratory or the field.

Internal Conductor Mechanics. An important issue
that has kept researchers busy for decades is how
to properly estimate conductor stresses. The simplest
way to do this is to assume that the vibrating con-
ductor bends as a rigid cylindrical body under ten-
sion, whereby all its individual wires act indepen-
dently. This approach provided the basis for the famous
Poffenberger–Swart formula (9.87) [9.120], which is
widely used in the industry for converting the bend-
ing amplitude Yb at a distance xb from the last point
of contact of the conductor with the suspension clamp
(Fig. 9.58) to the wire stress �a at the top of the conduc-
tor at the suspension clamp

�a D daEap2=4

e�pxb � 1C pxb
; (9.87)

where Ea is the modulus of elasticity of the wire mate-
rial, normally aluminum, da is the wire diameter, EI is
the minimum bending stiffness of the conductor

EI D nAlEAl
 dAl
64

C nSES
 dS
64

; (9.88)

and

p D
r

H

EI
: (9.89)

This formula assumes that, during vibration bending,
the wires act individually; i.e., they bend around their
own axis. However, for low amplitudes, the conductor
acts more like a solid body with all its wires sticking
together; this will considerably increase the bending
stiffness of the vibrating conductor, which will vary

during a vibration cycle, as the curvature of the con-
ductor then changes continuously. This concept was
presented for the first time in [9.102, 103, 121] and has
formed the basis for further developments of this issue
since then [9.122]. In recent years, powerful simulation
software has also been extensively used for such calcu-
lations [9.106].

For vibration safe design, the following limit values
are widely used:

IEEE Maximum Allowable Bending Strain. In 1966,
the Institute of Electrical and Electronics Engineers
(IEEE) provided an evaluation criterion for aluminum-
based conductors based on a maximum allowable bend-
ing strain [9.123]. A value of 150�inch=inch (micros-
train �©) peak to peak was given as a conservative
value, and it was suggested that maximum strains on
the order of 200�© peak to peak may well prove to
be safe. With accumulating experience, these limits
were found to be rather conservative, and values up to
300�© peak to peak have been adopted by many util-
ity specifications. Subsequently and in order to reduce
the severity of the method, some concessions have been
granted [9.118]:

� The bending amplitude may exceed the endurance
limit for no more than 5% of total cycles.� No more than 1% of the cycles may exceed 1.5
times the endurance limit.� No cycles may exceed 2 times the endurance limit.

EPRI Endurance Limits. In 2009, the Electric Power
Research Institute (EPRI) suggested a bending stress
endurance limit of 8:5MPa for multilayer ACSR con-
ductors, which corresponds to a bending strain of
247�© peak to peak. For multilayer AAAC conductors,
a more conservative limit of 5:7MPa, which corre-
sponds to a bending strain of 165�© peak to peak, was
introduced [9.97]. It is worth noting that, comparable
values for ACSR, i.e., 9:09MPa and 264�© peak to
peak, can be deducted from the CIGRE Safe Border
Line [9.54], which is considered asymptotic at 5�108
cycles, the upper limit for laboratory tests.



9.4 Conductors 669
Section

9.4

Fig. 9.62 Typical ice shape as observed on a line conduc-
tor, which may cause galloping (adapted from [9.81])

CIGRE Life Expectancy Estimation. As early as 1979,
the CIGRE developed a method to estimate the life ex-
pectancy of a vibrating conductor [9.54]. This method is
quite common in the automotive and aircraft industries
for structures undergoing fatigue and is based on the
assumption that fatigue damage is accumulated linearly
in the structure material, independently of the sequence
of loads causing it; this is expressed by the so-called
Miner rule [9.124]. The method is useful mainly for
quantitative comparison of similar setups, i.e., the same
conductors in the same vibration environment, but with
different clamps or different dampers. Details of re-
lated measurements and their evaluation are described
in [9.117].

Subspan Oscillations
Subspan oscillations are wake-induced oscillations.
They occur only on conductor bundles and are caused
by the wake produced by the windward conductors of
the bundle on the leeward ones. The mechanism of sub-
span oscillation takes the form of one or two loops
between adjacent spacers in a span, with nodes at or
near the spacers. The trajectories of individual subcon-
ductors are elliptical, and windward–leeward pairs of
subconductors often move approximately in phase op-
position (Fig. 9.61 [9.81, 97]).

The frequencies of subspan oscillations lie in the
range of a few hertz. They occur at wind speeds in the
range of 8�20m=s, and their amplitudes may be high
enough to cause subconductors to clash, produce dam-
aging strains on the wires at spacer clamp locations, and
lead to excessive forces on the spacer arms that may
lead to subconductor wire damage and spacer clamp
loosening.

Typical values for the ratio a=d, i.e., the ratio of
the bundle separation a to the conductor diameter d,
usually lie in the range of 10�17, with ratios of 12
or below being considered critical. Analytical simula-
tions and measurements lead to a limit on the maximum
subspan length depending on the wind [9.125]; For in-
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Fig. 9.63a,b Ellipse for clearance design against gallop-
ing (a) and curves for galloping maximum peak-to-peak
amplitude Apk�pk over sag (b), both related to conductor
diameter (adapted from [9.81])

stance, for a site characterized by high wind speeds
(>20�25m=s), this value should be around 65m. In
nonsevere conditions, maximum subspan lengths of
around 80m have been used without problems. Short
end subspans (25�45m) prevent subspan oscillations
at span extremities, which can damage insulators and
hardware. Also the use of unequal (staggered) subspan
lengths in conjunction with spacers or spacer dampers
has proved to be effective against subspan oscillations,
with a subspan ratio, i.e., ratio of the lengths of two ad-
jacent subspans, of around 0:85�0:9 being the optimum
solution [9.126].

Galloping
Of all the wind-induced motions of overhead transmis-
sion line conductors, galloping is the most noticeable
and spectacular. The resulting damage can be equally
dramatic and very costly, with broken conductors and
fittings, damaged tower components, and even whole
towers collapsing. Galloping is the oscillation of single
or bundle conductors due to wind action caused by, in
most cases asymmetrical, accretion of ice or wet snow
on the conductors (Fig. 9.62 [9.81]), although instances
of non-ice-related galloping have also been recorded.
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Table 9.31 Overview of antigalloping devices (adapted from [9.81])

Weather condition Line construction
No. Device name Applic. Glaze Wet snow Distribution Single

transmission
Bundle Comments

1 Rigid interphase
spacer

Widely used Yes Yes Yes Yes Yes Prevents flashovers,
reduced galloping
motions

2 Flexible interphase
spacer

Widely used Yes Yes Yes Yes Yes Prevents flashovers,
reduced galloping
motions

3 Air flow spoiler Widely used Yes Yes Yes Yes Covers 25% of span
limited by voltage
extensive field eval-
uation

4 Eccentric weights
and rotating clamp
spacers

Used in Japan No Yes No Yes Yes Three per single
span, one per spacer
per subconductor

5 AR twister Used in USA Yes Yes Yes Yes Two per span
6 AR windamper Used in USA Yes Yes Yes Yes Two per span
7 Aerodynamic gal-

loping controller
(AGC)

Yes Yes Yes Number based on
analysis

8 Torsional control
device (TCD)

Used in Japan Yes No No Yes Two per span

9 Galloping control
device (GCD)

Used in Japan Yes No No Yes Two to four per
span
Uses armor rods
if tension is high.
Most extensive field
evaluations

10 Detuning pendulum Widely used Yes Yes Yes Yes Few cases have
been reported where
detuning pendulums
increased galloping
amplitude

11 Torsional damper
and detuner (TDD)

Experimental Yes Yes No No Yes Two or three per
span

Weather condition Line construction
No. Device name Applic. Glaze Wet snow Distribution Single

transmission
Bundle Comments

1 Rigid interphase
spacer

Widely used Yes Yes Yes Yes Yes Prevents flashovers,
reduced galloping
motions

2 Flexible interphase
spacer

Widely used Yes Yes Yes Yes Yes Prevents flashovers,
reduced galloping
motions

3 Air flow spoiler Widely used Yes Yes Yes Yes Covers 25% of span
limited by voltage
extensive field eval-
uation

4 Eccentric weights
and rotating clamp
spacers

Used in Japan No Yes No Yes Yes Three per single
span, one per spacer
per subconductor

5 AR twister Used in USA Yes Yes Yes Yes Two per span
6 AR windamper Used in USA Yes Yes Yes Yes Two per span
7 Aerodynamic gal-

loping controller
(AGC)

Yes Yes Yes Number based on
analysis

8 Torsional control
device (TCD)

Used in Japan Yes No No Yes Two per span

9 Galloping control
device (GCD)

Used in Japan Yes No No Yes Two to four per
span
Uses armor rods
if tension is high.
Most extensive field
evaluations

10 Detuning pendulum Widely used Yes Yes Yes Yes Few cases have
been reported where
detuning pendulums
increased galloping
amplitude

11 Torsional damper
and detuner (TDD)

Experimental Yes Yes No No Yes Two or three per
span

Galloping can be characterized by:

� Frequencies from 0.08 to 3Hz� Maximum galloping amplitude of ten, exceeding
the conductor sag� Minimumwind velocity of approximately 25 km=h.

Galloping is a complex aerodynamic/aeroelastic in-
stability, which on the one hand has caused serious
operational problems on transmission lines since their
inception and on the other hand attracted quite early in-
terest from many scientists, who have tried to describe
it [9.127, 128]. Galloping theory is beyond the scope of
this book; we will concentrate here on some practical
recommendations.

A detailed analysis of a great number of observed
and recorded cases of galloping [9.129] has resulted
in the suggestion of an elliptical form for the locus of
a galloping conductor (Fig. 9.63a) and its magnitude

(Fig. 9.63b). This should be considered in the clearance
design of a line known to exhibit or suspected of expe-
riencing galloping.

There are three main classes of countermeasures
against galloping:

� Making lines tolerant to galloping by robust design,
provision of increased phase clearances, or control-
ling the mode of galloping with interphase spacers
(Sect. 9.5.5)� Interfering with the galloping mechanisms to pre-
vent galloping from building up or from attaining
high amplitudes� Removal of ice or preventing its formation on con-
ductors [9.130].

A list of antigalloping devices is presented in Ta-
ble 9.31 [9.81].
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9.5 Insulators

According to [9.131], an insulator is a “device intended
for electrical insulation and mechanical fixing of equip-
ment or conductors which are subject to electric po-
tential differences”. In this sense, insulators in an over-
head line have the primary responsibility of separating
the system potential present at the conductor from the
earth potential present at the support. It is interesting to
note that their name comes from the Latin word insula,
island—which comes from the Greek word $ K�¢o− (read
níssos)—i.e., a piece of land separated bywater from the
mainland. In addition to fulfilling their electrical duty
not only under the system voltage but also under over-
voltages from lightning and switching operations, they
have to transfer safely the mechanical loads acting on
the conductor to the support and achieve this under all,
partly very adverse, environmental conditions. A power
flashover can occur in all three voltage scenarios. To en-
sure safe behavior in such a situation, insulators are of-
ten equipped with so-called insulator protection fittings
(Sect. 9.6.2). The atmospheric pollution ultimately de-
termines the shape of the insulator, i.e., its shed profile,
which exists mainly to combat the leakage current due
to surface contamination of the insulator, which applies
to hydrophilic insulators, while hydrophobic insulators
have water repellency as their primary leakage current
suppressionmechanism.Whereas a 3-m-long column of
air provides sufficient insulation for a 400-kV AC con-
ductor, a surface liable to outdoor contamination must
provide at least three times that path length [9.132] or
the required creepage distance in accordance to the in-
situ conditions. In addition, the mechanical integrity of
the insulator is of paramount importance for the proper
functioning of a line, as its loss will most probably lead
to loss of power with all its detrimental consequences
and may also cause serious damage and injuries.

Insulators have their origin in 1849, with the intro-
duction of the so-called Siemens insulator for the tele-
graph line from Frankfurt a.M. to Berlin, followed by
the insulators designed by Brown for a 8-km-long, 2-kV
DC line from Kriegstetten to Solothurn in Switzerland
and in 1891 for the 15-kV AC (later 25-kV AC), 175-
km-long line from Lauffen on the Neckar to Frankfurt
am Main in Germany (Fig. 9.1).

9.5.1 Classification

Several criteria exist for the classification of insulators
depending on their:

� Material� Shape� Function.

Material
Nowadays, three materials are used for insulators:

� Ceramic� Glass� Polymer.

Ceramic (mainly porcelain) insulators were the first to
be used, followed a few decades later by glass, with
polymer or composite insulators, also called nonce-
ramic insulators (NCI), coming many years later (in the
1960s) but now dominating the greatest market share
worldwide.

Shape
Over the years, three basic insulator shapes have
evolved:

� Bell� Cap and pin� Longrod.

Although bell-type porcelain insulators were the first to
be used, they were mechanically too weak to support
the larger conductors over longer spans necessary for
increased power transmission and the required higher
voltages. For this purpose, cap-and-pin insulators were
developed at the beginning of the 20th century in porce-
lain and from the 1920s in glass. Bell-type insulators,
also called pin insulators, are still used as support insu-
lators for low voltage (LV) and medium-voltage (MV)
lines.

According to [9.133, 134], overhead line insulators
can be classified into two types, type A and type B.
Type A insulators are characterized by the fact that the
length of the shortest puncture path through the insu-
lating body is at least half of the flashover path on
the insulator surface. This applies to longrod insulators.
Such insulators are considered to be puncture proof. In-
sulators in which the length of the shortest puncture
path through the body is less than half of the flashover
path are classified as type B insulators, for instance
cap-and-pin insulators. They are considered to be not
puncture proof.

The understandable wish of many users to in-
stall puncture-proof (type A) insulators on their HV
lines could be fulfilled by advances in the man-
ufacturing technology of porcelain longrod insula-
tors (as puncture-proof solid-core insulators cannot
be manufactured from glass) and in particular the
possibility of manufacturing large bodies of porce-
lain without air pockets, leading in around 1936 in
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Fig. 9.64 Historical development
of overhead line insulators (source
Pfisterer Lapp)

Fig. 9.65 Double tension string (adapted from [9.112])

Germany to the development of the porcelain long-
rod, a logical development of the first double-shed
solid-core and thus puncture-proof insulator, the so-
called motor insulator developed in 1917/19 in Switzer-
land. Finally, the introduction of polymer materials,
mainly silicone rubber for HV insulation, led in the

1960s to the concept of composite longrod insula-
tors.

On rare occasions, hollow-core composite insula-
tors have also been used for transmission lines, e.g., as
insulated cross arms in compact lines [9.135], with their
main application being as housings of HV equipment in
substations [9.136].

Figure 9.64 summarizes the historical development
of overhead line insulators.

Function
The function of an insulator on a line primarily deter-
mines the mechanical loads it must sustain. As shown in
Figs. 9.65 – 9.67 [9.112], one can distinguish between:

� Ties, such as suspension or dead-end insulators,
which are loaded in tension (Fig. 9.65)� Struts, such as posts in insulating cross-arms, which
are loaded in compression (Fig. 9.66)� Beams, such as vertical and horizontal posts, which
are loaded in bending (Fig. 9.67).
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Fig. 9.66 Horizontal strut in an insulating cross-arm
(adapted from [9.112])

Fig. 9.67 Vertical post insulators in the so-called trident
configuration (adapted from [9.112])

Geometry
Common to all insulator types are the following geo-
metric properties.

Connection length: Shortest distance in air between
the two end fittings. This dimension is important for
the necessary clearances and thus the tower width and
height.

Arcing distance: Shortest path in air between the
two insulator end fittings. This dimension determines
the flashover properties of the insulator when not pol-
luted and is thus important for the insulator coordina-
tion of the power system.

Creepage
distance

Arcing
distance

Connection
length

Fig. 9.68 Dimensional properties of cap-and-pin insula-
tors (porcelain/glass) (adapted from [9.137])

Creepage distance

Arcing distance

Connecting length

Fig. 9.69 Dimensional properties of longrod insulators
(porcelain/composite) (adapted from [9.138])

Creepage or leakage distance: Path along the insu-
lator surface between the end fittings. This dimension
determines the pollution performance of the insulator
(Sect. 9.5.2).

Figure 9.68 [9.137] shows schematically these
properties for a cap-and-pin and Fig. 9.69 [9.138] for
a composite longrod insulator.

The electrical characteristics of a nonpolluted in-
sulator, i.e., the lightning, switching, and power fre-
quency withstand and flashover voltages, whether wet
or dry, depend mainly on its arcing distance (Fig. 9.70).
However, in polluted conditions, the creepage distance
formed by the insulator shed profile is the key, as ex-
plained in Sect. 9.5.2.
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9.5.2 Pollution

The corrugated shape of the insulator surface, indepen-
dent of the insulating material used, is necessary to
ensure its performance under pollution. For the proper
selection of insulators and the determination of their
relevant dimensions to be used in high-voltage systems
with respect to pollution, an IEC standard [9.139–142]
forms the basis from which the following information is
extracted. CIGRE publications [9.143–145] are a useful
complement for those wishing to study the performance
of insulators under pollution in greater depth.

Pollution Flashover
The prerequisite for good insulator design with re-
spect to pollution is a basic understanding of pollution
flashover. This is described in [9.139]. For the so-called
predeposit pollution (type A), we distinguish the fol-
lowing phases:

� Phase 1: The insulator becomes coated with a layer
of pollution.� Phase 2: The surface of the polluted insulator be-
comes wetted. The wetting of an insulator can occur
by moisture absorption, condensation, and precipi-
tation. Precipitation by heavy rain may wash away
the electrolytic components of part or the entire pol-
lution layer without initiating other phases in the
breakdown process, or it may promote flashover by
bridging the gaps between sheds. Moisture absorp-
tion occurs during periods of high relative humidity
(> 75%) when the temperature of the insulator
and ambient air are the same. Moisture can also
gain access to the pollution layer at lower relative
humidity if the pollution is hygroscopic. Condensa-
tion usually occurs at sunrise or just before, when

moisture in the air condenses on the insulator sur-
face, whose temperature is lower than the dew
point.� Phase 3: Once an energized insulator is covered
with a conducting pollution layer, surface leakage
currents flow and their heating effect starts (within
a few power-frequency cycles) to dry out parts of
the pollution layer. Under the modeled assumption
of a uniform pollution layer, this occurs where the
current density is highest, i.e., where the insulator
is at its narrowest. These result in the formation of
what are known as dry bands.� Phase 4: The pollution layer never dries uniformly,
and in places the conducting path becomes broken
by dry bands which interrupt the flow of leakage
current.� Phase 5: The line-to-earth voltage appearing across
multiple dry bands (which may be only a few mil-
limeters wide) causes air breakdown, and the dry
bands are bridged by arcs which are electrically in
series with the resistance of the still wet and con-
ductive portion of the pollution layer. This causes
a surge of the leakage current each time the dry
bands on the insulator spark over.� Phase 6: If the resistance of the still wet and con-
ductive part of the pollution layer is low enough,
the arcs bridging the dry bands are sustained and
may finally continue to extend along the insulator,
bridging more and more of its surface. This in turn
decreases the resistance in series with the arcs, in-
creasing the current and permitting them to bridge
even more of the insulator surface. As a rule of
thumb, flashover becomes very likely after bridging
2=3 of the creepage distance. Ultimately, it is com-
pletely bridged and a line-to-earth fault (flashover)
is established.
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Table 9.32 Typical environments (adapted from [9.139])

Example Description of typical environments
E1 > 50 kma from any sea, desert, or open dry land

> 10 km from man-made pollution sourcesb

At a shorter distance from pollution sources than mentioned, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E2 10�50 kma from the sea, a desert, or open dry land
5�10 km from man-made pollution sourcesb

Within a shorter distance than E1 from pollution sources, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E3 3�10 kmc from the sea, a desert, or open dry land
1�5 km from man-made pollution sourcesb

Within a shorter distance from pollution sources than mentioned above, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E4 Further away from pollution sources than mentioned in E3, but
� dense fog (or drizzle) often occurs after a long (several weeks or months) dry pollution accumulation season
� and/or heavy, high-conductivity rain occurs
� and/or there is a high nonsoluble deposit density (NSDD) level, between 5 and 10 times the equivalent salt deposit
density (ESDD)

E5 Within 3 kmc of the sea, a desert, or open dry land
Within 1 km of man-made pollution sourcesb

E6 At a greater distance from pollution sources than mentioned in E5, but
� dense fog (or drizzle) often occurs after a long (several weeks or months) dry pollution accumulation season
� and/or there is a high NSDD level, between 5 and 10 times the ESDD

E7 Within the same distance of pollution sources as specified for heavy areas and
� directly subjected to sea spray or dense saline fog
� or directly subjected to contaminants with high conductivity, or cement-type dust with high density, and with frequent
wetting by fog or drizzle
� desert areas with fast accumulation of sand and salt, and regular condensation

Example Description of typical environments
E1 > 50 kma from any sea, desert, or open dry land

> 10 km from man-made pollution sourcesb

At a shorter distance from pollution sources than mentioned, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E2 10�50 kma from the sea, a desert, or open dry land
5�10 km from man-made pollution sourcesb

Within a shorter distance than E1 from pollution sources, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E3 3�10 kmc from the sea, a desert, or open dry land
1�5 km from man-made pollution sourcesb

Within a shorter distance from pollution sources than mentioned above, but
� prevailing wind not directly from these pollution sources
� and/or with regular monthly rain washing

E4 Further away from pollution sources than mentioned in E3, but
� dense fog (or drizzle) often occurs after a long (several weeks or months) dry pollution accumulation season
� and/or heavy, high-conductivity rain occurs
� and/or there is a high nonsoluble deposit density (NSDD) level, between 5 and 10 times the equivalent salt deposit
density (ESDD)

E5 Within 3 kmc of the sea, a desert, or open dry land
Within 1 km of man-made pollution sourcesb

E6 At a greater distance from pollution sources than mentioned in E5, but
� dense fog (or drizzle) often occurs after a long (several weeks or months) dry pollution accumulation season
� and/or there is a high NSDD level, between 5 and 10 times the ESDD

E7 Within the same distance of pollution sources as specified for heavy areas and
� directly subjected to sea spray or dense saline fog
� or directly subjected to contaminants with high conductivity, or cement-type dust with high density, and with frequent
wetting by fog or drizzle
� desert areas with fast accumulation of sand and salt, and regular condensation

a During a storm, the ESDD level at such a distance from the sea may reach a much higher lever
b The presence of a major city will have an influence over a longer distance, i.e., the distance specified for seas, desert, and dry land
c Depending on the topography of the coastal area and the wind intensity

For so-called instantaneous pollution (type B), such
as salt spray, salt fog, or industrial acid fog, which can
occur in areas located close to the coast or near chem-
ical plants, the flashover process starts at phase 3 and
can progress rapidly to phase 6. A particular case of
type B pollution is a bird streamer. This is a type of
bird excrement, which, on release, forms a continuous,
highly conductive (20�40 k�=m) stream of such length
that the air gap is sufficiently reduced to cause flashover.
In this case, the insulator geometry and characteristics
play little or no role and the best solution may be to
fit bird-dissuasive devices appropriate to the local fauna
and structure design.

Insulator Design for Pollution
Standard [9.139] describes the three basic approaches
to insulator selection and dimensioning for pollution,
i.e.:

1. Use past experience
2. Measure and test
3. Measure and design.

For the purposes of standardization, five classes of
site pollution severity (SPS) are qualitatively defined
in [9.139], from very light pollution to very heavy pol-
lution as follows:

a Very light
b Light
c Medium
d Heavy
e Very heavy.

Typical pollution environments are indicated in Ta-
ble 9.32 [9.139], where E2 corresponds to light, E3 to
medium, E5 to heavy, and E7 to very heavy pollution.
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Fig. 9.71 RUSCD as a function of SPS class for AC

Creepage Distance. The SPS class is used to deter-
mine the reference unified specific creepage distance
(RUSCD) for AC voltages (Fig. 9.71 [9.139–142]), i.e.,
the creepage distance of an insulator divided by the rms
value of the highest operating voltage Um across the in-
sulator. This definition differs from that of the specific
creepage distance, where the line-to-earth value of the
highest voltage for the equipment is used (for AC sys-
tems usually Um=

p
3). For line-to-line insulation, this

will result in a value that is
p
3 times that given by the

definition of the specific creepage distance in [9.146],
now replaced by [9.139–142]. In Fig. 9.71, the bars are
preferred values representative of a minimum require-
ment for each class. If exact SPS measurements are
available, it is recommended to take a RUSCD which
corresponds to the position of the SPS measurements
within the class by following the curve shown.

It is worth noting that there is no difference in the
RUSCD between insulators made from different ma-
terials, specifically the well-documented advantages of
polymer insulators under pollution [9.2], which can re-
sult in a reduction of RUSCD by up to 30% if their
hydrophobicity is not lost.

DC Applications. For DC voltages, the design process
is complicated by several factors [9.140], as DC in-
sulators exhibit a greatly different pollution behavior
compared with those operating at AC. This is mainly
due to electrostatic effects because of:

� The influence of wind, particle size, etc. on the ac-
cumulation of pollution� The composition of the pollution (low-solubility or
slow-dissolving salts)� The effect of the amount of nonsoluble deposit� The contamination uniformity ratio (CUR)� The effect of diameter on pollution accumulation� The nonuniformity of the pollution layer along or
around the insulator� The effect of diameter on pollution performance

0.001 0.01 0.1

RUSCDDC = 65 × ESDD0.25

RUSCDDC = 110 × ESDD0.33

CUR = 1

1

RUSCDDC (mm/kV)

ESDDDC (mg/cm2)

100

10

Design curve non-HTM insulators
Design curve HTM insulators

Fig. 9.72 RUSCD for DC and type A pollution (ESDDDC

at NSDD D 0:1mg=cm2)

Design curve non-HTM insulators
Design curve HTM insulators

1 10 100

RUSCDDC = 15 × SES0.25

RUSCDDC = 15 × SES0.33

CUR = 1

1000

RUSCDDC (mm/kV)

SESDC (kg/m3)

100

10

Fig. 9.73 RUSCD for DC and type A pollution (SES: site
equivalent salinity)

� The effect of insulator material on pollution perfor-
mance.

Due to these, some early applications of nonceramic
insulators were for HVDC lines, where the superior
behavior of polymer material is indisputable [9.147].
This is recognized in [9.140], where polymer mate-
rials, which exhibit hydrophobicity but also have the
capability to transfer hydrophobicity to the pollution
layer, are referred to as hydrophobicity transfer mate-
rials (HTM). They require less RUSCD (in mm=kV)
as shown in Figs. 9.72 and 9.73 [9.140]. These fig-
ures also indicate that, for the proper design of DC
insulators under pollution, site severity measurements
are necessary as indicated in the parameters on the
abscissa (ESDDDC, NSDD, SESDC). Details are given
in [9.140].
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CF 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Deviations for CFSPS Class

Nonea

Noneb

Nonec

Noned

None 4.0 Minor 4.85 Major

3.875 Minor 4.7 Major

3.75 Minor 4.55 Major

3.625 Minor 4.4 Major

3.5 Minor 4.25 Major

e
CF 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Deviations for CFSPS Class

Nonea

Noneb

Nonec

Noned

None 4.0 Minor 4.85 Major

3.875 Minor 4.7 Major

3.75 Minor 4.55 Major

3.625 Minor 4.4 Major

3.5 Minor 4.25 Major

e

Table 9.33
CF values for
ceramic and glass
AC insulators

CF 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Deviations for CFSPS Class

Nonea

Noneb

Nonec

Noned

None

Minor Major

e
CF 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Deviations for CFSPS Class

Nonea

Noneb

Nonec

Noned

None

Minor Major

e

Table 9.34
CF values for
polymer AC
insulators

Table 9.35 CF values for DC insulators

Glass and porce-
lain insulators

Composite and
hybrid insulators,
non-HTM

Composite and
hybrid insulators,
HTM

Cap and pin typi-
cally below 3:4
Rarely greater than
3:75

Line insulators
typically below 4:5
Rarely greater than
4:8

Typically below
4:5
Rarely greater than
4:8

Posts, long rods
and hollow cores
typically below 3:5
Rarely greater than
4:0

Posts and hollow
cores typically
below 4:4
Rarely greater than
4:6

Glass and porce-
lain insulators

Composite and
hybrid insulators,
non-HTM

Composite and
hybrid insulators,
HTM

Cap and pin typi-
cally below 3:4
Rarely greater than
3:75

Line insulators
typically below 4:5
Rarely greater than
4:8

Typically below
4:5
Rarely greater than
4:8

Posts, long rods
and hollow cores
typically below 3:5
Rarely greater than
4:0

Posts and hollow
cores typically
below 4:4
Rarely greater than
4:6

The final step is to determine the USCDreq of the
insulator in question, i.e.,

USCDreq D RUSCDCdCa ; (9.90)

where Cd is the diameter correction factor, which con-
siders the effect of diameter on the pollution withstand
performance of the candidate insulator and applies only
to insulators with diameters above 250mm, i.e., Cd D 1
for line insulators, and Ca is the altitude correction fac-
tor given in [9.148] as

Ca D en
H

8150 ; (9.91)

where H is the height above sea level in meters. The
current design practice in industry is to use H � 1000
instead of H in (9.91) and to only apply the correction
above 1000m. Until further information is available,
a value of 0:35 is suggested for n.

Creepage Factor. The creepage factor (CF) is equal
to l=s, where l is the total creepage distance and s
is the arcing distance of the insulator unit (Figs. 9.68
and 9.69); it is used as a global check of the overall
density of the creepage distance. For cap-and-pin insu-
lators, the CF is determined for a string of five insulators
or more. CF values encountered in DC applications are
often higher than those used for AC because, in general,
a higher creepage distance is needed for given insulator
length in DC. It is important to bear in mind that greatly
increasing the CF can have no or even a negative effect
on the performance. Tables 9.33 to 9.35 [9.140–142]
contain recommendations for the CF of AC and DC in-
sulators.

Shed Profiles. In order to obtain the required creep-
age distance as explained above, but also in order to
keep a certain portion of it dry and more resistant to ac-
cumulation of pollutants, various insulator shapes and
profiles have been developed over the years. In addition,
variations in the nature of the pollutant may make some
shapes of insulator more effective than others. It should
be borne in mind that the minimumor maximum overall
length of the insulation is an important imposed param-
eter, e.g., for insulation coordination or tower height.
Table 9.36 summarizes the main characteristics of each
type of profile. More advice on profiles is given in the
relevant parts of [9.139–142].

Corrosion. Another issue arising from pollution is the
corrosion of the insulator fittings and in particular of the
connection pins of cap-and-pin insulators.

When the surface of the insulator becomes contam-
inated and wet, a biased leakage current starts to flow,
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Table 9.36 Typical profiles and their main characteristics (adapted from [9.139–142])

Standard profiles
Standard profiles are effective for use
in very light to medium polluted areas
where a long creepage distance or an
aerodynamically effective profile is not
required

Cap and pin standard dics insulators
Porcelain standard profile, long rod insu-
lators, post insulators, hollow insulators

Aerodynamic or open profiles
Aerodynamic or open profiles prove to be
beneficial in areas where the pollution is
depsoited onto the insulator by wind, such
as deserts, hevily polluted industrial areas
or coastal areas which are not directly ex-
posed to salt spray. This type of profile is
especially effective in areas that are char-
acterized by extended dry periods. Open
profiles have good self-cleaning prop-
erties and are also more easily cleaned
under maintenance

Aerodynamic disc insulators

Porcelain long rod insulators, post insula-
tors, hollow insulators

Polymeric long rod insulators, post insu-
lators, hollow insulators

Anti fog profiles
The use of anti fog profiles with steep
sheds or deep under-ribs is beneficial in
areas exposed to a salt water fog or spray,
or to other pollutants in the dissolved
state.
These profiles may also be effective in
areas with a particulate pollution precipi-
tation containing slow dissolving salts.
They can also be effective in areas with
low NSDD and slow dissolving salts

Steep anti-fog disc insulators

Deep under-ribs disc insulators

Deep under-ribs on porcelain long rod in-
sulators, post insulators, hollow insulators

Steep porcelain long rod insulators, post
insulators, hollow insulators

Steep polymeric long rod insulators, post
insulators, hollow insulators

Under-ribs on polymeric long rod insula-
tors, hollow insulators, post insulators

Standard profiles
Standard profiles are effective for use
in very light to medium polluted areas
where a long creepage distance or an
aerodynamically effective profile is not
required

Cap and pin standard dics insulators
Porcelain standard profile, long rod insu-
lators, post insulators, hollow insulators

Aerodynamic or open profiles
Aerodynamic or open profiles prove to be
beneficial in areas where the pollution is
depsoited onto the insulator by wind, such
as deserts, hevily polluted industrial areas
or coastal areas which are not directly ex-
posed to salt spray. This type of profile is
especially effective in areas that are char-
acterized by extended dry periods. Open
profiles have good self-cleaning prop-
erties and are also more easily cleaned
under maintenance

Aerodynamic disc insulators

Porcelain long rod insulators, post insula-
tors, hollow insulators

Polymeric long rod insulators, post insu-
lators, hollow insulators

Anti fog profiles
The use of anti fog profiles with steep
sheds or deep under-ribs is beneficial in
areas exposed to a salt water fog or spray,
or to other pollutants in the dissolved
state.
These profiles may also be effective in
areas with a particulate pollution precipi-
tation containing slow dissolving salts.
They can also be effective in areas with
low NSDD and slow dissolving salts

Steep anti-fog disc insulators

Deep under-ribs disc insulators

Deep under-ribs on porcelain long rod in-
sulators, post insulators, hollow insulators

Steep porcelain long rod insulators, post
insulators, hollow insulators

Steep polymeric long rod insulators, post
insulators, hollow insulators

Under-ribs on polymeric long rod insula-
tors, hollow insulators, post insulators

causing electrolytic corrosion of the pins. Even under
AC voltages, corrosion takes place, and is enhanced
when the leakage current has a DC component. The
corrosion is much more harmful for DC voltages be-

cause the current is unidirectional but also because, as
explained above, the deposition and formation of pol-
lution are enhanced via electrostatic phenomena related
to DC. Corrosion will, on one hand, reduce the diameter
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Table 9.36 (Continued)

Alternating shed profiles
Alternating shed arrangements are in
general feasible for all profiles, although
steep sheds are less beneficial. They of-
fer increased creepage distance per unit
length without penalizing performance
in heavy rain or icing. Similar benefits to
open profiles are also provided by simple
alternating profiles

Alternating shed disc insulators
Porcelain long-rod insulators, post insula-
tors, hollow insulators

Polymeric long rod insulators, post insu-
lators, hollow insulators

Alternating shed profiles
Alternating shed arrangements are in
general feasible for all profiles, although
steep sheds are less beneficial. They of-
fer increased creepage distance per unit
length without penalizing performance
in heavy rain or icing. Similar benefits to
open profiles are also provided by simple
alternating profiles

Alternating shed disc insulators
Porcelain long-rod insulators, post insula-
tors, hollow insulators

Polymeric long rod insulators, post insu-
lators, hollow insulators

Fig. 9.74 Corroded pin of a glass cap-and-pin insulator;
note the reduced diameter of the pin and the rust products
at the boundary with the dielectric

of the pin and thus the mechanical strength of the insu-
lator, while on the other, the related rust products may
cause cracks through expansion and subsequent failure
of the dielectric (Fig. 9.74).

The corrosion resistance of insulators can be im-
proved on the one hand by using reinforced galvanized
fittings, i.e., by increasing the average coating zinc mass
specified in [9.133, 134] of 600g=m2, corresponding
to 85�m, up to 140�m for very high-corrosion areas
such as coastal areas, and on the other by using a so-
called sacrificial zinc sleeve (Fig. 9.75a), a must for
HVDC insulators made of glass or porcelain. The cast
iron cap itself can also suffer from corrosion. However,
the time required for significant corrosion of the cap is
longer than for the pins, and the corrosion effects are
not so dramatic. As a remedy, a zinc collar is often used
(Fig. 9.75b).

The zinc sleeve has a large electrochemical po-
tential difference to iron and thus acts as a sacrificial
electrode at the cement boundary where the current
flows. Because of this, the boundary remains free from
accumulation of corrosive products, which, as men-

tioned above, could become detrimental for the insulat-
ing body. The standard [9.150] specifies the minimum
requirements for the zinc sleeve.

Mitigating Measures. There are various ways to im-
prove the pollution performance of insulators. This can
become necessary in case of a poor original design of
the insulator or when a new industry, such as a ce-
ment plant, is built close to the line and at the same
time insulator replacement is prohibitive because of
costs or clearance violations. The definitive solution is
to install composite (polymer) insulators (Sect. 9.5.5),
which exhibit excellent pollution performance. Alter-
natives include [9.151]:

� Booster shed� Shed extender� Shed protector� Coating� Semiconducting glaze� Washing.

Among these techniques, washing is still quite often
used in areas of extreme (in particular desert-type) pol-
lution, in the great majority of cases being undertaken
with the line energized, which is referred to as live
or hot line washing [9.143]. In addition, coatings have
gained a certain popularity, in particular for substation
insulators where replacement with composite insula-
tors is not always feasible. The good service record of
silicone rubber insulators for outdoor applications has
stimulated the development of room-temperature vul-
canized (RTV) silicone rubber coatings [9.152], service
experience of which has shown that the useful life of
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a) b)
Fig. 9.75a,b Zinc sleeve on
pin (a) and zinc collar on cap (b)
(source [9.149])

a RTV coating can vary from less than a year to many
years.

9.5.3 Porcelain Insulators

Porcelain insulators have the longest history, well above
100 years, and an excellent service record. Due to his-
torical developments, two types have emerged: the
cap-and-pin type and longrod type (Fig. 9.76).

While cap-and-pin insulators are used worldwide,
longrod insulators are mainly installed in Central Eu-
rope, as well as some Middle East and other countries
with serious desert pollution because of the excellent
aerodynamic properties of their sheds, which hinder the
accumulation of pollutants. For both types, the arcing
distance and creepage distance can easily be adjusted
to specified flashover values and the pollution regime,
respectively, by simply adding more units.

Cap-and-pin insulators retain their integrity when
a cap shatters (which is not the case for longrods), and
because of their inherent flexibility, they are much less
sensitive to bending loads such as those caused by load
transposition in double strings, which, if not adequately
addressed by special hardware, can cause a problem for
longrods [9.153].

On the other hand, porcelain longrods offer cer-
tain advantages over (porcelain or glass) cap-and-pin
insulators: They are puncture proof and can be easily

Iron capLocking keya) b)

Insulator's head

Expansion layer

Imbedded sand

Skirt

Petticoats

Corrosion sleeve
for DC insulators

Ball socket

Compression
loading

Cement

Steel pin

Ball

Insulating
glass or
porcelain

Fig. 9.76a,b Porcelain cap-and-pin (a) longrod with clevis caps, overall length 1270mm (b) (source Pfisterer Lapp)

protected against power arcs. They also show excellent
performance, in particular when heavily contaminated,
and, because of their fewer intermediate fittings com-
pared with cap-and-pin strings, they are not prone to
cascade flashovers and have very low radio interference
values. They are standardized in [9.154].

Porcelain insulators are made from quartz porcelain
C-110 for low-strength insulators or C-120 or C-130
aluminum oxide porcelain for high-strength insulators,
all according to [9.155]. Their main material properties
are specified in [9.156].

Porcelain insulators are manufactured using a wet
process, so called because a considerable amount of wa-
ter is added to the rawmaterials, i.e., ca. 50% clay as the
base material, ca. 25% quartz or alumina as the filler,
and ca. 25% feldspar as the flux, with the aim of wetting
the other ingredients and facilitating their dissolution in
the melt.

These are quite complex processes that have been
continuously developed over long time. They are based
on extensive manufacturer-specific knowhow and re-
quire stringent quality control at all stages in or-
der to obtain a low-porosity and thus mechanically
strong porcelain body. Also, the glazing process is of
paramount importance, as the glaze not only forms
a smooth and easily washable surface, but also seals
it and thus practically eliminates crack initiation from
surface imperfections. In addition, as it has a lower ther-
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on the cap

Cement
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Fig. 9.77 Compressive stresses in the porcelain shell
caused by tensile load (adapted from [9.137])

mal expansion coefficient compared with the porcelain
bulk material, it induces beneficial compressive stresses
upon the insulator surface.

Last but not least, the porosity of the porcelain de-
pends strongly on the maximum firing temperature and
its duration, the optimum being 1150˙ 15 ıC.

End Fittings
End fittings are used to transfer the mechanical loads
acting on the conductor, such as wind and/or ice
loads, to the porcelain dielectric (Sect. 9.3.2) and from
there to the line support. The main materials in use
are malleable or ductile iron, forged steel, and rarely,
for distribution insulators, aluminum. Ferrous fitting
materials are hot-dip galvanized with a minimum of
600 g=cm2 zinc, resulting in a minimum zinc thick-
ness of 85�m, and are attached to the porcelain using
Portland cement for cap-and-pin insulators or lead-
antimony alloy for longrods. There is also an important
difference in the mechanical action of the fittings. Cap-
and-pin fittings, on one hand, when loaded in tension,
impose compressive stresses upon the porcelain body
(Fig. 9.77 [9.137]). Longrod fittings, on the other hand,
transfer the external tensile loads via their conical shape
and the resulting shear stresses at the metal–porcelain
interface, resulting in axial tensile stresses in the porce-
lain body of the insulator (Fig. 9.78).

End fittings are well standardized [9.157, 158] in
order to enable easy replacement and exchange with
other insulator types, including those made of glass or
composite. For cap-and-pin insulators, ball-and-socket
connections prevail. These are secured by W-clips or
split pins, the latter providing a more reliable coupling
in a string, as the cross-section area of a split-pin is
twice that of a W-clip.

Lead locking key

Lead-antimony
cement

Cap

4°

82°–83°

Porcelain body

Fig. 9.78 End fitting of a longrod porcelain insulator
(source Pfisterer Lapp)

9.5.4 Glass Insulators

Although the first LV overhead lines built in the 1880s
used glass insulators, adapted from counterparts used
in telegraph lines, the glass quality in those days could
not cope with the higher loads which came with in-
creasing voltages and the need for heavier conductors
and longer spans. This changed with the introduction of
the glass toughening process around 1930, since when
glass insulators have been used extensively worldwide
in overhead lines up to the highest voltages. They are
shaped with few exceptions, e.g., glass pin insulators
for distribution, as cap-and-pin insulators (Fig. 9.79).
As in the case of porcelain cap-and-pin insulators, their
arcing and creepage distances can be adjusted by simply
adding more units. Similarly, because of their inher-
ent flexibility, they are not sensitive to bending loads
and they also retain their integrity when a cap shatters,
this being on the one hand an advantage for easy spot-
ting during inspections, while on the other attracting
shooting enthusiasts, who enjoy the explosion-like shat-
tering of the toughened glass shell. While they require
fewer production steps and their shell is thinner than
porcelain—because glass is a more homogeneous ma-
terial and thus a better dielectric—their manufacturing
process is very energy intensive and there is consid-
erable variation amongst the few available renowned
manufacturers in terms of raw material quality, compo-
sition, and processing, in particular toughening, which
is a knowhow-intensive procedure.

The raw materials for the glass dielectric consist
of ca. 57% silica (silicon dioxide found in nature as
quartz), ca. 9% limestone, ca. 14% soda ash, ca. 4%
feldspar, ca. 11% dolomite, and ca. 6% other min-
eral salts. About 1/3 of the mass is cullet, i.e., glass
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Fig. 9.79 Glass insulator (source MacLean Power Sys-
tems)

which has shattered during the production process or
been rejected during inspection, as well as unused gobs
of glass from mold changeovers. Cullet contributes to
the stability and consistency of the manufacturing pro-
cess [9.159]. The raw materials are crushed and mixed,
then delivered to the furnace for melting, which is a crit-
ical step in the production sequence, as on the one hand
it has to ensure very high homogeneity of the molten
mass and on the other it has to be designed in such a way
that it can run for years at temperatures up to 1400 ıC
without shutdowns, e.g., for maintenance. The glass ex-
its the furnace in the form of a calibrated molten glass
gob and is delivered to a preheated cast iron mold for
pressing into shape at a temperature just over 1000 ıC.
Spinning after removal from the mold allows the inter-
nal screw shape to form inside the glass shell. This is
followed by the decisive and critical toughening pro-
cess, whereby the surface of the shells is cooled using
jets of cold air, while their body remains molten. As
the body contracts at a faster rate than the surface,
this results in tensile stresses in the body and compres-
sive stresses at the surface, leading to higher tensile
strength, improved fatigue characteristics, higher punc-
ture voltage, and higher impact resistance of the glass
insulator. Subsequently the shells are immersed in cold
water for thermal shock treatment, during which the
great majority of defective shells can be recognized and
eliminated. Finally, the assembly of the metal fittings,
i.e., the cap and pin, takes place; these are fastened
to the glass shell normally by using alumina cement.
The process ends with testing. It is advisable to store
the finished glass insulators before packing, as the con-
siderable stress redistribution that occurs in the glass
shell during this period will lead to self-shattering of
some insulators, which can then be removed from de-
livery.

End Fittings
The end fittings of glass insulators are very similar to
those of porcelain cap-and-pin insulators. The pins are
normally steel forgings, as they have to exhibit greater
uniformity and higher strength than can be achieved
by casting. The latter is used to make the caps from
malleable iron. Both the caps and pins are hot-dip
galvanized for corrosion protection then covered with
a bituminous paint wherever they will come into contact
with the alumina cement. As mentioned above, when
deemed necessary for DC applications or use in highly
polluted areas, a zinc sleeve is pressed around the pin
to form a sacrificial electrode and protect it from corro-
sion.

9.5.5 Composite Insulators

The development of composite or nonceramic insu-
lators basically started in the 1940s, when organic
materials, namely epoxy resins, started being used for
indoor high-voltage insulators, being advantageously
lightweight and impact resistant, and also enabling
large complex parts [9.160]. Unfortunately, field trials
outdoors with such structural insulators led to many
failures, so cycloaliphatic epoxy resins are now only
used on a small scale for some distribution and railway
insulators. Progress developed instead towards compos-
ite insulators, i.e., insulators where the various duties of
the insulator, such as mechanical, electrical, and envi-
ronmental, are shared between its different components.
Composite insulators for overhead lines were developed
as early as 1964 in Germany [9.161], where the first
units for field testing were provided in 1967. In the late
1960s and early 1970s, manufacturers from Germany,
France, the UK, the USA, and Switzerland introduced
the first generation of commercial composite transmis-
sion line insulators. They came into general use in the
1980s and today account for (together with polymer
distribution and hollow core apparatus insulators) ap-
proximately 40% of the insulator market worldwide.
In fact, the number of units of composite insulators in-
stalled has grown exponentially, reaching more than 20
million units for AC lines today (Fig. 9.80 [9.162]). In
addition there are more than 100 000 units installed on
HVDC lines, confirming the advantages of composite
insulators for HVDC applications as recognized early
on [9.147], mainly because of their superior perfor-
mance in comparison with ceramic insulators under the
more intense and concentrated pollution in the DC field,
which makes them considerably shorter than porcelain
or glass strings. This is decisive for the tower silhouette
and the ROW width, and thus the costs of DC overhead
lines.
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Fig. 9.80 Estimated growth in composite insulator
(�69 kV) use in AC transmission lines

This extraordinary and for many unexpected devel-
opment has been enabled by the following factors:

Advantageous properties:

� The connection length and dry arc distance can be
easily and precisely adjusted to grid and site re-
quirements.� The creepage distance can be similarly adjusted by
proper choice of the size, shape, and number of
sheds.� They are not prone to vandalism (gunshots).� They offer high bending strength and are flexible,
thus not being endangered by load transposition.� They show excellent pollution performance because
of their surface hydrophobicity and hydrophobicity
transfer to the pollution layer.� They have low weight (e.g., for 400 kV, 10% of an
equivalent ceramic insulator string).

Positive service experience:

� The continuous research by a few dedicated man-
ufacturers has eliminated the flaws in the early
generations of composite insulators.� The creation of numerous international standards
has enabled unbiased comparison and selection of
insulators.� More than 40 years of positive field experience
worldwide, also and in particular in high pollution
environments (marine, desert, and industrial).� CIGRE and other surveys have consistently shown
very low failure rates, comparable to those of porce-
lain and glass [9.162–165].

New applications:

� With the introduction of high-power transfer over
long distances with line voltages up to 1200 kV AC
and 1000kV DC, composite insulators with single
lengths of 10m and above and mechanical ratings

Fig. 9.81 Structure and elements of a silicone rubber com-
posite insulator

up to 1000kN offer significant cost savings because
they are much lighter and considerably shorter than
ceramic insulators.� Because of the shift towards renewables—green
energy—in many countries, a voltage upgrade or
a voltage conversion from AC to DC of existing
transmission lines is often the preferred approach
to comply with the related significant variations in
power transfer. This is feasible only with the use of
composite insulators [9.166].� Increasing environmental concerns by the public re-
garding the construction of new lines can often be
addressed by proposing compact lines (Fig. 9.151),
which are more slender and optically less obtrusive.
Such lines have become practically feasible only
through the use of composite insulators [9.167].

Competitive prices:

� The dissemination of knowhow by the few suppli-
ers of raw materials, e.g., silicone, and production
machinery companies led to a large number of new
manufacturers, mainly in developing countries, and
thus significantly lower production costs.� At the same time, due to economies of scale and au-
tomated industrial production, the prices of the few
experienced, renowned manufacturers have also de-
clined dramatically in the last years, while at the
same time the quality of their products has continu-
ously improved.

The structure of composite insulators has basically
remained unchanged over the years (Fig. 9.81 [9.2]).
They consist of:

� A fiber-reinforced plastic (FRP), also known as
glass-reinforced plastic (GRP), rod with high me-
chanical strength to take up the external loads and
provide the internal insulation� Metal fittings at both ends of the rod for transmis-
sion of mechanical loads� A polymer housing with sheds surrounding the rod,
designed to provide the necessary creepage distance
and to achieve the best performance under pollu-
tion.
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Table 9.37 Elastic properties and mechanical strengths of
FRP rods (adapted from [9.168])

Elastic property (GPa) Mechanical strength (MPa)
E1 44 �11C 1038
E2, E3 10.3 �11� �794
G23 4.3 �22C, �33C 32
G31, G12 5.1 �22�, �33� �141
v23 0.5 [–] 	12, 	13 54
v31, v21 0.32 [–] 	23 � 30

Elastic property (GPa) Mechanical strength (MPa)
E1 44 �11C 1038
E2, E3 10.3 �11� �794
G23 4.3 �22C, �33C 32
G31, G12 5.1 �22�, �33� �141
v23 0.5 [–] 	12, 	13 54
v31, v21 0.32 [–] 	23 � 30

FRP Rod
The heart of any composite insulator is the FRP rod.
It is made of thousands of glass fibers (¿10�30�m)
embedded in an epoxy resin matrix (Fig. 9.82 [9.168]).
A glass content of 60�70wt% enables a high axial ten-
sile strength of the rod of around 1000N=mm2. On the
other hand, the FRP rod, being a so-called orthotropic
material, is mechanically weak in the transverse direc-
tion, i.e., perpendicular to the fibers. This has to be
adequately considered in the design and the method of
application of the end fittings—which are isotropic—
to the rod. Table 9.37 [9.168] presents the elastic and
strength properties of a typical FRP rod. Typical rod
sizes range from 12mm for distribution insulators up
to 250mm for heavy-duty post insulators or insulated
cross-arms.

Nowadays, FRP rods are manufactured using the
pultrusion process (Fig. 9.83 [9.2]), with diameters of
up to 250mm and lengths up to 15�20m or even higher
if needed. Various methods are used to control the qual-
ity of pultruded rods. These include determination of
the density and the modulus of elasticity and measure-
ment of the glass-transition temperature Tg. In addition,
a dye penetration test [9.169] is used as a design and,
due to its simplicity, also as a routine test, in order to
detect fine cracks, seeds, and pores in the rod, which
can become detrimental during service.

Glass Fibers. The glass fibers are manufactured by
pulling from a glass melt and are wound directly in par-
allel, without twisting, onto bobbins. This is known as
direct roving. Rovings used in rod manufacture can be
differentiated by the fiber diameter, the sizing (coatings

50 μm 10 μm

Fig. 9.82 Cross-section of a FRP
rod at two different magnifications,
showing the glass fibers and epoxy
matrix

with protective layers, or combined protective layers
with adhesive agents), the tex number (tex numbers be-
tween 4400 and 9600 are common for rod pultrusion,
meaning rovings with a weight of 4.4 and 9:6 g=m,
respectively), and the level of corrosion resistance, as
explained below.

Glass fibers used in the FRP rods of modern
insulators—in particular insulators loaded in tension—
are in most cases made from E-CR glass. This is an
acid-resistant glass, which does not contain boron and
which in recent years has in most cases replaced the
E-glass previously in use, in order to avoid so-called
brittle fractures [9.170]. These are clear-cut, planar
fractures of the FRP rod followed by a broomstick-type
fracture (Fig. 9.84 [9.171]), which occasionally plagued
early composite insulators. They take place under rela-
tive low (15�20% of the failing load) tensile loading
conditions and are mainly attributed to acidic moisture
ingress, whether from external corona or internal par-
tial discharges, at the connection of the rod to the end
fitting. Their occurrence in the field and their failure
mode chemistry have been extensively investigated and
are presented in [9.172, 173]. The influence of the resin
as a possible cause of the susceptibility of FRP rods to
brittle fracture is also explained therein. An acid with-
stand test to determine the glass quality of the FRP rod
of an insulator is prescribed in [9.174–176].

Epoxy Resin. For the impregnation of the glass fibers,
various thermosetting plastics, such as epoxy resin,
vinyl ester resin, unsaturated polyester resin, or blends
thereof, have been used. High-quality insulators pri-
marily use epoxy resins as it safeguards important
properties of the FRP rod such as the breaking strain
and glass-transition temperature Tg; For example, if
the failing strain of the epoxy resin is lower than that
of the glass fiber, the composite material will behave
similarly to the pure resin and fail prematurely, as
the tensile strength of the glass fiber is not fully uti-
lized. On the other hand, Tg specifies the temperature
above which the rod softens [9.174–176]. A Tg range
of 110�160 ıC is advantageous for composite insulator
rods because of the processing of the insulator hous-
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Fig. 9.84 Brittle fracture of the FRP rod of a composite
insulator

ing. When high-temperature vulcanized elastomers are
used, a high Tg will prevent rod deformation in the in-
jection mold, which would result in rod eccentricity
and an undesirable asymmetric thickness of the poly-
mer housing.

End Fittings
Steel fittings are typically used for composite solid-core
insulators. Depending on the application and load, these
are either steel castings (EN-GJS 400) or steel forgings

(CK 45). Forged steel is the material of choice for insu-
lators which are subjected to tensile loads greater than
70 kN. It is characterized by a modulus of elasticity of
E D 200 000N=mm2, Poisson’s ratio of � D 0:29, ten-
sile strength of �� D 1000N=mm2, and compressive
strength of �C D 800N=mm2.

End Fittings for Composite Longrods. Because of
the need for substitution compatibility with porcelain
and glass insulators, the connection dimensions for
composite longrod insulators are based on the stan-
dards for conventional insulators [9.157, 158], being
standardized in [9.178] up to 550 kN. Typical end fit-
tings are shown in Fig. 9.85 [9.138]. Their dimensions
have been standardized in such a way that compos-
ite insulators are fully interchangeable with porcelain
or glass insulators. End fittings are hot-dip galvanized
with a zinc layer thickness of 85�m in accordance
with standard industry practices and [9.133, 134]. When
greater layer thicknesses of up to 150�m are re-
quired for highly corrosive operating conditions such
as deserts and coastal routes or DC applications, it is
important to ensure that delamination resulting from
partial splintering of the zinc layer does not occur dur-
ing the crimping of the end fitting to the rod. DC
applications may further require an additional sac-
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Fig. 9.85 Types of end fittings for
composite longrod insulators

1 min 96 h

Type test load (96 h)Design test load

Mavg

D1

T2

D2
T1

Type test load
(SML withstand test)

Average failing
load curve

Damage limit of
the assembled core

Log time

Load Fig. 9.86 Load–time curve of
a composite insulator (adapted
from [9.177])

rificial zinc collar on the outer contour of the end
fitting, similar to the one used for glass insulators
(Sect. 9.5.4).

Relation of Loads. The majority of composite insu-
lators for overhead lines, whether used as suspension
insulators or as dead ends, are loaded in tension and
are sometimes called composite longrods, having typ-
ical rod diameters between 16 and 32mm. Their key
mechanical parameter is the specified mechanical load
(SML), defined as the load that the insulator must with-
stand in a 1-min tensile test after a 96-h test at 70%
of its value; it is determined in a type test. In ad-
dition, each composite longrod has to pass a routine
test at the so-called routine mechanical load (RML),
which corresponds to 50% of the SML. A third im-
portant mechanical parameter is the damage limit load
(DLL). This is the threshold tensile load below which
hardly any fibers will fail, even if the load is applied
to the insulator for an infinite period of time. The
DLL of high-quality insulators can be assumed to be
up to 60% of the average failing load Mavg. These
loads and the load–time behavior of a composite in-
sulator are shown schematically in Fig. 9.86 [9.177].
The related physical background is well explained
in [9.179, 180].

Crimping. One of the most critical procedures in
the manufacturing process of a composite insulator
is the application of the metallic end fitting to the
FRP rod. This is understandable, as the two materi-
als have distinctly different elastic and strength prop-
erties (Table 9.37). Historically, the first composite
insulators used conical or wedge-type fittings to be
followed by polygonal compressed, crimped fittings
(Fig. 9.87). The latter have been proven to show by
far the best long-term performance under static and dy-
namic loads [9.181, 182] and thus are today the state of
the art for most composite insulator manufacturers.

The crimping process is accomplished using hy-
draulic presses with octagonal tools, depending on the
outer diameter of the end fitting (Fig. 9.88). This is me-
chanically complex, as during the compression stage,
the steel of the end fitting will deform plastically while
the rod will deform elastically. After the maximum
crimping pressure has been reached and released, the
metal fitting springs back, i.e., it is partly relieved of
its elastic deformation, while its remaining, permanent
plastic deformation continues to apply a radial pressure
to the circumference of the FRP rod. Consequently, the
stresses in the FRP rod are then approximately 30%
lower than during crimping. The rod stresses caused by
crimping are even higher than the stresses occurring at
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Fig. 9.87a–c Development of end fittings for composite
insulators: (a) conical, (b) wedge, (c) crimped

Fig. 9.88 Crimping tools

the ultimate tensile load of the insulator, i.e., at failure.
For this reason, high-quality manufacturers have intro-
duced the acoustic emission technique, which enables
continuous monitoring and safeguarding of the quality
of the crimp during manufacturing [9.183].

a)

b)

c) Fig. 9.89a–c Failure modes of
crimped composite longrod insulators:
(a) correctly compressed, (b) rod
predamaged, (c) overcompressed
(adapted from [9.168])

The mechanical behavior of crimped end fittings has
been thoroughly investigated in [9.168]. An important
result therefrom is that the fitting–rod interface, and
thus the composite insulator, when properly crimped,
will fail in traction when the shear strength of the FRP
rod, typically 50N=mm2, has been exceeded. This will
become evident by a clean pull-out of the rod from the
end fitting (Fig. 9.89a). When a broom-type failure oc-
curs (Fig. 9.89b), this is a sign of sharp edges within
the fitting which have predamaged the FRP rod. In this
case, the insulator will most probably not reach its rated
tensile strength. More critical is a lateral failure of the
rod (Fig. 9.89c), as in this case the insulator has been
overcompressed and the rod has been partly fractured
during the crimping process. Although such an insula-
tor will probably pass the routine RML test (50% of the
SML), hidden rod fractures may well lead to insulator
failure in service.

Based on the discussion above, the following simple
formula can be derived for the ultimate tensile load Fmax

of a composite longrod insulator

Fmax D 2 rl	max ; (9.92)

where r is the rod diameter, l is the crimping length,
and 	max is the ultimate shear stress of the rod, generally
around 50N=mm2.

For example, for a typical insulator with r D
9:285mm, l D 50mm, and 	max D 50N=mm2, this
yields a maximum tensile load Fmax of 155 kN, which
compares well with the measured value of 148 kN.

End Fittings for Composite Post Insulators. A com-
mon application of composite insulators is horizontal
posts (Fig. 9.90). In this case, the insulator is predomi-
nantly loaded perpendicular to its axis, i.e., in bending.
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Fig. 9.90 Composite post insulator for 245 kV; red circle:
the so-called gain base (source: Insulator News and Market
Report, INMR)

The resulting nonuniform stress distribution over the
FRP rod cross-section requires higher-diameter rods
than for longrods. Typical rod diameters for posts are
44, 51, 63, 76, and 88mm and nowadays can go up to
250mm.

Typical end fittings of composite posts are shown
in Fig. 9.91. These are mainly steel castings which are
fastened by bolts at the base fitting, which in turn at-
taches to the supporting structure. One can distinguish
between a bendable base made from formed steel and
a fixed base made from cast iron (Fig. 9.92), which
mates with the quite common 500 bolt circle, 4 bolts
end fitting of the insulator. Whereas the bendable de-
signs allow for some articulation of the insulator, the
fixed base does not. Both bases come in flat and gain
designs, i.e., with 0 and 12ı upsweep angles, respec-
tively, the latter marked by a red circle in Fig. 9.90,
and also with alternative attachment options for a flat
or round pole surface. The end fittings are attached to
the rod mostly using a similar compression technique,
as described above for longrods, but also using epoxy
glue or temperature shrinking as alternatives.

Relation of Loads for Line Posts. The following
loads characterize the bending performance of a com-
posite line post [9.184]:

5" bolt circle Drop tongue
(slotted blade)

Horizontal trunnion
(clamp top)

Vertical
trunnion

Fig. 9.91 Typical end fittings for
composite posts (source MacLean
Power Systems)

� The specified cantilever load (SCL) is the bending
load which an insulator can withstand at the con-
ductor side during testing.� The cantilever failing load (CFL) is the maximum
load which is achieved during testing of the insula-
tor; it should be higher than the SCL.� The maximum design cantilever load (MDCL) is
the limit for the loads occurring during operation;
it should be at least 25% below the DLL.

Another important load is the damage limit load (DLL),
which is the load above which damage to the core is
initiated. A relatively simple test to determine the DLL
(and thus the MDCL) is to measure the load–deflection
curve of the post in a short-time test. Such a curve is
shown in Fig. 9.93 [9.168]. The load at which the slope
of the curve starts to change is the DLL of the insula-
tor, above which cracks will start forming in the inside
of the rod, being practically invisible from the outside.
This fast-track test is very practical compared with the
MDCL test prescribed in [9.184], which is a tedious 96-
h test and thus often overlooked during the inspection
and acceptance process.

An important feature of composite post insulators is
that, because of the high flexibility of the FRP rod, there
is no physical separation of the insulating body in the
event ofmechanical failure of the insulator, as is the case
with brittle porcelain insulators. Thus, there is no risk of
a catastrophic dropping of the conductor. The term safe
failure mode is introduced in [9.185] to describe this.
For example, a composite post typically used for volt-
ages from 36 to 52 kV and having an SCL of 10 kN, after
sustaining prior damage as a result of the CFL test, was
subjected to a 96-h test at 5 kN in accordance with the
MDCL test procedure of [9.184] and passed this test suc-
cessfullywithout any visible external damage to the FRP
rod, let alone physical separation thereof.

The bending behavior of composite posts has been
thoroughly studied and is presented in [9.168, 186],
where the following simple analytical formula for the
cantilever failing load (CFL) is derived

CFL D  r3��

4.L� l/
; (9.93)



9.5 Insulators 689
Section

9.5

Bendable base Fixed base

Fig. 9.92 Bendable
and fixed bases as
gain bases with
upsweep angle
of 12ı (source
MacLean Power
Systems)

0 50

Nonlinear behavior
(internal rod damages)

DLL

Linear extrapolation
(rod undamaged)

100 150

Bending load (kN)

Deflection (mm)

18

16

14

12

10

8

6

4

2

0

Fig. 9.93 Load–deflection curve of a 38-mm composite
post insulator (adapted from [9.168])

where r is the rod diameter, �� is the compression
strength of the rod, L is the insulator length, and
l is the attachment length of the end fitting to the
rod. If L D 760 or 1030mm, l D 70 or 90mm, r D
25:5 or 31:7mm, and �� D 800MPa then CFL D 15
and 20:7 kN, respectively, for the two insulators tested
in [9.168] with diameter of 51 and 63mm, respectively.
These values are consistent with the values obtained by
testing, i.e., 15:6 and 21:7 kN.

Silicone Rubber (SR) Housing
The polymer housing of a composite insulator has the
double duty of protecting the FRP rod, which, if left
unprotected in particular against ultraviolet (UV) radia-
tion and pollution, will become brittle and degrade, but
also providing the necessary creepage distance in or-
der to avoid pollution flashovers. This is the reason why
polymer insulator housings and in particular their sheds
mimic the well-known shape of the sheds of ceramic
insulators.

Concerning overhead line insulators, for many
years, various polymers such as ethylene propylene di-
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Fig. 9.94 Chemical structure of polydimethylsiloxane
(PDMS), with n being the number of repeating monomer
units (adapted from [9.187])

ene monomer (EPDM), ethylene propylene monomer
(EPM), liquid silicone rubber (LSR), room-temperature
vulcanized (RTV) and high-temperature vulcanized
(HTV) silicone rubber (SR), but also polytetrafluo-
roethylene (PTFE, often called Teflon), have fought for
this application. Nowadays, the material of choice for
polymer insulators is doubtless HTV SR, because of its
superior properties and performance in the field.

Properties of Silicone Rubber. The main components
of silicone rubber are:

� Base polymer� Fillers (pyrogenic or precipitated silica, quartz pow-
der, and others)� Vulcanizers (peroxides, H-siloxane)� Catalysts (platinum compounds, tin compounds,
and others)� Additives (adhesive agents, softening agents, pig-
ments, and others)� Carbon blacks (pigment types, conductivity types,
and special types)� Aluminum trihydrate (ATH), i.e., Al2O3 (aluminum
hydroxide).

Normally, the base polymer is a three-dimensionally
cross-linked polydimethylsiloxane (PDMS). Silica,
having a specific surface area between 100 and
400m2=g, is incorporated to improve the mechanical
properties. The tracking and erosion properties can be
usefully improved by adding, e.g., Al2O3, aluminum
trihydrate (ATH). For a rubber to be considered a sil-
icone rubber, it must consist of a polymer having an
inorganic main backbone chain of Si–O bonds, where
each silicone atom is bonded to two methyl groups
(Fig. 9.94 [9.187]).

This structure explains some of the remarkable
chemical and physical properties of this elastomer. Its
high flexibility even at low temperatures is a result of
the low intermolecular bonding forces; i.e., the cause
of the flexibility is inherent in the silicone polymer it-
self and is not achieved by the addition of softeners.
Thus, even at high temperatures, no sweating out of
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a) b)
Fig. 9.95a,b Hydrophobic surface
behavior of a SR insulator when
new (a) and polluted (b) (source
Pfisterer Lapp)

softeners with the resulting unpleasant effects of con-
tamination of the environment and no embrittlement
of the polymer material can occur. Silicone rubber ex-
hibits good thermal stability and excellent resistance
to ozone, corona discharge, and moisture. As silicone
dioxide also possesses good insulating properties, con-
centrated electrical discharges (e.g., flashovers, which
at their bow can reach temperatures of up to 1300 ıC)
do not result in the formation of conducting tracks in
silicone rubber, unlike the case of other elastomers, and
also no corrosive or directly toxic products are formed;
silicone rubber is completely free of halogens. Sili-
cone rubber is classified as slow burning and should
pass the [9.188] vertical burning test in class FV 0.
When exposed to flame, the main combustion products
formed are water vapor and carbon dioxide, leaving sil-
icone dioxide as a solid residue. The main Si–O-bonded
backbone of silicones has a high dissociation energy
(100�120 kcal=mol) compared with the lower disso-
ciation energies of hydrocarbons of 85:5 kcal=mol for
C–O and 82:6 kcal=mol for C–C. In turn, this results
in silicone rubber having good UV radiation resistance.
Additionally, PDMS has a very low surface free en-
ergy and a very flexible backbone. This flexibility of the
backbone allows PDMS to rearrange itself, resulting in
quick regeneration of the surface characteristics of the
silicone rubber. In particular, the low surface tension
makes the surface very hydrophobic (Fig. 9.95a) and
allows the diffusion of low-molecular-weight (LMW)
content to pollution layers, encapsulating them and ren-
dering also these hydrophobic via so-called hydropho-
bicity transfer (Fig. 9.95b). This is not the case for
porcelain and glass, which are hydrophilic. A guide for
the measurement of the hydrophobicity of insulator sur-
faces has recently been updated [9.189].

As mentioned above, HTV silicone rubber is the
preferred material for OHL insulators. This is mainly
because it exhibits superior tracking and erosion per-
formance under the local surface discharges that can
occur when pollution is heavy and hydrophobicity is
temporarily lost. To achieve this, an amount of > 50%
by weight of ATH filler is required. An easy way to
determine whether the silicone rubber used for an insu-
lator is indeed of HTV grade is to measure the Shore
hardness of the sheds, which should be between 65
and 75 Shore A, but also to determine the specific
weight of a piece of rubber cut from the shed, which
should be above 1:5 g=mm3. LSR, which is some-
times sold as HTV, has a Shore A hardness below 60
and a specific weight of around 1:2 g=mm3 [9.190].
The reason is that LSR, which is fluid with a viscos-
ity of 10 000�30 000mPa s, is much easier to process
than HTV, which is solid with a viscosity of 5�20�
106 mPa s. However, It is worth noting that solely
adding a certain quantity of ATH is not per se sufficient.
Rather, the entire system (polymer, fillers, treatment of
fillers, etc.) needs to be optimized in a balanced man-
ner [9.191]. In addition, recent research has examined
the possibility of improving the electrical and mechan-
ical properties of silicone rubber by the addition of
nanoparticles [9.192].

Manufacturing of SR Housings. The traditional
methods applied to process silicone rubber for insulator
housings are compression molding, transfer molding,
and injection molding. The latter is the most well-
developed method and is used by the majority of estab-
lished manufacturers of composite insulators. However,
this process is demanding and requires, besides consid-
erable investment in productionmachinery and molding
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Fig. 9.96 Injection molding of a 420-kV SR composite
insulator using the stepping technology (source Pfisterer
Sefag)

technology, high-level process knowhow. Specifically,
with pressure levels of up to 1500bar and tempera-
tures up to 200 ıC, there are a quite a few challenges
to obtaining a void-free housing regarding the follow-
ing process parameters:

� Mold temperature� Injection unit temperature� Plasticizing profile and dynamic pressure� Injection velocity and pressure� Filling of cavity� Postfilling pressure� Preheating in the injection piston� Vulcanization time� Process time for injection unit� Velocity profile at the clamping unit� Mold clamp force.

In addition, HTV stepping, viz. the injection of SR on
the FRP rod while the preceding section of the insu-
lator housing is being vulcanized in the mold, has been
successfully used for longrod insulators since the 1990s
and enables the manufacturing of composite insulators
with no length restriction (Fig. 9.96). In this regard,
due to the high vulcanizing temperature and the process
pressure that arises, special attention should be paid to
centering the rod.

Fig. 9.97 Flexibility of modular process (adapted from
[9.2])

Indeed, depending on the length of the mold, even
rods with a diameter of 88mm may be deformed when
using an asymmetrical injection nozzle system, thus
jeopardizing the minimum requirement of a uniform
3mm thickness for the SR sheath around the rod. HTV
stepping is also suitable for a high degree of automation,
thus minimizing human error, such as in the ACIM (au-
tomated continuous injection molding) method [9.2].

A viable, well-developed alternative is the modu-
lar manufacturing process. In this approach, the rod
is first covered with a uniform HTV SR sheath with
minimum 3mm thickness, by using an extrusion pro-
cess, while the individual HTV SR sheds, which are
produced separately by compression molding, are sub-
sequently applied to the SR sheath of the rod by radial
expansion and vulcanized thereon with the aid of a spe-
cial RTV-based silicone adhesive. This modular process
offers a high degree of flexibility regarding creepage
for a giving connection length (Fig. 9.97 [9.2]), at the
cost of an additional interface between the sheds and
the sheath of the rod, which, if not manufactured prop-
erly, may create problems during service.
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Fig. 9.98a–c
Steel lattice tower
of existing 125-
kV line (a) and
Swiss compact
line (bipod) for
400 kV/132 kV (b)
and standard design
(lattice) (c) (source
INMR)

An important feature common to both of these
methods, i.e., HTV injection molding and the modu-
lar process, is the interface between the SR and the
rod. This must be absolutely tight, as any ingress of
moisture via air pockets at the interface will cause par-
tial discharges and ultimately catastrophic failure of the
insulator through a so-called flashunder. High-quality
manufacturers use automated spraying and detection
techniques based on a suitable, visually easily de-
tectable primer on the rod, which will ensure seamless
and durable application of the SR onto the rod.

Unique Applications of Composite Insulators
In recent years, composite insulators have come to play
an increasing role in new, innovative solutions for the
realization of so-called esthetic line supports and also
in the uprating of existing overhead lines, i.e., lines
to carry substantially higher electrical power than they
were originally designed for. Both issues are related, on
one hand, to the increased demand worldwide either for
new lines, often because of the massive expansion of
renewable energy sources (RES), but also because the
first generation of HV OHL is reaching the end of its

expected useful life (the first 400-kV OHL was put in
operation in 1952 in Sweden), and on the other hand,
the increased public opposition to new lines because of
their purported health hazards (Sect. 9.3.4). For both is-
sues, the massive development of composite insulators
in recent decades has been decisive, as documented by
the following two application examples.

Compact Lines. Compact lines were first developed in
the 1970s but only started to become more popular with
the widespread introduction of composite insulators, be-
cause the insulated cross-arms that are indispensable for
the design of compact lines are loaded primarily in com-
pression and are subject to relatively large deformations,
which can be better sustained by composite than conven-
tional insulating materials (porcelain and glass). More
specifically, the following properties of composite insu-
lators are advantageous for use in insulated cross-arms:

� High bending strength� Elastic limit in the region of ultimate strength� High ultimate strain� Nonbrittle.
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Fig. 9.99 The 400-kV tennis racket tower in Western
Switzerland (adapted from [9.193])

A good example is the world’s first 400-kV compact
line using composite insulators, which was installed in
Switzerland in 1998 [9.135]. The line became neces-
sary as the existing 125-kV line (Fig. 9.98a) was no
longer sufficient to carry the increased power demand
in the region of Lake Geneva and had to be replaced
by a 400-kV line. The conventional steel lattice towers
that are normally used for this type of line (Fig. 9.98c)
require a considerable right of way (ROW), which was
not available at certain locations where the route had
to pass very close to inhabited buildings. The solu-
tion was to design very slender two-dimensional (2-D)
towers and use insulated cross-arms with composite in-
sulators for the 400-kV circuits and also for the two
single-phase 132-kV circuits for the feeder lines of the
Swiss Railways, SBB (Schweizerische Bundesbahnen)
(Fig. 9.98b). It is worth noting that, because at that
time, available FRP rod sizes were restricted to 76mm,
which could not take the compressive loads, hollow-
core composite insulators had to be used. Interestingly,
at another location along this line, a so-called landscape
tower, so called because it lies in a specific landscape
(in this case the local tennis club), was installed, be-
coming well known as a unique, tennis racket tower

Fig. 9.100 400-kV
interphase spacer
in the transmission
line at the Vorab
Glacier in Switzer-
land (adapted
from [9.194])

(Fig. 9.99 [9.193]). Its delicate, spider-like phase ar-
rangement could only be realized using lightweight and
optically nondisturbing composite longrod insulators.

Interphase Spacers. Line compaction is primarily
based on the principle of minimizing interphase spac-
ing. As a result, there is greater risk of interphase
flashovers, i.e., when two phase conductors are moved
close to one another as a result of wind, ice shedding,
or short circuit. This can be avoided by the use of in-
terphase spacers (IPS). Although some applications of
porcelain IPSs are known, the increased use of IPSs
in recent years has been enabled only by the introduc-
tion of composite insulators, mainly because of their
low weight and high flexibility; For example, Fig. 9.100
shows such an IPS in a critical span of a 400-kV line at
altitude of 3000m at the Vorab Glacier in Switzerland.
At this location, serious damage often occurred during
winter, when sudden ice shedding caused the conduc-
tors to jump by up to 20m and detrimentally clash
with each other [9.194]. The individual IPSs between
two phases are between 10 and 12m long and weigh
approximately 100 kg, including their special fittings
which allow fully articulated coupling to the phase con-
ductors, thus preventing damage in the event of sudden
movements. Each IPS consists of four to five silicone
composite insulators having a rod diameter of 76mm.
Such IPSs have been used with success since 1995; that
is to say, there have been no outages caused by ice shed-
ding since their installation.

Another interesting application, this time for MV
lines, is shown in Fig. 9.101. In this case, a second 12-
kV circuit could be installed on an existing 50-/12-kV
line on concrete poles with the help of silicone compos-
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Fig. 9.101 IPSs enable the addition of a second 12-kV cir-
cuit on an existing 50-/12-kV line in Switzerland

Fig. 9.102 IPS
under heavy
compressive load

ite IPSs, which were installed around every 40m along
the span, helping to maintain the required midspan
clearances. In the meantime, thousands of such IPSs
have been operating successfully for many years in
Switzerland.

Mechanical Design of IPSs. Interphase spacers pre-
dominantly have to sustain compressive loads and are
designed using the well-known Euler formalism. Be-
cause of their high flexibility (Fig. 9.102), an exact
calculation using third-order bending theory [9.195]
reveals an additional compressive load reserve of ap-
proximately 30% compared with the critical Euler load

PEuler D  2EI

L2
: (9.94)

This condition is met when the diameter d of the
IPS is related to its length L by

d >
L

100
: (9.95)

9.5.6 Insulator Tests and Standards

The paper [9.196] provides a good overview of the
development of standards for insulators and their re-
lation to the evolution of insulator technology. Tests
for all types of insulators are well established and
described in numerous standards. Table 9.38 [9.16]
summarizes standard electrical test requirements, while
Table 9.39 [9.4] is a good check-list for the required in-
sulator tests.

A comprehensive list of standards for composite
insulators can be found in the “Standards” chapter
of [9.2]. In addition though, for composite insulators,
the following issues are of particular importance:

Intensified Testing
While there are numerous stringent design tests for
composite insulators, bulk volume orders of the same
have to pass only relatively easy routine tests. It can-
not therefore be excluded that some inferior-quality
samples will also pass, which subsequently may cause
problems during service. To avoid this, certain mean-
ingful and at the same time simple tests were proposed
in [9.190] under the philosophy of intensified inspection
and acceptance tests. These comprise:

Visual Inspection.

� Overall appearance of the insulators� Voids in the housing� Sealing area.

Tensile-Loaded Insulators.

� 96-h acid test of rod� Tensile load up to failure, control of failure mode
(Fig. 9.89).

Bending-Loaded Insulators.

� Simplified verification of MDCL (Fig. 9.93).

Material.

� Adhesion test before and after boiling.� Verification of physical housing properties, in par-
ticular specific weight and Shore hardness.� Tracking and erosion test as per [9.197] with hous-
ing sample from a finished insulator (Fig. 9.103).

As an example from this list, the adhesion test is
briefly explained here, as it is not only easy to perform,
but is also of extreme importance for the service per-
formance of the insulator, because if there is no proper
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Table 9.38 Standard electrical test requirements for insulators at two different voltage ranges (adapted from [9.16])

1 kV < Us � 245 kV Us > 245 kV
Insulator type Insulator sets Insulator sets

Cap and
pina

Longroda Compositeb Line
posta

Cap and
pina

Longroda Compositeb

Wet power frequency withstand voltage � � � � – – –
Dry lightning impulse withstand voltage � � � � � � �
Wet switching impulse withstand voltage – – – – � � �
Puncture withstand voltage (single unit) � – – � �c – –

1 kV < Us � 245 kV Us > 245 kV
Insulator type Insulator sets Insulator sets

Cap and
pina

Longroda Compositeb Line
posta

Cap and
pina

Longroda Compositeb

Wet power frequency withstand voltage � � � � – – –
Dry lightning impulse withstand voltage � � � � � � �
Wet switching impulse withstand voltage – – – – � � �
Puncture withstand voltage (single unit) � – – � �c – –

a Tests carried out to [9.133, 134]
b Tests carried out to [9.177] (applicable to composite insulator units only) and [9.184] as appropriate
c For those line post insulators which are not puncture proof

Table 9.39 Tests on overhead line insulators (adapted from [9.4])

String insulator units
Longrod Cap and pin Line post insulators

Standard type tests
Verification of dimensions � � �
Wet power frequency withstand voltage test � � �
Dry lightning impulse withstand voltage test � � �
Thermal mechanical performance test � � –
Mechanical or electromechanical failing load test � � �
Optional type tests
Impulse withstand puncture test – � –
Zinc sleeve test – � –
Residual strength test – � –

Sample tests
Verification of dimensions � � �
Verification of locking system and displacements � � –
Temperature cycle test � � �
Mechanical or electromechanical failing load test � � �
Thermal shock test (toughened glass insulators only) – � �
Puncture voltage withstand test – � –
Porosity test (porcelain insulators only) � � �
Galvanizing test � � �
Optional sample test
Radio interference voltage (RIV) test – � –
Impulse voltage puncture test – � –
Zinc sleeve test – � –

Routine tests
Visual inspection � � �
Mechanical test � � �
Electric test – �a –

Optional routine tests
Ultrasonic examination � – –

String insulator units
Longrod Cap and pin Line post insulators

Standard type tests
Verification of dimensions � � �
Wet power frequency withstand voltage test � � �
Dry lightning impulse withstand voltage test � � �
Thermal mechanical performance test � � –
Mechanical or electromechanical failing load test � � �
Optional type tests
Impulse withstand puncture test – � –
Zinc sleeve test – � –
Residual strength test – � –

Sample tests
Verification of dimensions � � �
Verification of locking system and displacements � � –
Temperature cycle test � � �
Mechanical or electromechanical failing load test � � �
Thermal shock test (toughened glass insulators only) – � �
Puncture voltage withstand test – � –
Porosity test (porcelain insulators only) � � �
Galvanizing test � � �
Optional sample test
Radio interference voltage (RIV) test – � –
Impulse voltage puncture test – � –
Zinc sleeve test – � –

Routine tests
Visual inspection � � �
Mechanical test � � �
Electric test – �a –

Optional routine tests
Ultrasonic examination � – –

a Applicable only to insulators made of ceramic materials [9.133, 134]

adhesion between the housing and the rod, ingress of
moisture and subsequent partial discharges (PD) can
destroy the insulator.

Firstly, squares are cut on the surface of the hous-
ing, penetrating to the rod (Fig. 9.104a). A pair of
pliers is then used to grip and pull the squares of sili-
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Fig. 9.103 Modified tracking and erosion test [9.197];
only little erosion of reference material after 6 h at 4:5 kV;
poor materials will fail much sooner, i.e., in 40�70min

cone vertically from the rod surface (Fig. 9.104b). This
easy test is performed on the housing preferably twice,
firstly without any pretreatment and secondly after boil-
ing. The boiling process as per [9.177] is used, i.e., the
specimens are immersed in a vessel of boiling solution
consisting of deionized water with 0:1wt% NaCl for
42 h.

Good adhesion to the rod should result in a co-
hesive failure of the rubber (Fig. 9.104c), rather
than an adhesive failure between the rubber and the
rod (Fig. 9.104d). The aim of this test is to ascer-
tain the quality of the bonding between the housing
and the core. If insulator designs with overmolded
end fittings are used, the bonding between the end
fitting and housing can be evaluated in the same
way.

Tests for Composite Insulators Withdrawn
from Service

Composite insulators are still a relatively new tech-
nology, and it is thus understandable that their users,
mainly electrical utilities, are keen to evaluate an insu-
lator population in order to enable one or more of the
following:

� Provide an indication of population health/life ex-
pectancy and therefore determine whether to leave

a) b) c) d)

Fig. 9.104a–d Simple adhesion test. (a) Cutting the surface, (b) pulling the housing with pliers, (c) good bonding to the
rod, (d) poor bonding to the rod (adapted from [9.177])

the population or individual units in service or to
take any countermeasures such as removal of the
units� Determine the inspection/assessment frequency� Modify design philosophies, e.g., new pollution
maps, E-field grading, and need for power arc pro-
tection.

This is best done by testing insulators which have been
in service as described in [9.198], which is based on
similar work presented in [9.199] for conventional in-
sulators. The start of such tests is always a thorough
visual inspection. This requires considerable knowhow
and experience but is indispensable to determine the
status and/or aging mode of the insulator and subse-
quently define the test philosophy and procedure. Such
tests can include:

Mechanical Investigation.

� Verification of SML� 96-h load-time test.

Electrical Investigation.

� Dry power frequency withstand voltage test (PF
dry)� Wet power frequency withstand voltage test (PF
wet)� Dry lightning impulse withstand voltage test (BIL)� Wet switching impulse withstand voltage test (if ap-
plicable, Um > 245 kV) (BSL)� Quick salt fog� Rapid clean fog� Modified clean fog.

Material Analysis. Housing materials:

� High-voltage water diffusion test [9.177]� High-voltage low-current discharge resistance
test [9.200]� Modified tracking and erosion test [9.197]
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� Thermogravimetric analysis (TGA)/differential
scanning calorimetry (DSC) for determination of
filler content and material fingerprinting� Fourier-transform infrared (FTIR) analysis for de-
termination of chemical nature and material finger-
printing� X-ray fluorescence (XRF)/X-ray diffraction (XRD)
analyses for material identification� Gravimetric analysis for determination of filler con-
tent� Flammability test [9.177]� Hardness test [9.201], preferably carried out before
and after prestressing by boiling� Measurement of surface roughness (ISO 4287)� Test on interfaces and connection of end fit-
tings [9.177] (design test)� Tightness of the interface between the insulating
body and metal end fittings, sealing verification test
in accordance with [9.177] (sample test)� Tests of the housing [9.202]: 1000h, wheel test,
5000h test in order to assess the tracking and ero-
sion performance of service-aged housing materials
and housing designs.

Core materials:

� High-voltage water diffusion test [9.177]� TGA/DSC for determination of filler/fiber content
and material fingerprinting� FTIR analysis for determination of chemical nature
and material fingerprinting� XRF/XRD analysis for material identification� Dye penetration test [9.169].

End fittings:

� Thickness of galvanizing coating in accordance
with [9.133, 134]� Structural analysis of the metal material by means
of raster electron microscopy (REM) analysis
(ground and polished material samples).

Surface Layer Analysis.

� Pollution accumulation (mainly ESDD, NSDD, and
surface conductivity)� Surface changes (e.g., chalking, discoloration, sur-
face cracking, etc.)� Wettability class [9.189]� Grade of hydrophobicity transfer mechanism
(HTM) [9.203]� Hydrophobicity transfer (HT) [9.204]� Chemical analysis of the pollution layer by means
of FTIR or atomic absorption spectrometry (AAS)

� XRF and XRD analyses.

The results of these tests can be compared with
those carried out on samples in storage, e.g., insulators
from warehouse stock, if available. Major deviations
may be suggestive of aging. CIGRE publication [9.198]
contains a number of very interesting case studies on
real applications of the said.

In-Service Diagnostic Methods
CIGRE has published two documents on this
topic [9.171, 205]. A brief summary of the rele-
vant diagnostic methods is given in Sect. 9.9.

9.6 Fittings

Overhead line fittings, sometimes also called line hard-
ware or line accessories, serve for the mechanical
attachment, electric connection, and protection of con-
ductors and insulators. In relevant standards, fittings are
frequently designated as accessories which may consist
of elements or assemblies.

Fittings for conductors serve to terminate, suspend,
or join the conductors and are directly connected to the
conductors. Suspension and dead-end clamps, connec-
tors, branch-off clamps, vibration protection fittings, as
well as bundle spacers lie within this category. Accord-
ing to their function, theymay form an assembly consist-
ing of several elements, e.g., suspension and dead-end
clamps including the required connecting links.

Fittings for insulator sets and other attachments
serve to connect the tension or suspension insulators
with the attachment points at the supports. In case of

insulator strings, components to connect insulators with
each other also lie within this category, while the insu-
lators themselves are excluded. These fittings comprise
all the components arranged between the assembly of
the dead-end or suspension clamps and the first de-
tachable element at the support, e.g., the jointing pin
or U-bolt. Yoke plates, corona protection fittings, and
grading rings are also included.

Most fittings look like simple pieces of metal. How-
ever, they must sustain all kinds of mechanical, electri-
cal, chemical, and environmental loads. Therefore, it is
important to understand their function and underlying
design principles.

Fittings should be designed so as to:

� Avoid damaging the conductor under service condi-
tions
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� Withstand the mechanical loads relevant to installa-
tion, maintenance, and service, the designed service
current, including short-circuit current, the service
temperatures, and environmental circumstances� Ensure that individual components are secured
against becoming loose during service� Exhibit limited corona effects, better than the per-
formance of the conductor on which they are in-
stalled.

Fittings for live-line maintenance should be suitably de-
signed for safe and easy handling with current hot line
techniques.

The surfaces of compression fittings in contact with
the conductor or earth wire should be protected from
becoming contaminated before installation, and brittle-
ness of the finished parts should be avoided by adopting
suitable materials and manufacturing processes.

Nonmetallic materials such as elastomers, if em-
ployed, should exhibit good resistance to aging and be
capable of withstanding service temperatures, without
detrimental changes in their properties. These materi-
als should show adequate resistance to the effects of
ozone, ultraviolet radiation, and air pollution over the
whole range of service temperature. They should not
induce corrosion in materials which are in contact with
them [9.206].

9.6.1 Conductor Fittings

Conductor fittings are those line accessories which are
in direct contact with the conductor or earth wire, such
as:

� Suspension clamps (top clamps, helical ties, distri-
bution fittings)� Tension or dead-end clamps� Connectors or joints� Branch-off or T-clamps� Aerial markers� Vibration dampers� Spacers and spacer dampers.

Suspension Clamps
Suspension clamps are used to suspend the conductor
from a suspension or straight-line support (Fig. 9.105)
and have to fulfill a number of important duties:

� Withstand the mechanical loads imposed by the
conductor� Avoid damage to the conductor in the clamp area� Prevent/reduce strand failures because of vibration� Offer high corrosion resistance

Fig. 9.105 Suspension clamp

� Provide a sufficient corona inception voltage� Withstand short circuits and have low contact resis-
tance and low electrical losses� Allow simple and safe installation.

Because practically 99% of conductor vibration
failures occur very near to or at the suspension clamp
location, its design is of great importance for the me-
chanical integrity of the conductor and thus the opera-
tional safety of a line. The Task Force on Suspension
Clamps of CIGRE SC 22, WG 01 prepared, in 1989,
a guide for good clamp design, which is summarized
below with reference to Fig. 9.106 [9.207].

Body and Keeper Profile. The profile of the clamp
body should follow the curvature of the conductor and
thereby not reduce its failing load, whereby an opti-
mum profile design of the body and keeper must be
found for different load assumptions and contact length
of the suspension clamp. The profile of the body must
be rounded and curved into a bell mouth at the ends to
avoid damage to the conductor during the variation of
the exit angle due to conductor tension variations. This
consideration should also apply to the keeper design
when conductor uplift is assumed. To prevent damage
to the conductor surface, all parts of the clamp that are
in contact with the conductor should be smooth.

Turning Angle. The profile of a suspension clamp
should accommodate the various required turning an-
gles, for example:

� Low-tensioned conductor with a high turning angle:
assumption of high temperature� High-tensioned conductor with a small turning an-
gle: assumption of low temperature� High-tensioned conductor with a high turning an-
gle: assumption of ice or wet snow load.
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Fig. 9.106 Technical terms related to
suspension clamps (� : exit angle; �m:
maximum exit angle, ˛: turning angle,
˛m: maximum turning angle) (adapted
from [9.207])

As is often the case, the proper selection of the turning
angle is ultimately a compromise. With turning angles
of the conductor at the clamp end normally lying in
the range of ˛ D 10�20ı, the majority of suspension
clamps are designed with a maximum turning angle of
˛m D 30ı.

Mobility. A suspension clamp should be able to rotate
in a longitudinal vertical plane in order to accommodate
asymmetrical loads and different spans on each side of
the clamp, whereby the axis of rotation should not be
placed more than a few conductor diameters from the
conductor axis, in order to reduce additional bending
stresses upon the conductor. In this context, keeping
the clamp mass low and thus reducing its rotational in-
ertia is an advantage. Metacentric suspension clamps
(Fig. 9.105) present the minimum moment of inertia,
i.e., the maximum mobility.

Sliding. The suspension clamp should, on one hand,
keep the conductor locked in place, but on the other,
slip at a known sliding force to avoid tension over-
loads and consequential damage to the conductor. This
is achieved mainly by applying a specified pressure on
the conductor via the clamp keeper and related fasten-
ing elements, typically U-bolts. With a high torque on
the clamp bolts, the yield point of the strands can be

exceeded on a bare conductor. Even under armor rods,
strains on the order of 500�1000microstrain have been
measured on aluminum strands.

Some utilities install controlled sliding clamps as
a mechanical fuse at selected locations, to avoid line
cascade. The conductor must slide within such clamps
at a specified longitudinal load, which may occur as
a result of either conductor rupture or an exceptional,
unbalanced ice load. The load that will cause the con-
ductor to slide through the clamp is nowadays based on
controlled tightening of the clamp bolts; these clamps
are called controlled tightening clamps. Details on such
clamps and load control devices (LCD) in general can
be found in [9.208].

Common Clamps. Different types of suspension
clamps are used in transmission construction:

� Bolted suspension clamps on bare conductor� Bolted suspension clamps over armor rods� Helically attached elastomeric suspension clamps
(HAES)� Elastomeric suspension clamps without helical rods
(ES).

Bolted clamps on bare conductor (Fig. 9.105) are the
most commonly used, on some 50% of all installations.
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Fig. 9.107 Helically attached elastomeric suspension
(adapted from [9.209])

They come in various shapes and are simple to install,
competitive in price, and when properly designed and
manufactured, offer adequate support and protection to
the conductor.

Bolted clamps over armor rods are used in around
25% of suspension clamp applications. They consist of
helically formed wires which are wrapped around the
conductor, effectively stiffening it at the suspension lo-
cation. A larger-size clamp body is then placed over the
armor rods.

Helically attached elastomeric suspension (HAES),
also known by its commercial name Armor-Grip Sus-
pension (AGS) (Fig. 9.107), utilizes elastomeric inserts
and helical attachment rods, which have proved to
be beneficial in situations with severe conductor mo-
tions. This approach is probably used in around 10%
of suspension applications, predominantly on OPGW
and ADSS. On the other hand, it costs more than
metal-to-metal clamps, and its installation is longer and
more complicated due to several loose components,
especially for hot-line installations. CIGRE recently
published recommendations for safe design tensions
with such clamps [9.209], establishing an allowable in-
crease of 10�25% inH=w (Sect. 9.4.11) for the HAES.

Elastomeric suspension (ES) clamps, which uti-
lize an elastomeric insert—but no helical rods—in the
metallic clamp body, are becomingmore popular. These
clamps are lighter and cheaper than the HAES, and it
takes less time to install them. In addition, fatigue tests
have shown that the fatigue performance of conductors
is improved with ES compared with standard clamps.

Tension Clamps
Tension or dead-end clamps hold the conductor at sup-
port locations where the full mechanical tension of
the conductor has to be sustained, such as at terminal
towers, anticascading towers, and heavy angle towers.
There are four main types of tension clamps:

Fig. 9.108 Compression-type tension clamp with sag ad-
justing plates

� Compression clamps� Wedge clamps� Helical terminations� Bolted clamps.

Compression clamps (Fig. 9.108) are the most com-
monly used clamps worldwide. They are composed of
two main parts: an aluminum or aluminum alloy tube,
compressed over the conductor, and a steel terminal
inserted into the aluminum tube and joined by com-
pression to attach the clamp to the insulator string. In
ACSR, the steel core is inserted into this terminal and
also compressed. Compression takes place using hy-
draulic tools, whereby different dies are required for
conductors of different sizes. This compression process
is of great importance, as it is crucial for the long-
term performance of the clamp. Evidently, readjusting
the conductor or shifting the clamp after installation
is not possible. Using compressed dead-end clamps,
conductor sag adjustment can be performed by us-
ing turnbuckles or adjustable extension links or plates
(Fig. 9.108).

Wedge-type clamps (Fig. 9.109) do not require spe-
cial tools for installation and are relatively simply to fit.
Correction of conductor sag can be achieved by shifting
the clamp, so that sag adjusting plates or links are not
necessary.Wedge-type clamps are in particular suited to
monometallic conductors and to bimetallic conductors
with more than one aluminum or aluminum alloy layer
and low steel content. They consist of a wedge system
tailored and fixed to the conductor and of a one- or
two-piece clamp body with pins to which the terminal
straps of the insulator set are attached. According to the
design principle of the wedge-type clamp, the wedge
system slides within the wedge body when the conduc-
tor tensile force increases. As a consequence, there is
a progressive rise of the transverse force on the conduc-
tor, which will increase the holding force of the clamp
accordingly. In case of bimetallic conductors, the steel
core participates adequately and sufficiently at the to-
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Fig. 9.109a,b Wedge-type clamp (a) and in service (b) at
an angle tower with jumper (source Pfisterer Sefag)

tal holding force due to frictional interlocking with the
aluminum layers of the conductor. The greasing of the
steel core may impair the extent of interlocking [9.210].

Helical Terminations. Preformed dead-end rods dis-
tribute the radial compression forces required for the
friction locking over a longer section than dead-end
clamps and, therefore, are in particular suitable for
terminating metallic ground wires with optical fibers
(OPGW), dielectric cables with optical fibers (ADSS),
and other aerial cables. They are also often used in dis-
tribution lines.

Preformed dead-end rods also meet all the require-
ments on conductor terminations (Fig. 9.110). They can
by simply installed by bare hand without tools and are
widely used worldwide. They consist of several heli-
cally formed circular metal rods, the inner diameter
being somewhat smaller than the outer diameter of the
conductor to be terminated. The tensile forces are trans-
ferred onto the conductor through the helices by means
of friction generated by radial pressure. The length and
shape of the preformed dead-end rods keep the radial
pressure at a low level and thus avoid any damage
to the conductor. This inner surface of the preformed
dead-end rods is sand-covered to increase the ultimate
terminating forces. To meet the corona and RIV require-
ments and for safe handling, the rod extremities are

Fig. 9.110 Helical termination with adjustable extension
links at the Suez crossing; inset: rod ends with parrot bill
shape

Fig. 9.111 Bolted dead-end clamp (pistol grip)

rounded, which is known as ball-ending. However, for
most HV applications, the rod extremities assume a par-
rot bill shape to enhance the electrical performance of
the inlet (Fig. 9.110).

Bolted dead-ends (Fig. 9.111) are occasionally used
to terminate conductors for lower-voltage transmission
and distribution lines. In such fittings, the conductor
passes through this clamp without being cut. The bolt
torque and the length of the clamp are calibrated to
prevent slipping of the conductor and avoid any dam-
age to its outermost layer. Correction of conductor sag
can be achieved by shifting the clamp, so that, as for
wedge-type clamps, sag adjusting plates or links are not
necessary.

Connectors
Connectors, also called joints or splices, are fittings that
connect two pieces of the same phase conductor or the
same earth wire or enable a branch-off or tap. There are
two main types of connectors: full-tension and nonten-
sion.

Full-tension joints—and dead-end clamps—being
tensile loaded, must sustain the conductor with 1:55
times the tensile forces in case of maximum load, or by
0.85 times 95% of its rated tensile force; the lower value
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Fig. 9.112 Compression force variation during the com-
pression process (adapted from [9.211])

is decisive [9.63]. In addition, connectors intended to
carry the rated current of the conductor should not,
when subjected to the maximum continuous current in
the conductor or to short-circuit currents, exhibit cor-
responding temperature rises greater than those of the
associated conductor. Further, the voltage drop across
current-carrying conductor fittings should not be greater
than the voltage drop across an equivalent length of con-
ductor.

Full-tension joints for high-voltage lines are in their
great majority of compression type. These consist of an
aluminum or aluminum alloy sleeve for monometallic
conductors. Joints for ACSR conductors also have an
additional steel sleeve for joining the steel cores. As de-
scribed for dead-end clamps, the compression is applied
using hydraulic tools with generally hexagonal dies.

The compression process in general, i.e., for all
types of compression hardware, might look simple, but
is in reality a complex problem in elastoplasticity, as
during the compression process the joint and conduc-
tor experience high plastic deformations. The external
compression force FK;press, generated in most cases by
hydraulic tools, is applied to the often hexagonal steel
dye and transferred via the tubular aluminum joint body
to the conductor. In this way, the conductor and joint
are plastically deformed and thus form-locked. When
the external compressive load is removed, the conductor
and joint spring back, whereby the elastic springback
of the conductor is limited by the lateral rigidity of the
joint. Thus, as the permanent compression force FK;res

between the conductor and joint is about 20% of the
original compression force FK;press (Fig. 9.112 [9.211]),
also frictional locking opposes external tensile loads
(Fig. 9.113 [9.212]).

However, experience has shown that the failure of
a joint is usually the result of an increased electrical

Form locking

Conductor
tensile
load

Frictional locking

Fig. 9.113 Joint resistance to traction via form and fric-
tional locking (adapted from [9.212])

resistance due to corrosion, leading to an unaccept-
able increase in temperature and unstable mechanical
conditions. Very few joints have been reported to dis-
play failure resulting purely from mechanical loads.
The reported events involving mechanical failures have
occurred on joints that have been asymmetrically in-
stalled, i.e., where the intrusion of the aluminum layers
of an ACSR at one end of the joint has been less than 2:5
times the conductor diameter [9.213]. The most impor-
tant qualification factor for the proper function of a joint
is his electrical resistance. This can be calculated based
on an empirical model (Fig. 9.114) [9.214]

Rs D 1
1

Rc2.L1Cx/ C 1
Rasc2L1

C Rcon

D
2L2

C 1
1

Rc2L2
C 1

1:08CRascC2L2

CRas2L3 ; (9.96)

where Rs is the joint resistance (��), D is the conduc-
tor diameter (m), L1 is the length of the entrance (m),
L2 is the length of the contact area (m), L3 is the length
of the uncompressed part (m), x is the length of conduc-
tor outside the joint (m), Rc is the conductor resistance
(��=m), Ras is the aluminum sleeve resistance when
uncompressed (��=m), Rasc is the aluminum sleeve
resistance when compressed (��=m), and Rcon is the
contact resistance (��).

For example, a new joint with dimensions D D
0:0286m, L1 D 0:075m, L2 D 0:155m, L3 D 0:132m,
and x D 0:005m and partial resistances Rc D
67:4��=m, Ras D 19:5��=m, Rasc D 21:4��=m,
and Rcon D 60 n� has a resistance Rs D 13:76��,
which amounts to just 28% of the resistance of the
same length of conductor, here an ACSR Zebra, with
Rc D 49:54��.

Publication [9.213] proposes the following accep-
tance criteria for joints on old transmission lines, which
should trigger replacement of the joints:
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Aluminum sleeve Steel core Steel sleeveConductor

Fig. 9.114 Distribution of electrical resistance in a joint for
ACSR (adapted from [9.214])

� For joints where a failure and a drop of the con-
ductor have a high influence and endanger the relia-
bility of the line: Rjoint < 70% of Rj;TjDTc , i.e. the—
measured—joint resistance should be less than 70%
of the calculated resistance value at which the joint
and the conductor would be at the same temperature� For joints where a failure and a drop of the conduc-
tor have an influence and jeopardize the reliability
of the line: Rjoint < Rj;TjDTc� For joints where a failure and a drop of the conduc-
tor have a low influence on the reliability of the line:
Rjoint < Rj;TjDTcC10K,

where R is resistance, T temperature, j joint and c con-
ductor.

Recently, and with the increasing tendency of trans-
mission line owners to operate their lines with conven-
tional conductors at higher temperatures, even above
100 ıC [9.57], better understanding of the design and
operation of the related joints has become necessary. In
this regard, extensive research has revealed, based upon
long-term tests with duration of up to 3:5 years [9.211],
that properly designed and installed joints show sta-
ble long-term performance up to temperatures of about
150 ıC.

For nontension connections, such as in the jumpers
at heavy angle, anticascading, or strain towers, so-
called parallel groove clamps are often applied
(Fig. 9.115). For such devices, a good and stable contact

Fig. 9.115 Parallel groove clamp

Fig. 9.116 Conductor failure in a parallel groove clamp
due to faulty installation (source: Richard Bergner Hold-
ing GmbH & Co. KG, RIBE)

between the conductor and the clamp body is essential,
and quite a few disastrous outages (Fig. 9.116) have
been caused because of poor contact, fading contact
force, and/or not properly cleaned conductor and clamp
surfaces just before the installation.

Repair Sleeves. When only a few elementary wires of
the conductor outer layer are broken, repair sleeves can
be used to restore 100% of the mechanical strength and
the electrical resistance of the damaged conductor. Re-
pair sleeves generally consist of two interlocking semi-
circular elements that are installed by compression. Re-
pair sleevesmade fromshort armor rod sets are also used.

Fittings for HTLS Conductors
With the increased use of HTLS conductors
(Sect. 9.4.9), best practices for their fittings become
of importance. For this purpose, a worldwide survey
has been launched and its results presented in [9.215].
The main findings therefrom are summarized here,
although it must be considered that, since at the time
of the survey the majority of HTLS conductors were in
operation in Japan (things are different nowadays), the
responses may overweight Japanese practices.

Suspensions. The most common type of suspension
reported was a bolted clamp over armor rods, being
used in over 70% of the responses. Bolted clamps were
used in 19% of the responses, while elastomer cush-
ioned clamps were used in 11% of the responses. The
elastomers must be able to perform satisfactorily and
not degrade over time at these high conductor tempera-
tures.

Dead-Ends. The most common type of dead-end re-
ported was a compression dead-end, being used in 62%
of the responses. The balance of the responses used
a wedge-type or bolted dead-end.
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Fig. 9.117 Warning sphere (note the intrusions on the top
for easy handling) (source Pfisterer Sefag)

Spacers. The most common type of spacer re-
ported was rigid (59%), followed by flexible spacers
(30%). Articulated and spacer dampers made up the
balance.

The use of rigid spacers on bundled spans is a typ-
ical Japanese practice: in other countries this practice
is opposed in favor of spacer dampers with flexible and
articulated spacers.

Splices. The two-piece compression splice was by far
the most reported type, being used in 82% of the re-
sponses. Single-piece compression splices made up the
balance.

Dampers. Stockbridge-type dampers were used in
32% of the responses. In some applications, a short
set of armor rods was placed on the conductor before
installing the clamp of the damper. Double torsional
dampers were used in 54% of the cases (all from Japan).
No dampers were reported in 7% of the responses. In
some cases, helical dampers or festoon dampers were
reported.

Aircraft Warning Markers
Aircraft warning markers (AWM) are highly visible
indicators in daylight, used on power lines to warn low-
flying airplanes and helicopters of the obstruction. The
most common AWM is the warning sphere shown in
Fig. 9.117. AWMs are covered in [9.216].

Night warning devices using lamps energized by the
line voltage or current are also available and in use in
many countries.

Fittings for Distribution Lines
Distribution lines [9.217] are in this context LV andMV
lines with voltages up to and including 33 kV, where of-

Shackle
Yoke plate

Ball clevis

Insulators

Raquette
type horn

Shackle
Suspension
clamp

Yoke plate

Socket clevis

Insulators

Swivel plate

Twisted shackle

Raquette
type horn

Fig. 9.118 Suspension string with string fittings (source U.
Cosmai)

ten shackle (LV) and post (MV) insulators are used. In
this case, the conductors are fastened to the insulators
by either a soft wire binding or a so-called stirrup-
type binding. With ACSR, it is customary to wrap
the conductor with soft aluminum tape before fitting
the stirrups. At straight line positions, the conductor is
bound in the top groove of the insulator; at angle posi-
tions, this is done in the side groove so that the insulator
and not the binder takes the conductor lateral pull. As
an alternative, preform wire wraps are often used for se-
curing the conductor to insulators for MV and LV lines.

9.6.2 Fittings for Insulator Strings

String fittings connect the conductor fittings to the
insulators and the insulators to the support. A subcate-
gory are the insulator protection fittings. Figures 9.118
and 9.119 show a suspension and a tension string,
respectively, where the different types of fittings are
indicated.

String fittings are mainly produced from structural
steel (straps, yoke plates), forged steel (ball fittings),
and iron castings (sockets, clevises) and are then prac-
tically always hot-dip galvanized in accordance, for
example, with [9.218] with a recommended minimum
zinc thickness of 40�50�m.

These fittings must be able to withstand the spec-
ified mechanical loads as well as the electrical short
current loads caused by power arcs and short-circuit
conditions. Figure 9.120 shows the different types of
couplings in use. The general requirements are speci-
fied in [9.206], while the standards for their dimensions
are listed in Table 9.40.
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Fig. 9.119 110-kV
double tension
string for twin
bundle and the
related string
fittings (source
Pfisterer Lapp)

SocketClevis BallEye

Fig. 9.120 Couplings for string fittings

Table 9.40 Standards for dimensions of string fitting cou-
plings

Fitting type Applicable standard
Eye–clevis IEC 60471 and DIN 48074: Eyes and clevises;

connecting dimensions
Ball–socket IEC 60120: Dimensions of ball and socket

couplings of string insulator units
ANSI C 29.2/52-3 for Ball 16, /52-5 for Ball
18, /52-8 for Ball 22
IEC 60372: Locking devices for ball and socket
couplings of string insulator units –
Dimensions and tests

Fitting type Applicable standard
Eye–clevis IEC 60471 and DIN 48074: Eyes and clevises;

connecting dimensions
Ball–socket IEC 60120: Dimensions of ball and socket

couplings of string insulator units
ANSI C 29.2/52-3 for Ball 16, /52-5 for Ball
18, /52-8 for Ball 22
IEC 60372: Locking devices for ball and socket
couplings of string insulator units –
Dimensions and tests

Last but not least, string fittings must withstand
short circuits, and the related temperature increase
should not influence their mechanical functionality or

damage their protective zinc coating. For this purpose,
their short-circuit current density should be limited to
70A=mm2 (1 s) for fittings loaded in tension, and to
80A=mm2 (1 s) for unloaded fittings, such as, for ex-
ample, power arc protection fittings.

Insulator Protection Fittings
Insulator protection fittings, such as arcing horns and
arcing rings, are indispensable components of insula-
tor strings, in particular for high voltages. The voltage
limit is almost a philosophical matter: The tendency in
Europe is to use protection fittings for 50 kV and above,
while in the Americas this often happens from 145 kV
or even 220 kV upwards.

In any case, such fittings are installed in order
to control power arcs due to:

� Overvoltages from lightning strokes and switching
maneuvers� Pollution flashovers� Bridging of the air gap, i.e., by animals or so-called
bird-streamers (feces of birds, released while flying
off form the top of an insulator)� Insulator failure in case of composite insulators be-
cause of flashunder� Reduced clearances because of strong winds, ice
shedding, or galloping



Section
9.6

706 9 Overhead Lines

I

I

E

E

Fig. 9.121 Schematic movement of the power arc (cur-
rent I) to the foot point by the fitting and correct shape
of its extremity E (sacrificial sphere)

� Reduction of the insulation strength of the air gap,
e.g., because of sugar cane fires below the line.

Power arcs can reach temperatures above 5000K, thus
the main duty of arc protection fittings is to speedily
take over the arc and move it away from the insula-
tor, so that it will not be thermally overstressed, with
porcelain and glass being far more sensitive than com-
posite insulators in this regard. This is done by offering
the arc a conductive path and a suitable burning point
in the form of a sphere, i.e., with enough sacrificial
material (Fig. 9.121 [9.219]). The material loss at the
end burning point can be calculated for steel with
0:4 cm3=.kAs/ and for aluminum with 1.4 cm3=.kAs/;
For example, for 420 kV, a sphere diameter of 80mm
is required for an RIV level of 40 dB. This diameter far
exceeds the above-mentioned requirements for the ma-
terial loss caused by the power arc.

Steel is the preferred material versus aluminum for
insulator protection fittings, for the following reasons:

� The speed of arc root movement is higher for steel
by—empirically determined—50%. This reduces
the thermal effect of the power arc on the protection
fitting, while for aluminum, there is an unfavor-
able combination of lower speed and lower melting
point.� The combustion heat of aluminum is five times
higher than that of steel. This correlates with
a higher heat radiation intensity of burning alu-
minum as well. This increases the risk of insulator
damage, as evaporated aluminum can precipitate
onto the insulator surface and lead to reduced in-
sulation performance.� The higher thermal conductivity of aluminum
would lead to a faster heat transfer into the struc-

Fig. 9.122 C-ring for combined power arc and corona pro-
tection (source Pfisterer)

ture of the bulk material, and due to its low melting
point, the aluminum profile can be deformed.

Consequently, an aluminum arc protection device
equivalent to a steel design would require more ma-
terial, which would negate the weight advantage of
aluminum.

Power arc protection fittings should preferably have
an orientation so that the forces during a power arc
event support the movement of the power arc away from
the insulator. Also, if possible, the end burning point
should not face towards the conductor, which will pre-
vent the power arc from moving onto the conductor or
its damage by flying molten steel particles from the fit-
ting.

For higher operating voltages, the field gradient at
the insulator extremities, and primarily at the hot end,
reaches values above the corona inception voltage. This
is more critical for composite insulators, because of the
small diameter of their core compared for example with
porcelain longrods. Consequently, their grading rings
should reduce the field gradient on the polymeric mate-
rial of the insulator below the recommended maximum
of 4:5 kV=cm [9.220].

Arc protection fitting designs are also available for
addressing both tasks, i.e., power arc and corona field
control, such as the so-called C-ring (Fig. 9.122).

The best practice for composite insulators is to not
attach the power arc protection fittings directly to the
insulator end fitting (Fig. 9.123a), as if this is not the
case (Fig. 9.123b), the full short-circuit current will
pass through it and possibly overheat and radially ex-
pand it to the extent that the core will slip out and
the insulator will lose its mechanical integrity. Also,
the glass-transition temperature of the rod may be ex-
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Fig. 9.123a,b Best practice for positioning an arc protec-
tion fitting on a composite insulator end fitting. (a) Con-
figuration for high-current power arc, (b) configuration for
low-current power arc

ceeded. The trade-off is a longer insulator string, which
can become problematic in some cases, such as when
replacing conventional insulators by composites, be-
cause of clearance issues. Recommendations on the use
of power arc protection fittings for composite insulators
have been published in [9.221, 222].

9.6.3 Vibration Dampers

Since the early days of high-voltage overhead transmis-
sion, wind-induced vibrations (Sect. 9.4.11) have been
a major cause of concern to line engineers, as, if not
controlled, they can cause wire and in extreme cases
conductor failures due to fatigue. An early requirement
in the industry was thus to develop suitable vibration
dampers.

Stockbridge Dampers
The most widely used damper is the Stockbridge
damper, so named for its inventor [9.223]. The Stock-
bridge damper was invented in the 1920s by George H.
Stockbridge, who was an engineer for Southern Cali-
fornia Edison. Stockbridge obtained US patent 1675391
on 3 July 1928 for a vibration damper. His patent de-
scribed three means of damping vibrations on lines:
a sack of metal punchings tied to the line, a short length
of cable clamped parallel to the main cable, and a short
length of stranded cable called a messenger with a con-
crete mass fixed at each end. It would be this last device
that developed into the widely used Stockbridge damper
(Fig. 9.124).

Basic Theory. The Stockbridge damper is a so-called
tuned mass damper (TMD), i.e., a device that sup-
presses the vibration of a primary structure, here the
conductor, by transferring its energy to a secondary
mass. In a first approximation, the Stockbridge damper
can be modeled as a spring–mass-damper system,

Clamp

Messenger
cable

Weights

Fig. 9.124 Stockbridge damper as a mass–spring system

where the counterweight is the mass, and the messen-
ger wire the spring (Fig. 9.124). The energy dissipated
by friction at the interlayer contact points of the mes-
senger wires in the form of heat is represented in the
schematic inset in Fig. 9.124 with a viscous damping
dashpot. The Stockbridge damper strongly influences
the vibration at its point of attachment to the conduc-
tor through the application of an interface force and an
interface bending moment, causing a local distortion of
the deflection shape of the conductor.

Neglecting the mass of the messenger cable and of
the attachment clamp and assuming the messenger wire
to be linear elastic with a constant bending stiffness and
no self-damping, the eigenfrequencies of one half of the
Stockbridge damper can be calculated as [9.101]

!2
1;2 D 2k

1
3L

2M C Ja � LGM

MJa �M2G2


q

. 13L
2M C Ja � LGM/2 � 1

3L
2.MJa �G2M2/

MJa �M2G2
;

(9.97)

and the spring constant k of the messenger cable as

k D 3EmJm
L3

: (9.98)

O is the center of gravity of the counterweight, O0
is the attachment point of the cable to the counter-
weight, G is the distance between O and O0, M is the
counterweight mass, Ja is the moment of inertia of the
counterweight about the point O0, L is the length of the
messenger cable, Em is the Young’s modulus of the ca-
ble, and Jm is the moment of inertia of the cross section
of the messenger cable (considered as a homogeneous
beam).

In reality, the bending behavior of the messenger
cable obeys a similar bending process as explained



Section
9.6

708 9 Overhead Lines

0.04
Deflection

A

B C
D

E F G H

Load applied (Pounds per weight)

Deflection (in)

5

4

3

2

1

0

–1

–2

–3

–4

–5

Fig. 9.125 Load–deflection curves obtained from bending
tests on a Stockbridge damper

in [9.102, 103] for conductors; i.e., the messenger bend-
ing stiffness is nonlinear, specifically it decreases, be-
cause of the wire slippage, with increasing curvature or
deflection [9.224]. In other words, if we consider the
messenger wire as a spring, it becomes softer, which
is evident in Fig. 9.125 [9.98, 99] from the decreased
slope of the bisectors of the hysteresis curves. Because
of this, the resonance frequencies of the damper will
move toward lower values. This will beneficially in-
crease the damper response and reduce the vibration
amplitude as, at the same time, the energy dissipated
by the damper, equivalent to the area of the hystere-
sis in Fig. 9.125, will considerably increase. Thus,
the effect of nonlinearity is to make the damper self-
tuning.

Equation (9.99) defines and Fig. 9.126 presents Pd,
the power dissipated by the damper over a complete
cycle, and the resonance frequencies of a Stockbridge
damper when new and after a fatigue test as prescribed
in [9.225]

Pd D 1

2
Fcvc cos' ; (9.99)

where Fc is the force at the damper clamp, vc is the
clamp velocity, and ' is the phase angle between the
force and velocity.

Another important characteristic of a Stockbridge
damper is its mechanical impedance Zd.!/, i.e., the re-
lationship between the driving force Fc at the damper
clamp, the clamp velocity vc, and the phase an-
gle ' between said force and velocity. The damper
impedance is frequency but also clamp velocity depen-
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Frequency (Hz)
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Fig. 9.126 Power dissipated by a Stockbridge damper be-
fore (blue) and after (red) fatigue test (source RIBE)

dent (Fig. 9.127 [9.226])

Zd.!/D Fc

vc
ej' : (9.100)

The peaks in this figure correspond to the eigen-
modes of the damper, also shown schematically on top,
which can be reasonably excited in the aeolian vibration
regime: At the first and second (lower) eigenfrequen-
cies, the outer ends of the two weights are the points
of maximum motion, whereas at the second and fourth
(upper) eigenfrequency, the motion of the weights is
a rotation about their own center of gravity. For a given
vibration amplitude of the damper clamp, e.g., when
tested on a shaker, the greatest dissipation occurs at
these resonant frequencies. However, they may not be
the frequencies providing greatest dissipation when the
damper is attached to a span, because if the force res-
onances have sharp peaks, the damper clamp will be
hard to drive since it then presents high mechanical
impedance to the vibrating conductor. On the other
hand, reduced damper performance also occurs when
the damper is too easily driven by the conductor and
does not produce sufficient energy dissipation. This
may happen at frequencies between and outside the res-
onances.

Damper Design. A good damper design has thus to
consider the proper choice of damper weight, shape,
and moment of inertia in such a way that it should not
resist too softly between resonances neither too stiffly at
resonances, as well as the sharpness and spacing of the
resonances. For the latter, two approaches are currently
used. One is to employ closely spaced resonances, so
that at least one is partly excited. The other is to use
a special messenger cable with a high loss factor and
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Fig. 9.127
Impedance of
a four-resonance
(4-R) Stockbridge
damper at different
clamp velocities

thus produce broad, low resonance peaks in the overall
damper response.

An interesting approach is to design dampers by
taking advantage of the electromechanical analogy, i.e.,
the fact that the mechanical relationships for a vi-
brating conductor and the electrical relationships for
a long transmission line are equivalent [9.227, 228].
Specifically and in a first approximation, the damper
impedance (9.100) should be in the range of the wave
impedance of the conductor (9.75) in order to pro-
vide optimum damping. However, the former varies
with frequency and the second with changes in unit
mass and tension (e.g., by ice loads), thus perfect
matching is only possible for a specific vibration fre-
quency. Nevertheless, a properly designed vibration
damper can provide effective dampingwhen the damper
impedance is in the range of 0:5�3 times the character-
istic impedance of the conductor [9.229].

Damper Placement. Even the best damper will mal-
function if not placed properly on the conductor. For
this, there are two approaches: In the first, dedicated
software is applied to calculate the damper location
on the conductor using adequate modeling of the con-
ductor and damper [9.104]. This approach is particu-
larly useful in critical cases, such as long spans with
high conductor tension. The second approach, appli-
cable in standard situations, is more practical and is

based upon experience and a good understanding of the
physics involved. Specifically, regardless of how effec-
tive a damper is, it cannot be expected to reduce the
amplitude of vibration to zero, as a small amount of vi-
bration will always be necessary to actuate the damper.
In addition and as explained above, the damper is not
equally effective at all the vibration frequencies that the
conductor will encounter. In this sense, it is generally
accepted that, if the damper is placed at a distance Sd
from the clamp equal to 80% of the shorter vibration
loop, i.e., at the highest vibration frequency occurring
at the highest wind velocity vwmax causing aeolian vibra-
tions, normally 7m=s (Sect. 9.4.11), it should provide
sufficient damping in the relevant wind velocity range
of 1�7m=s (Fig. 9.128). Combining (9.76) and (9.79)
yields

Sd D 2dc
vwmax

r

T

m
: (9.101)

An average value for Sd is 2m.
If a second damper is deemed necessary, e.g., for

span lengths above 400m, then it should be placed ap-
proximately at the same distance from the first damper
towards the span. In spans to be equipped with two
dampers, the best solution is to apply one damper per
span end, positioned at the same distance from each
end. For tension–suspension spans, when using one
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b)
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80% of loop length

7 m/s
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Fig. 9.128a,b Recommendations for Stockbridge damper
placement: vibration profile under low winds (a) and high
winds (b)

damper, the damper should be placed near the suspen-
sion clamp. Since tension clamps are vibrationwise less
critical then suspension clamps, the installation of a vi-
bration damper at a tension clamp as well as near other
fittings such as warning spheres can be based on the rec-
ommendations above for suspension clamps. Table 9.41
summarizes recommendations for the necessary num-
ber of dampers by a well-known utility [9.230].

Damper Materials and Construction. For the mes-
senger cable, so called because Stockbridge’s original
model used the type of cable employed, at that time, in
overhead telephone lines, galvanized steel is most com-
mon, although the 7-strand messenger cables originally
employed have now been replaced by 19-strand ca-
bles because of their superior damping capacity (more
interwire contact points). Messenger cables made of
stainless steel are used in polluted areas.

Damper clamps must be as light as possible, and
care must be exercised in selecting the clamp materials,
especially those that are in contact with the conduc-
tors, to avoid any corrosion problems. For the clamps,
primary aluminum alloys are used for aluminum- and
steel-based conductors, with only a few cases of steel
clamps for steel shield wire. Clamps are either cast di-
rectly onto the messenger cable or cast separately and
then assembled onto the messenger cable by compres-
sion. They are designed in a cantilever hook shape that

Table 9.41 Number of dampers depending on span length and terrain (adapted from [9.230])

Terrain Vegetation Span length (m)
< 150 150�350 350�550 > 550

Hilly or valleys parallel with the line Other type of vegetation from dense
forest on one side to flat terrain with no
obstacles

0 1 2 2

Flat or valleys perpendicular to the line Other type of vegetation from dense
forest on one side to flat terrain with no
obstacles

1 1 2 4

Lakes or water courses 1 2 2 4

Terrain Vegetation Span length (m)
< 150 150�350 350�550 > 550

Hilly or valleys parallel with the line Other type of vegetation from dense
forest on one side to flat terrain with no
obstacles

0 1 2 2

Flat or valleys perpendicular to the line Other type of vegetation from dense
forest on one side to flat terrain with no
obstacles

1 1 2 4

Lakes or water courses 1 2 2 4

Fig. 9.129
Cantilever hook
clamp of a Stock-
bridge damper
(source Pfisterer
Sefag)

allows the damper to be easily attached onto the con-
ductor during installation (Fig. 9.129). Also, in case
of clamp loosening, the damper may slip toward the
center of the span, but the hook clamp prevents the
damper from falling to the ground. Damper clamps con-
tain a single bolt of galvanized steel, with a plain washer
and a split washer or a Belleville washer, and must be
designed to avoid losses of clamp pressure and to pre-
vent loosening.

The first damper weights were bell-shaped masses
of galvanized cast iron, installed on the messenger ca-
ble by means of tapered aluminum sleeves. Later, an
assembly technique based on pouring zinc alloy or alu-
minum between the messenger cable and the hole in
the mass was developed. Alternatively, zinc-aluminum
alloys with density similar to cast iron have been used
for the masses, being cast directly on the messenger ca-
ble. Also, forged steel masses, or extruded steel rods or
tubes bent upwards, have been used; these masses are
compressed onto the messenger cable.

Other Types of Dampers. Over the years, other types
of dampers have also been developed, such as the Elgra
damper, the Haro damper, the festoon damper, the tor-
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Fig. 9.130 Shaker test of a Stockbridge damper (source
Pfisterer Sefag)

sional damper, dampers with elastomeric articulations,
spiral impact dampers, and Bretelle dampers [9.214].
However, none of these could really compete with
or replace the Stockbridge damper, and their use
has been restricted to certain countries and/or spe-
cial applications, like the festoon damper for long
fjord crossings in Norway and the Bretelle damper in
France.

Damper Tests. Dynamic testing of dampers takes
place according to [9.225]. Therein the following test
methods are described:

� Inverse standing wave ratio (ISWR) test� Power test� Decay test� Forced response (shaker) test (Fig. 9.130).

The latter is quite popular, as it allows the dynamic
characteristics of the damper to be established and is
at the same time easier to accomplish in comparison
with the other tests, which require the damper to be
tested when attached to the conductor in a laboratory
test span. However, the drawback of the shaker test
is that only the vertical motion of the damper can be
considered, whereas in reality the damper also rotates
slightly, thereby providing an additional contribution to
the energy dissipation, especially when the damper is
close to a vibration node of the conductor.

The shaker test is also important in order to es-
tablish the fatigue performance of the damper. A sign
of fatigue in the messenger cable of Stockbridge
dampers is the drooping or sagging of the masses.
Such damage may be caused by excessive vibration
levels, an inadequate damping system, or poor qual-
ity of the damper. It may also be caused by gallop-

Fig. 9.131 Typical spacer damper for quad bundles (source
Pfisterer Sefag)

ing or ice-shedding events. In corrosive environments,
e.g., near the sea, corrosion of the messenger cable
may be a failure mechanism. In these environments,
stainless-steel messenger cables can be advantageously
used.

From the two alternative methods proposed
in [9.225] for the damper fatigue test, the most com-
monly used is the one which excites vibration with
constant amplitude of 0:5mm (zero peak) at the higher
resonant frequency of the damper and accumulates 10
million cycles.

Spacers and Spacer Dampers
Early in the 20th century, when, in order to transmit
more power, line voltages started to increase dramat-
ically, limits because of corona and surge impedance
soon became prominent, the solution to both issues be-
ing the introduction of bundle conductors [9.78–80]
(Sect. 9.4.7), and with them, a new type of fittings, i.e.,
spacers and spacer dampers. Their main duty is to main-
tain the design geometry of the bundle and at the same
time avoid clashing of the bundle subconductors be-
cause of wake-induced oscillations (Sect. 9.4.11), gusts,
or short circuits as well as twisting of the bundle be-
cause of unequal ice loads. At a later stage and in
a clever design move, damping properties were also in-
tegrated into the spacers to suppress disturbing aeolian
vibrations of the subconductors; they became spacer
dampers. A spacer damper is a device which keeps the
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Inertial reaction

Fig. 9.132 Working principle of spacer dampers, shown
for a twin spacer damper. Inset: elastomer bushing (source
Pfisterer Sefag/U. Cosmai)

subconductors of a bundle apart in a given geometrical
configuration and at the same time can reduce aeolian
vibrations and subspan oscillations of the subconduc-
tors.

Nowadays, the vast majority of bundle fittings are
spacer dampers, with the possible exception of twin
bundles. For these, flexible, articulated, or semirigid
spacers are often combined with Stockbridge dampers
placed on each subconductor. An exploded drawing of
a typical spacer damper for quad bundles is shown in
Fig. 9.131.

In general, spacers and spacer dampers must with-
stand the mechanical, electrical, and environmental
loads imposed during installation, operation, and main-
tenance, without failures and without damaging the
conductors.

A good reference on various designs, materials, and
service experience of spacers and spacer dampers can
be found in [9.125]. For reasons of brevity, we present
therefrom two important features, viz. the properties of
the elastomer material used for vibration damping and
the proper clamp design, as the latter has been in many
cases a cause of concern and serious damage to the re-
lated conductors.

Elastomer Bushing and Clamp Lining. The work-
ing principle of spacer dampers, shown exemplarily in
Fig. 9.132 for a twin spacer damper, is that, during aeo-
lian vibration of the attached subconductors, the inertial
forces of the the spacer damper frame initiate rotation
of the spacer damper clamps, which leads to dissipation
of energy as the related articulations contain damp-
ing elements, generally made of elastomer (Fig. 9.132,
inset). The most widely used elastomers are chloro-
prene (neoprene) rubber, EPDM rubber, NBR (nitrile
butadiene rubber), silicone rubber, and special com-
pounds. These elastomers should be semiconductive,
because nonconductive elastomers are liable to expe-
rience electrical discharges as a result of the pollutants

Plain
washer

Belleville
washer

Fig. 9.133 Spacer damper clamp bolt with Belleville and
plain washer (source U. Cosmai)

coating their surface. Such discharges encourage fur-
ther growth of carbon deposits, leading to escalation of
the tracking situation and generating radio interference
and audible noise. Elastomers with too high a carbon
content and, therefore, too high a conductivity, are sub-
jected to overtemperatures that can cause accelerated
aging and galvanic corrosion between the elastomer and
spacer components, as well as the conductor strands in
case of elastomer-lined clamps. Elastomers for spac-
ers have to withstand contact with the oils and greases
used in conductors and stringing machinery. In addi-
tion, the elastomers should not absorb water. Damping
elastomers used in spacer damper articulations should
exhibit high hysteresis losses, appropriate stiffness, and
good fatigue resistance over the entire range of service
temperature. Last but not least, they should be suitably
protected, as corona activity on conductors and fittings
increases the presence of ozone, which rapidly deterio-
rates organic materials; these materials also need to be
protected from ultraviolet radiation.

The dynamic behavior of spacers as related to wind-
induced vibrations is a complex matter and lies beyond
the scope of this book. Different methodologies are
available and are well described in [9.81, 104].

Clamp Design. Spacer and spacer damper clamps
should be designed in order to:

� Avoid high, localized clamping stresses; this is
a function of clamp length, clamping force (bolt
torque), and clamp geometry.� Avoid damage to the conductor due to clamping sur-
face irregularities; the conductor contact surfaces
must be smooth.� Minimize the possibility of incorrect installation.� Ensure that, if feasible, all components are captive;
bolts may be peened or, if in a blind tapped hole,
secured by an O-ring to the clamp keeper, which
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Cantilever single-bolted

Cantilever single-bolted,
rubber-lined

Nutcracker single-bolted

Nutcracker rubber-lined
with latch fastener

Open clamp rubber-lined
with helical rods  

Open clamp
rubber-covered
with helical rods

Nutcracker spring loaded

Fig. 9.134 Different designs of spacer damper clamps
(source U. Cosmai)

itself may be secured to the body of the clamp by
a tie or captive hinge.� Incorporate a stored energy mechanism, like
a Belleville washer, to prevent clamp loosening due
to temperature cycling and conductor creep. This is
a conical spring washer and should be supported by
a plain washer (Fig. 9.133).� Exert an adequate, nondamaging long-term axial
and torsional grip on the conductor.

Fig. 9.135 Subconductor clashing during short-circuit test

� Be manufactured from a material that is compatible
with the conductor and generally avoids corrosion.� Be profiled to minimize the possibility of corona
and RI discharge at specified line voltages.� Be easily installed on the conductor, possibly also
using hot line/helicopter techniques.� Facilitate ground-level inspection to verify correct
installation.

These requirements have led to various designs of
space damper clamps, as shown in Fig. 9.134.

One important design load on spacers and spacer
dampers is caused by electromagnetic forces arising
from short-circuit currents in the subconductors of
the bundle. Short-circuit currents cause strong attrac-
tive forces between the subconductors, which induce
large deflections and even clashing of the subcon-
ductors (Fig. 9.135 [9.81]), consequently considerably
increasing the subconductor tension. The latter results
in significant compressive loads on the clamp arms of
the spacer, which can reach up to 15 kN and above for
short-circuit currents in the region of 50 kA, which are
not uncommon nowadays. These forces are usually cal-
culated by the method proposed in [9.231], although
this underestimates their magnitude by about 25�30%
for short subspans, e.g., in jumper locations, and high
short-circuit currents, e.g., at towers close to a substa-
tion. In such cases, it is recommended to apply more
sophisticated methods [9.232] that consider the subspan
length. This is important because, the shorter the sub-
span, the greater the pinch force Fpi and the greater the
compressive load Fc on the spacer or spacer damper.

9.6.4 Tests

Conductor and insulator fittings should be tested in ac-
cordance with the requirements of [9.206] or equivalent
standards. Specific tests for vibration dampers and spac-
ers can be found in [9.225] and [9.234], respectively.
Tests relevant for new conductor and insulator fittings
are listed in Table 9.42 [9.206].
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Table 9.43 Tests on aged fittings (adapted from [9.233])

Type of test Activity Which fittings Measurement or
observation

Standard

Visual inspection General condition of
surface

All

Percentile of corroded
surface (%)

All 0–25/25–50/50–75/
75�100%

Mechanical damage All Cracks, abrasion,
indication of rocking

Electrical damage All Punctures, welding
points

Wear of holes All
Welding of string com-
ponents (due to short
circuit) such as shackles
to eye fittings

Shackles, bolts, plates,
and eyes

Dimensional inspection Diameter of bolt Bolts Wear on diameter of
bolt and remaining area

Diameter of pin Pin fittings Wear on diameter of
bolt and remaining area

Diameter (ovality) of
holes

All holes

Corrosion protection Thickness of remaining
zinc layer

All steel parts ISO 1461

Nondestructive tests Penetration tests to
detect tiny cracks

All parts

Mechanical tests Tensile test to discover:
Fracture surface

All where appropriate
to take samples

Samples according to
DIN 50125

Brittleness
Elongation
Yield strength

All where appropriate
to take samples

Calculation and setup:
EN 10002/1

Breaking strength All where appropriate
to take samples

IEC 61284

Impact test (Charpy) All where appropriate
to take samples

EN 10045

Alternative: Metallurgi-
cal investigation

Metallographic
examination
Spectral analysis to
investigate the carbon
and nitrogen content

All

Type of test Activity Which fittings Measurement or
observation

Standard

Visual inspection General condition of
surface

All

Percentile of corroded
surface (%)

All 0–25/25–50/50–75/
75�100%

Mechanical damage All Cracks, abrasion,
indication of rocking

Electrical damage All Punctures, welding
points

Wear of holes All
Welding of string com-
ponents (due to short
circuit) such as shackles
to eye fittings

Shackles, bolts, plates,
and eyes

Dimensional inspection Diameter of bolt Bolts Wear on diameter of
bolt and remaining area

Diameter of pin Pin fittings Wear on diameter of
bolt and remaining area

Diameter (ovality) of
holes

All holes

Corrosion protection Thickness of remaining
zinc layer

All steel parts ISO 1461

Nondestructive tests Penetration tests to
detect tiny cracks

All parts

Mechanical tests Tensile test to discover:
Fracture surface

All where appropriate
to take samples

Samples according to
DIN 50125

Brittleness
Elongation
Yield strength

All where appropriate
to take samples

Calculation and setup:
EN 10002/1

Breaking strength All where appropriate
to take samples

IEC 61284

Impact test (Charpy) All where appropriate
to take samples

EN 10045

Alternative: Metallurgi-
cal investigation

Metallographic
examination
Spectral analysis to
investigate the carbon
and nitrogen content

All

In addition, and as inmanyparts of theworld lines are
about to exceed or have already exceeded their projected
design life of say 40�50 years, testing on aged fittings,
i.e., fittings which have been in service for more than

30 years, are also of importance, as the failure of a fitting
can have catastrophic consequences. Recommendations
for such tests, based on international best practices, can
be found in [9.233] and are listed in Table 9.43.

9.7 Supports and Foundations

Overhead line supports are definitely the most impres-
sive components of an overhead line. They are also,
together with the conductors, the most expensive line
components. Over the years, their shape and materials
have undergone a great development. In recent decades,
so-called esthetic supports have come to play an ever-

increasing role in line design, as they are a serious
option to address the public sensitivity to environmental
issues. Since supports are earthed, they have to safely
sustain and conduct lightning strokes to ground, thus
their proper earthing is very important. However, above
all, line supports carry (in the full sense of the word)
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a great responsibility for the reliability and safety of
the line, as their failure can have catastrophic conse-
quences. On the other hand, to properly support the line
conductors, supports require solid foundations into the
ground. The operational safety of the supports is thus
irrevocably connected with the stability of their foun-
dations. In addition, foundation movements can cause
severe and unexpected loads on the supports and thus
have to be understood and controlled.

In this regard, this section covers:

� Support types (poles, steel lattice towers, new ma-
terials)� Design� Esthetic supports� Prototype tests� Foundations� Grounding� Earthing.

9.7.1 Wood Poles

Wood was the first material to be used in the sup-
ports of overhead lines (Fig. 9.1). Today, with few
exceptions, wood poles are mainly used for low-
voltage (LV) and medium-voltage (MV) lines, say up
to 50/69kV (Fig. 9.136 [9.235]). They are classified as
light, medium, and stout. An often used wood for poles
comes from the Scots pine (Pinus silvestris), gener-
ally referred to as redwood [9.236]. An important issue
for wood poles is that they have to be adequately pro-
tected against decomposition by fungi (rot). To avoid
this, impregnation is necessary, but care is required in
the selection of proper chemicals, as some of them can
cause health hazards and pollute the environment. The
characteristics of wood poles for overhead lines are cov-
ered in [9.237].

In cases of increased transverse loads at angle or
terminal positions, double, guyed, or so-called A-frame
poles are used. In some countries, wood poles in the
form of H-frames have also been used for higher volt-
ages up to 345 kV.

Design
The design of a self-standing wood pole (Fig. 9.137
[9.4]) is straightforward. The pole is basically a can-
tilever beam loaded in transverse direction. The maxi-
mum bending moment at ground level becomes

M D PhCQW
L

2
; (9.102)

where P is the transverse load at the top of the pole due
to the wind action on the conductors andQW is the wind

Fig. 9.136 Wood
pole (adapted
from [9.235])

load on the pole itself. This bendingmoment causes ten-
sile and compressive stresses in the pole cross-section,
given by

� D N

A
˙ M

W
; (9.103)

where N is the force from axial loads such as the weight
of the conductors, the dead weight of the pole, and the
vertical component of the stay load in case of guyed
poles, d is the diameter, A D  d2=4 is the area, and
W D  d3=32 is the section modulus of the pole cross-
section at the ground.

As wood is a relatively flexible material, it is impor-
tant to consider the maximum pole deflection at the top,
which can be calculated as [9.4]

fd D
�

P

3
C QW

8

�

h3

EI
; (9.104)

where the modulus of elasticity E can be assumed to
be 10 000N=mm2, I is the moment of inertia at ground
level given by I D  d4=64, and d is the pole diameter.
Considering the resilience of the upper soil layers, the
length h and diameter d in (9.104) should be related to
a cross section approximately 0:5m below the ground
surface level. According to [9.16], it is recommended
that the deformation be limited to a maximum of 10%
of the pole length under the relevant external load.

Wood poles are normally inserted directly into the
ground. The subsurface length of the pole should be, as
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the calculation of
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a good practice, one-sixth of its total length, but a mini-
mum of 1:6m. In case of soft soils, a crushed stone ring
is placed around the base of the pole to provide suffi-
cient grip of the pole in the ground.

9.7.2 Concrete Poles

Concrete poles are often used for lines in the volt-
age range of 60�150 kV (Fig. 9.138 [9.238]) and very
rarely up to 400 kV. Their main advantage is that they
practically do not require maintenance. Other advan-
tages are their slim shape and narrow base as compared
with lattice towers. On the other hand, they are quite
bulky and heavy, so their transport over long distances
becomes arduous, an issue which has encouraged local
production, mainly in developing countries. Often, site
accessibility is a critical issue for the use of concrete
poles as OHL supports.

According to how they are manufactured, they can
be divided into the following two categories.

Spun Concrete Poles
These poles are manufactured by spinning of two-piece
horizontal molds which are rotated quickly around their
longitudinal axis. This leads to centrifugal accelerations
of 10�30g and thus to very dense, high-strength con-

Fig. 9.138 Linewith concrete poles (adapted from [9.238])

crete. The steel reinforcement can be either slack or
prestressed and is placed in the mold before the start
of the spinning process. An innovative alternative is the
use of carbide fibers instead of steel for prestressing,
thus reducing the concrete thickness and pole weight
as well as avoiding possible steel corrosion by water
ingress [9.239].

Vibrated Concrete Poles
These mostly have a square but sometimes H cross-
section, and they are produced locally. The steel re-
inforcement is placed in metallic molds with suitable
cross-sections, then the concrete is poured in and com-
pacted using vibrators attached to the outer surface
of the molds every 1:5�2:0m along the length of the
pole. The vibration frequency lies between 3000 and
15 000Hz.

Design
Concrete poles can be dimensioned using standard de-
sign methods for reinforced and prestressed concrete.

Foundations
The majority of concrete poles use so-called block
concrete foundations (Fig. 9.139 [9.4]). For small-size
poles, up to a total length of approximately 15m and
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Fig. 9.139 Design of monoblock foundations for concrete
poles (adapted from [9.4])

for prismatic foundation bodies, with a height t greater
than their width b, the load is predominantly trans-
ferred by lateral embedment. The design will be con-
servative if the contribution of the foundation base
is—as often—neglected. Assuming the pivoting axis
of the foundation body at two-thirds of its depth, and
further a parabolic distribution of the bearing lateral
pressure between the foundation body and the soil, the
maximum bearing pressure �e occurs at the foundation
lower edge

�e D 12M
hC .2=3/t

bht2
: (9.105)

The significance of h, b, and t can be seen in Fig. 9.139
[9.4]. The virtual height of the load attack h results from
the ultimate moment M and the sum of the transverse

Overlapping Flanged

Square Hexagonal Octagonal

Dodecagonal Circular

Fig. 9.140 Typical pole cross-sections
and joints of steel poles (adapted
from [9.4])

loads H according to

h D M

H
: (9.106)

The permissible or ultimate moment is obtained from

Mu D �ut2b

�M12.hC .2=3/t/
; (9.107)

where �M is the partial safety factor and amounts to 1:0
for characteristic values with a minimum of 1:2 for ul-
timate values.

A good review of foundation design methods is
given in [9.240].

9.7.3 Metallic Poles

Metallic poles are currently made of carbon steel,
mainly from high-strength low-alloy material, although
aluminum has also been used sometimes.

Solid-wall steel poles with various designs are used
for low-, medium-, and high-voltage lines. Polygonal
conical poles usually have 8-, 12-, or 16-sided shapes,
whereby the plates are bent and finally welded in lon-
gitudinal direction. The steel grades S235 and S355
are mainly used for these poles. The lengths of the
poles sections or their parts are limited to approximately
9�15m by the weights/lengths for transportation and
galvanization capabilities. The joints required for taller
pole lengths can be designed as slip joints (overlap-
ping) or flange joints with prestressed high-tensile bolts
(Fig. 9.140 [9.4]).

Bolted flange joints are necessary for poles used
for higher loads, for which prestressed high-strength
bolts, e.g., with strength grade 8.8 or 10.9, are used. The
flange joints can be arranged outside or inside the pole
shaft. In case of an inside arrangement, the dimensions
of the pole must be sufficiently wide to enable arrange-
ments of cut-outs and ladders inside the pole.

Regarding their finishing, steel poles should prefer-
ably be hot-dip galvanized. Sometimes, painting sys-
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tems are also required for esthetic purposes, since hot-
dip galvanizing surfaces do not have a uniform color
appearance.

Steel pole design follows the basic rules of engi-
neering mechanics. Special care should be taken when
openings are required in the pole shaft, e.g., for small
access doors, as the design must take them into account,
as the cross-section will become an open section profile
at such locations, where warping torsion has to be con-
sidered.

The top deflection of steel poles should be limited,
since those poles are quite flexible. The following limits
are recommended:

� At EDS condition: maximum top deflection equal
to or less than 1:5�2% of the pole height� At ultimate load: 4�5% of the pole height.

Steel poles often use monoblock concrete foundations,
or more seldom piles for soft soil conditions. They are
either directly embedded in the concrete or placed in
a dense sand concrete box, or even connected on the
top surface of the foundation body by means of flange
and anchor bolts (Fig. 9.141 [9.4]). The design of these
foundations follows the same principles and procedures
as for concrete poles (Sect. 9.7.2).

9.7.4 Composite Poles

A rather new development is the use of composite poles
made of fiber-reinforced polymer (FRP) (Fig. 9.142).
To this end, CIGRE very recently published an ex-
tensive document [9.241], from which the following
information is extracted.

FRP poles consist of E-glass embedded in a resin
matrix. Commonly used resins are epoxy, polyester,

Fig. 9.142 FRP cross-braced H-frame

vinyl ester, and polyurethane. Additives are used to
improve some of the properties of FRP, such as its
UV protection, fire resistance, flow improvement, abra-
sion resistance, etc., while fillers are applied to reduce
the weight. Although their material costs are higher
than for traditional materials, their low weight enables
lower installation costs. Also, due to their long service
life and low maintenance requirements, life cycle costs
can be lower with FRP components. Their foundations
follow the same practices as other pole-type supports
(Fig. 9.143).
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a) b)
Fig. 9.143a,b Typical foundations for
FRP poles: (a) crushed stones around
the pole shaft in rock; (b) barrel with
backfill in normal soil

Single circuit (SC)

Cat-face Racket Cross-rope suspension Guyed V-type

Double circuit Danube Double circuit horizontal
(DC)

DC barrel type Multi-circuit

Fig. 9.144 Common tower types

9.7.5 Steel Lattice Towers

For higher voltages, e.g., normally above 110 kV, steel
lattice towers are still the choice of preference, the main
reason being that, when properly designed, they can
achieve relatively long spans economically. In addition,
when orderly maintained, they have a long service life,
and as they are modular, they are easy to transport from
the manufacturing plant to the site. Their modular con-
cept is also advantageous when modifications in case
of uprating (Sect. 9.10) or repairs of individual tower
members become necessary. They also provide easy

adaptation to the terrain by means of an adaptable sys-
tem of body and leg extensions.

Over the years and depending on system planning,
the number of circuits to be supported, experience, to-
pography, etc., a plethora of tower shapes have been
installed. They can basically be grouped into self-
supported and guyed towers. Figure 9.144 shows var-
ious common tower shapes [9.242].

Materials and Layout
Publication [9.243] gives a good overview of industry
practices for lattice tower design and detailing. The
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Table 9.44 Yield and ultimate tensile strength of tower
steel profiles and bolts (adapted from [9.4])

Steel
grade

Bolt
grade

Yield strength fy
(N=mm2)

Ultimate strength fu
(N=mm2)

S235 235 360
S355 355 510

4.6 240 400
5.6 300 500
8.8 640 800
10.9 900 1000

Steel
grade

Bolt
grade

Yield strength fy
(N=mm2)

Ultimate strength fu
(N=mm2)

S235 235 360
S355 355 510

4.6 240 400
5.6 300 500
8.8 640 800
10.9 900 1000

materials used in the fabrication of line supports
should comply with the requirements of [9.244, 245]
or equivalent standards. In general, high-strength steel
of grade S355 and mild steel of grade S235 are used.
Members are practically always connected with bolts
compliant with [9.246] or equivalent. The relevant
properties of tower steel profiles and related bolts are
listed in Table 9.44 [9.4]. Low-tensile bolts of grades
4.6 and 5.6 are often preferred, as they exhibit, because
of their relative high ductility, benign deformation
behavior at failure.

In most cases, lattice towers have a square cross-
section, although there are some cases with a rectan-
gular cross-section. Their absolute width on the upper
part and their width gain are selected by optimizing the
strength and length of the steel profiles; these should be
selectable from the available standard sizes. Gain values
of 40�50mm=m for suspension towers and 60mm=m
for angle towers have proven useful. Often the lowest
part of the tower is designed with even higher width
gains, as this enlarges the cross-section at ground level,
reducing the forces on the tower legs and consequently
the size of the foundations. An interesting early publi-
cation focused on the influence of such tower geometry
parameters on the economic design of steel lattice tow-
ers [9.247].

Figure 9.145 [9.4] shows typical brace arrangements
for leg members with their related effective buckling
length L. The distance between the brace connections
should be reduced as much as possible in order to avoid
secondary bending of the leg sections in between.

L
L L L

a) b) c) d)

Fig. 9.145a–d
Brace arrangements
of steel lattice
towers for (a) light,
(b) moderate,
(c) high, and
(d) very high loads
(adapted from [9.4])

Single angle sections are the most widely used and
economic design profile; they are manufactured from
40�3mm up to a size of 250�28mm. For towers sup-
porting multicircuit lines and, particularly, for very tall
towers, member designs with higher strength may be
necessary. In these cases, cruciform sections made up
of two, three, or four angle sections are used for leg
members.

While formerly rivets were used for lattice steel
towers, bolted connections predominate by far today.
This connection element is adequate for the hot-dip gal-
vanization process. The individual members and bolts
can be galvanized separately and bolted together after-
wards.

For leg members, either butt joints or lap joints are
used (Fig. 9.146 [9.4]). Butt joints can be designed
with two shear planes and are preferred in case of
towers with higher strengths to facilitate the erection.
Lap joints save material but are not frequently used
anymore because of their inherent eccentricity and rel-
atively higher erection costs.

All nuts should be secured against loosening. Fre-
quently, spring washers are used for this purpose,
or a strong adhesive. Alternatively, the nuts can be
punched on three points spaced at 120ı and protected
with anticorrosive dyes.

To ensure a long service life, adequate protection
against rust is of great importance. Whenever possible,
hot-dip galvanizing should be applied, while, already
in the tower design stage, the length of the galvanizing
facilities (length of the zinc bathtub) has to be taken into
consideration. Lengths up to 9m for member sections
are common [9.243]. The best corrosion protection is
achieved by the so-called in-factory duplex system, i.e.,
by coating the steel members after their galvanization.

Tower Types
Steel lattice towers, as with all other types of line sup-
port, can be distinguished based on their function in
the transmission line, i.e., suspension, angle, terminal
towers, etc. A typical classification is based on the line
route deviation angle:
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a) b) Fig. 9.146a,b Leg
member joints:
(a) butt joint, (b) lap
joint (adapted
from [9.4])

� Suspension or tangent towers (S) support the con-
ductors in a straight line and up to small line angles
up to say 3ı; they are equipped with suspension in-
sulators.� Light angle towers (LA) support the conductors up
to line angles of 10ı, seldom up to 20ı; they are
equipped with suspension insulators.� Angle towers (A) must be designed to sustain the
resultant component of the conductor tensions when
the line changes direction; they are equipped with
tension insulators.� Tension or strain (T) towers have to sustain the full
conductor—and ground wire—tensions in the line
direction but also for relatively large line angles up
to 60ı. They serve as rigid points of the line and are
equipped with tension insulators.� Dead-end or terminal towers are used to terminate
the line, e.g., at a substation or an overhead to under-
ground change-over station, and are equipped with
tension insulators.� Tie-off towers are used where a branch-off of the
line is required; such a design is the so-called Mer-
cedes tower.

Structural Design
As with every lattice structure, tower design proceeds
via the following steps:

� Assess external loads� Group into load cases� Calculate forces in tower members (legs, braces,
cross-arms)� Calculate stresses in tower members� Verification of members and connections.

Loads and Load Cases. External loads basically aris-
ing from conductors and insulators, i.e., self-weight, ice

Table 9.45 Standard load cases (adapted from [9.16])

Load case Conditions
1a Wind loads (transverse, longitudinal, inclined)
2a Uniform ice loads on all spans
2b Uniform ice loads, transversal bending
2c Unbalanced ice loads, longitudinal bending
2d Unbalanced ice loads, torsional bending
3 Combined wind and ice loads
4 Minimum temperature with/without wind loads
5a Security loads, torsional loads
5b Security loads, longitudinal loads
6a Safety loads, construction and maintenance loads
6b Safety loads, loads due to the weight of linesmen

Load case Conditions
1a Wind loads (transverse, longitudinal, inclined)
2a Uniform ice loads on all spans
2b Uniform ice loads, transversal bending
2c Unbalanced ice loads, longitudinal bending
2d Unbalanced ice loads, torsional bending
3 Combined wind and ice loads
4 Minimum temperature with/without wind loads
5a Security loads, torsional loads
5b Security loads, longitudinal loads
6a Safety loads, construction and maintenance loads
6b Safety loads, loads due to the weight of linesmen

and wind loads, and conductor tensions, have been ade-
quately dealt with in Sects. 9.3 and 9.4. The next step is
to group loads together into so-called load cases, which
take into account probable scenarios of load combina-
tions. From the relevant standards, for example [9.16],
the load cases are prescribed in Table 9.45. In all load
cases, the vertical component of the so-called perma-
nent actions, i.e., self-weight of supports, insulator sets
and other fixed equipment, as well as the weight of con-
ductors from the adjacent spans, should be included. It
is common and helpful to display the forces for every
load case schematically in the form of so-called load-
ing trees.

It is worth mentioning that the so-called security
loads (load cases 5a and 5b in Table 9.45), which arise
from one-sided release of conductor tension, for in-
stance when a conductor breaks, are intended to prevent
cascading or uncontrollable failures and are by nature
dynamic. What is normally done, though, is to load the
supports with the related residual static load (RSL), ap-
plying a dynamic impact factor to compensate the peak
dynamic effect [9.248]. An option against the detrimen-
tal effects of a broken conductor is to install controlled
sliding clamps (Sect. 9.6.1) [9.208].

Structural Analysis. The core of any structural de-
sign is the calculation of the forces and subsequently
of the stresses acting in the components of the struc-
ture, here in the case of steel lattice towers, the legs,
the braces, and the cross-arms. The method of anal-
ysis for transmission line towers has advanced quite
a lot since the first towers were designed. In the be-
ginning, transmission line engineers often had to use
graphical analysis methods such as the so-called Cre-
mona plan to determine the member forces. However,
with the introduction of computers, simulations us-
ing the finite element method (FEM) were developed,
mostly based on a linear elastic 3-D truss model.
Thereby members are assumed to be axially loaded
and having pinned connections. For more deformable
structures, such as guyed towers or poles, nonlinear
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Fig. 9.147 Schematic for the calcula-
tion of the tower member forces

analysis is required. A good overview of computer pro-
grams available for line support calculations is given
in [9.238].

Nevertheless, it is quite educative to present here
some simplified calculations, which can be performed
by hand and which give quite satisfactory results. For
this purpose, when the tower body has, as is often the
case, a square cross-section, the external loads acting on
the tower are split and deemed to act equally on the two
related parallel tower faces, thus the factor 2 in (9.110)
and (9.123). In this case, the tower faces can be treated
as plane trusses and simple analytical methods can then
be applied to determine the member forces.

Calculation of Tower Member Forces. The equiva-
lent static system is shown in Fig. 9.147. The easiest
approach is to use the method of sections, viz. the so-
called Ritter method, i.e., to divide the truss into two
sections—which evidently have to be in equilibrium
with themselves—in such a way that only three mem-
bers are cut (slices 1–1 and 2–2). Applying, after cutting
along 1–1, the equilibrium of moments at node D and
assuming that this node is in static equilibrium, it is
possible to calculate the load on main member CE
as

2NCEd cos˛�Ph2 D 0 : (9.108)
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Thus,

NCE D C Ph2
2d cos˛

: (9.109)

Establishing a generic equation with all external loads
for calculation of any main member (m) we get

Nm D ˙
P

i Mi

2d cos˛
; (9.110)

where Nm is the force for any main member (m) in ten-
sion or compression,

P

i Mi is the sum of the moments
due to all external loads Pi above the panel of the main
member (m) at the node (O) opposite to the considered
main member (m), d is the width of the truss in the main
member (m) or panel, and ˛ is the inclination angle of
the main member in relation to the vertical direction.

Again, looking at Fig. 9.147 and cutting along 2–2,
it is possible to calculate the load on the diagonal EF
by applying the equilibrium equation of moments at
point S as

�PhCNEFxh1 D 0 : (9.111)

Thus,

NEF D CPh

h1
: (9.112)

But

h D x

2
tan ı ; (9.113)

h1 D n sinˇ ; (9.114)

and with

n D a=2

cos ı
; (9.115)

it follows that

h1 D a

2 cos ı
sinˇ : (9.116)

Taking

b

sinˇ
D lEF

sin ı
; (9.117)

one gets

sin ı

sinˇ
D lEF

b
: (9.118)

Therefore,

NEF D Px

2

sin ı

cos ı

2 cos ı

a sinˇ
; (9.119)

or

NEF D Px

a

sin ı

sinˇ
D Px

a

lEF
b
: (9.120)

Rearranging leads to

NEF D Px

ab=lEF
: (9.121)

Or, considering two parallel panels as mentioned above,

NEF D Px

2ab=lEF
: (9.122)

Thus, for a generic external load system, the force Nd

on the generic diagonal (d) becomes

Nd D ˙
P

i Pixi
2ab=ld

; (9.123)

where Nd is the force for any diagonal (d) in tension or
compression, depending on the direction of that diag-
onal, Pi are the external loads applied on the structure
above the panel where the diagonal (d) is located, xi
is the truss width at level i where the load Pi is applied
(i.e., x1 at P1, x2 at P2, etc.), a is the lower truss width in
the panel of the diagonal (d), b is the upper truss width
in the panel of the diagonal (d), and ld is the length of
the diagonal (d).

However, considering that there are often two cross-
ing diagonals per truss panel (a so-called tension/
compression structural system or just composed truss)
(Fig. 9.145 cases (c) and (d)), then the generic equation
to calculate the member forces on diagonals becomes

Nd D ˙
P

i Pixi
2� 2ab=ld

; (9.124)

where one diagonal is always in tension (C sign) and
the other in compression (� sign).

The maximum leg forces can be obtained by su-
perposition of the individual leg forces coming from
the horizontal loads (transverse or longitudinal) on the
tower, in x- and y-direction, and—in a minor part—
by the vertical loads (conductor, tower, and insulator
self-weights and ice loads); these are considered to
be equally distributed between the four legs. However,
note that, as horizontal loads caused by the wind must
also be considered in the opposite direction, the same
leg will have to be designed for the maximum tension
and compression forces.
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section (adapted
from [9.238])

Selection of Member Size. The verification and se-
lection of member size to adequately resist the member
forces follows the classical, strength of materials ap-
proach; For example, a member loaded in tension will
have a cross-section large enough to sustain the related
tensile material stresses, whereby the derating effect of
boreholes needed for the connection elements (bolts)
has to be considered, resulting in a net cross section
resistant area (Fig. 9.148 [9.238]).

According to [9.243, 249], the tensile stress on
a tension member can be calculated as

ft D P

An

 fy ; (9.125)

with

An D Ag � nd0tC t
X

�

s2

4g

�

; (9.126)

where ft is the tensile stress on the net area, fy the yield
strength of the material, P the axial force acting on the
bolt, s the distance between holes in the direction par-
allel to the axial force, g the distance between holes in
the direction perpendicular to the axial force, An the net
cross section area, Ag the gross cross section area, n the
number of holes, t the plate (angle) thickness, and d0
the hole diameter.

When the load is eccentric, i.e., when the profile is
connected on only one side, the cross-section has to be
reduced by 10%, thus the effective cross section Ae be-
comes

Ae D 0:9An : (9.127)

In the critical case of compression, members experi-
ence and ultimately fail in buckling, an instability issue.
Thereby, the limit load depends not only on the mate-
rial properties but also on the geometry of the loaded
element. It can reasonably be assumed here that the
slender members of steel lattice towers can be consid-
ered to be straight and compressed only axially, i.e.,
neglecting lateral loads on the member, which would
cause bending moments. The resistance of a member to
compressive loads is determined from buckling curves.
Figure 9.149 [9.4] shows such curves from two of the
most widely used standards. Therein, � is the so-called
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Fig. 9.149 Buckling curves as per [9.16] (1, 2) and [9.249]
(3) (adapted from [9.4])

Table 9.46 Slenderness ratio limits

Leg members and chords L=i 
 150
Primary bracing members L=i 
 200
Redundant members L=i 
 250
Tension–hanger members L=i 
 375
Tension-only members 300 
 L=i 
 500
Web member—multiple lattices Not specified
Horizontal edge members Not specified

Leg members and chords L=i 
 150
Primary bracing members L=i 
 200
Redundant members L=i 
 250
Tension–hanger members L=i 
 375
Tension-only members 300 
 L=i 
 500
Web member—multiple lattices Not specified
Horizontal edge members Not specified

slenderness ratio, defined by

�D L

i
;

i D
p

I=A ; (9.128)

where L is the unsupported buckling length, which de-
pends on the type of bracing (Fig. 9.145), and i is the
radius of gyration around the profile axis perpendicu-
lar to the assumed direction of buckling (I is the second
moment of area and A is the cross-sectional area of the
profile).

As per [9.243, 249], the slenderness ratio � should
be limited to the values in Table 9.46.

All members which can be used as steps to climb the
tower during erection and maintenance works should be
designed to support the related bending loads (due to
personnel, equipment, etc.). These are deemed to act in
the center of the steel member in question and amount
according to [9.16] to 1:0 kN with a partial factor of
�P D 1:5. For this load case, calculations are performed
for a beam hinged at both ends, delivering the max-
imum allowable member length Lmax for commonly
used profiles (Table 9.47 [9.4]).

Connections
The design of the connections follows standardmethods
from machine elements. Specifically for bolted connec-
tions, which are almost exclusively used in steel lattice



Section
9.7

726 9 Overhead Lines

Table 9.47 Maximum length for tower members loaded
with 1:0 kN in bending (adapted from [9.4, Sect. 12.5.12])

Lmax (m)
Section S235 steel S355 steel
35 � 4 0.57 0.85
35 � 5 0.68 1.02
40 � 4 0.75 1.12
40 � 5 0.90 1.35
45 � 4 0.95 1.43
45 � 5 1.16 1.74
50 � 4 1.19 1.78
50 � 5 1.46 2.19
50 � 6 1.69 2.54
55 � 4 1.45 2.17
55 � 5 1.77 2.67
55 � 6 2.10 3.15
60 � 5 2.13 3.19
60 � 6 2.52 3.77

Lmax (m)
Section S235 steel S355 steel
35 � 4 0.57 0.85
35 � 5 0.68 1.02
40 � 4 0.75 1.12
40 � 5 0.90 1.35
45 � 4 0.95 1.43
45 � 5 1.16 1.74
50 � 4 1.19 1.78
50 � 5 1.46 2.19
50 � 6 1.69 2.54
55 � 4 1.45 2.17
55 � 5 1.77 2.67
55 � 6 2.10 3.15
60 � 5 2.13 3.19
60 � 6 2.52 3.77

towers, the following two loading situations should be
considered:

Shearing of the Bolt. The cross-section of the bolt is
subjected to shear. The related shear stress should not
exceed the limit shear stress of the bolt, as presented in
Table 9.44 for single shear connections (Fig. 9.150a)

fv D N

nAg

 Fu ; (9.129)

or, for double shear (Fig. 9.150b),

fv D N

2nAg

 Fu ; (9.130)

where fv is the shear stress acting on the bolt, N is the
force acting on the joint, n is the number of bolts in the
joint, Ag D  D2=4 is the cross section of the bolt with
D being the bolt diameter, and Fu is the ultimate shear
stress of the bolt.

Bearing Pressure. The shearing forces are introduced
to the bolt shank through the bearing pressure on the

D

N

t
N

D
D

N

t1

N/2

N/2

t2

t

a) c)b)

Fig. 9.150a–c Schematic of single (a) or double shear (b) and bearing pressure on bolted connections (c)

bore face of the profile (Fig. 9.150c). This can be calcu-
lated for single shear connections as

fp D N

nDt

 Fp (9.131)

and for double shear connections as

fp D N

2nDt

 Fp ; (9.132)

where fp is the bearing stress acting on the bore hole, N
is the force acting on the joint, n is the number of bolts
in the joint,D is the nominal bolt diameter, t is the plate
thickness, and Fp is the ultimate bearing stress.

It should not exceed the ultimate tensile strength of
the related profile (Table 9.44).

Prototype Tests
It is current practice for new OHL support designs to be
validated by full-scale prototype tests [9.250]. Clients,
designers, and tower manufacturers meet in a test fa-
cility area at a so-called test station, for simulation of
all the extreme operational conditions to be supported
by the structure during its expected lifetime. IEC stan-
dard [9.251] provides the basis for the performance of
all such full-scale prototype tests around the world.

Full-scale tests are carried out on tower prototypes
to verify the design method and related assumptions,
the detailing process, as well as the quality of the mate-
rials and fabrication procedures. In this sense, full-scale
tests are performed in the following circumstances:

� To verify the compliance of the support design with
the specifications, known as type tests� To validate the fabrication process� As part of the research and development of an inno-
vative support.

The tests to be performed can be of normal or destruc-
tive type. They are considered to be normal tests when
they are carried only up to 100% of the specified de-
sign loadings. As a general rule, all loading cases that
are critical for any support member should be simulated
during the normal tests. On the other hand, destructive
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Fig. 9.151 Visual side-by-side comparison of conventional
and compact 420-kV lines with the same power transfer
capacity (adapted from [9.252])

tests are carried out to provide information on the ac-
tual versus predicted behavior or, in case of suspension
towers, to determine the real failure load and then judge
whether the result is acceptable in terms of security and
cost.

9.7.6 Esthetic or Landscape Supports

As mentioned above, in recent decades, there has been
considerable resistance from the public against new—
and even existing—overhead lines, the suggested al-
ternative being underground cables (Chap. 10). One
concern is often the purported health hazards related
to EMF (Sect. 9.3.4), the other being the supposedly
disturbing visibility of overhead lines in the landscape.
Evidently, the visual impact of a line is mainly caused
by the shape and appearance of its supports, thus it is no
surprise that network owners and line designers started
addressing these concerns early on, leading to the de-
velopment of so-called esthetic or landscape supports,
which are briefly presented below.

For this type of supports, CIGRE prepared a sem-
inal publication [9.235], which includes practically all
available information on esthetic supports. Their devel-
opment has followed basic ideas to:

� Compact the lines and the supports as much as pos-
sible� Reduce the number of structural elements on the
towers� Make them invisible or camouflaged in the land-
scape.

The next step was to design esthetic solutions for unique
places, for a single line, or to develop standard es-
thetic solutions. A good example of a unique support

UB

UB

φ

UE

US

Reference earth

With potential controlWithout potential control

(Sufficiently
far away)

E S1 S2 S3
x

Fig. 9.152 Voltage distribution close to the support in case
of a fault (UE earthing voltage, UB touch potential, US step
voltage, ' surface potential, S1, S2, S3 ring electrodes con-
nected to the earth electrode E for earth potential control,
x distance to the earth electrode E) (adapted from [9.4])

is the pylône raquette (tennis racket tower) in Switzer-
land (Fig. 9.99), which helped the approval of a badly
needed new 400-kV line [9.135].

Recently, and with the general acceptance by
utilities of composite insulators, the so-called com-
pact lines with improved esthetics are gaining ground
(Sect. 9.5.5 [9.253]). They are becoming the choice
of preference in many countries, to facilitate the con-
struction of new lines, also in cases with limited space
(Fig. 9.151 [9.252]).

9.7.7 Earthing

Earthing or grounding systems are installed in the struc-
tures of a transmission line with the following primary
objectives [9.254]:

� To provide a preferential path to earth for currents
generated by faults in the line� To provide a grounding systemwith a resistance low
enough to enable the overcurrent protection to de-
tect a ground fault in the line� To provide a preferential path to earth for lightning
discharge currents� In urban areas, to control the step and touch voltages
generated during ground faults on the line� To reduce the rise in the ground potential of the
structure during a lightning discharge and thereby
the probability of occurrence of back-flashover.

When a phase-to-ground fault occurs on an overhead
line, one of the most probable paths of the current
flow is to or from earth. This results in a potential
rise on the grounded support and voltage gradients
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Fig. 9.153 Schematic of the Wenner four-point method
(adapted from [9.255])

on the surface of the ground surrounding the support
(Fig. 9.152 [9.4]). Requirements to protect the public
in the vicinity of grounded line supports from the haz-
ard of electrical shock caused by power frequency faults
were presented in a recent CIGRE publication [9.255],
whereby the related methods can also be applied in the
case of faults caused by lightning and related overvolt-
ages (Chap. 3). The earthing resistance of the electrode
for a given current discharge is the ratio of the potential
difference between the electrode and a distant point on
the earth, in volts, and the current discharge in amperes.
It consists of three parts:

1. Resistance of the electrode itself and its connections
2. Contact resistance between the electrode and the ad-

jacent soil
3. Resistance of the surrounding earth.

A low value of the tower earthing resistance, with
10� often being recommended, is a prerequisite to
reduce the possibility of back-flashovers: When light-
ning strikes a tower (or the overhead ground wires),
the current on the tower in combination with the earth-
ing resistance causes a rise of the tower voltage, which
becomes much larger than the phase conductor volt-
ages. If this voltage difference exceeds a critical value,
a flashover occurs, called back-flashover. The term back
refers to the fact that the highest voltage is on a part of
the power system normally at ground potential, i.e., the
tower or the shielding wires.

To design a grounding system, the soil resis-
tivity must be known. Typical values are indicated
in Table 9.48 [9.16]. For more accurate results, the
soil resistivity should be measured in situ. This is
commonly done by the Wenner four-point method
(Fig. 9.153 [9.255]). As the probe penetration depth b
is practically always much smaller than the distance a
between the electrodes, the soil resistivity �E can be de-
termined accurately enough by

�E D 2 aR ; (9.133)

where R is the measured resistance (R D V=I).

Table 9.48 Typical soil resistivities (adapted from [9.16])

Type of soil Soil resistivity �E (�m)
Marshy soil 5�40
Loam, clay, humus 20�200
Sand 200�2500
Gravel 2000�3000
Weathered rock Mostly below 1000
Sandstone 2000�3000
Granite Up to 50 000
Moraine Up to 30 000

Type of soil Soil resistivity �E (�m)
Marshy soil 5�40
Loam, clay, humus 20�200
Sand 200�2500
Gravel 2000�3000
Weathered rock Mostly below 1000
Sandstone 2000�3000
Granite Up to 50 000
Moraine Up to 30 000

Details of earthing calculations can be found in [9.4,
16, 254, 255].

The worldwide practice regarding overhead lines is
to solidly earth the earth wires at each tower as well as
solidly earth the tower to the ground. For the latter, the
following methods are widely used (often in combina-
tion):

� Connection of reinforcing of foundation to tower
steel� Counterpoise conductor laid in a horizontal trench� Earthing rods driven at the base of the tower.

The dimensions of the earth electrodes and earthing
conductors should be rated such that the permissible
temperature of 300 ıC for copper and steel or of 200 ıC
for aluminum will not be exceeded.

Mechanical strength and corrosion resistance de-
termine the minimum dimensions of electrodes and
earthing or bonding conductors. In this sense, the mini-
mum cross section for earthing conductors is 16mm2

for copper, 35mm2 for aluminum, and 50mm2 for
steel. Electrodes having direct contact to earth should
withstand mechanical or biological attack, oxidation,
formation of an electrolytic couple, and electrolysis.
The dimensions listed in Table 9.49 [9.16] comply with
these requirements.

9.7.8 Lightning Protection

Lightning discharges (Chap. 3) constitute the main
cause of most nonprogrammed outages of electric sys-
tems. International statistics show that about 65% of
line outages originate from lightning strokes that hit
the overhead transmission lines [9.256]. However, it is
possible to reduce the number of line outages to an ac-
ceptable level by using a convenient protection scheme,
with adequate installation of earth wires and appropri-
ate earthing of the towers.

While protection issues as a whole are covered in
Chap. 13, earthing issues were discussed in the previous
section, and lightning protection by earth wires is briefly
treated below. An excellent overview of the lightning
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Table 9.49 Minimum dimensions of earth electrode materials ensuring mechanical strength and corrosion resistance
(adapted from [9.16])

Material Type of earth electrode Minimum size
Steel Core Coating/sheath

Diameter
(mm)

Cross
section
(mm2)

Thickness
(mm)

Single
value
(�m)

Average
values
(�m)

Hot-galvanized Stripa – 90 3 63 70
Profile (inc. plates) – 90 3 63 70
Pipe 25 – 2 47 55
Round bar for earth rod 16 – – 63 70
Round bar for surface
earth electrode

10 – – – 50

With lead
sheathb

Round wire for surface
earth

8 – – 1000 –

With extruded
copper sheath

Round bar for earth rod 15 – – 2000 –

With electrolytic
copper sheath

Round bar for earth rod 14.2 – – 90 100

Copper
Bare Strip – 50 2 – –

Round wire for surface
earth

– 25c – – –

Stranded cable 1.8d 25c – – –
Pipe 20 – 2 – –

Tinned Stranded cable 1.8d 25c – 1 5
Galvanized Stripa – 50 2 20 40
With lead
sheathb

Stranded cable 1.8d 25c – 1000 –
Round wire – 25c – 1000 –

Material Type of earth electrode Minimum size
Steel Core Coating/sheath

Diameter
(mm)

Cross
section
(mm2)

Thickness
(mm)

Single
value
(�m)

Average
values
(�m)

Hot-galvanized Stripa – 90 3 63 70
Profile (inc. plates) – 90 3 63 70
Pipe 25 – 2 47 55
Round bar for earth rod 16 – – 63 70
Round bar for surface
earth electrode

10 – – – 50

With lead
sheathb

Round wire for surface
earth

8 – – 1000 –

With extruded
copper sheath

Round bar for earth rod 15 – – 2000 –

With electrolytic
copper sheath

Round bar for earth rod 14.2 – – 90 100

Copper
Bare Strip – 50 2 – –

Round wire for surface
earth

– 25c – – –

Stranded cable 1.8d 25c – – –
Pipe 20 – 2 – –

Tinned Stranded cable 1.8d 25c – 1 5
Galvanized Stripa – 50 2 20 40
With lead
sheathb

Stranded cable 1.8d 25c – 1000 –
Round wire – 25c – 1000 –

a Strip, rolled, or cut with rounded edges, b not suitable for direct embedding in concrete, c in conditions where experience shows
that the risk of corrosion and mechanical damage is extremely low, 16mm2 may be used, d diameter of single wire

Protected
area

Earth wire

θ

Fig. 9.154
Shielding angle �
and protected area
of an earth wire
for a Danube-type
tower (adapted
from [9.258])

performance of overhead transmission and distribution
lines is given in [9.257]. In regions with high or even
medium keraunic levels, it is standard practice to equip
transmission lineswith earthwires to shield themagainst
lightning discharges, as these can cause, if the lightning
stroke hits the conductors directly, considerable damage
and even conductor failures.

Earth wires are installed with shielding angles �
that usually vary between 10ı and 35ı, depending
on the importance of the line and the keraunic level
(Fig. 9.154 [9.258]).

9.7.9 Foundations

Foundations are the last part in the chain of load trans-
fer from the external loads on an OHL to the ground;
their role and consequently their proper design are cru-
cial to the reliability and safety of the line. Foundation
design faces considerable challenges, as it is closely re-
lated to the properties of the soil, which are not always
easy to determine, while the soil conditions may also
vary considerably along the route of the line. For this
reason, serious consideration should be given to site in-
vestigations, and it is good and current practice to adopt
an additional safety coefficient for foundation design of
1:10�1:20 (depending on the tower type) in compari-
son with normal tower design.

Site Investigations
Evaluation using various in situ tests together with an
indication of geotechnical information that may be de-
rived from in situ test results (Table 9.50 [9.259]) and
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Table 9.50 Comparison of ground investigation methods (adapted from [9.259])

Method Advantages Disadvantages
Trial pit Allows detailed examination of ground

conditions
Easy to obtain discrete and bulk samples
Rapid and relatively inexpensive

Limited by machine size
Not suitable for sampling below water or
excavation in rock
Greater potential for disruption/damage to site
than boreholes or probe holes
Depth restricted to 4:5m below ground level
Width and height restrictions of equipment

Cable percussion Allows greater sampling depth than with trial
pits, window sampler, or probing
Can penetrate most soils
Allows collection of undisturbed samples
Enables installation of permanent sampling/
monitoring wells

Not suitable for investigation in rock
Smaller sample volumes than for trial pits
More costly and time-consuming than trial pits
Width and height restrictions of equipment

Rotary boring Allows greater sampling depth than with trial
pits, window sampler, or probing
Can penetrate all soils and rocks
Allows collection of undisturbed samples
Enables installation of permanent sampling/
monitoring wells

Smaller sample volumes than for trial pits
More costly and time-consuming than trial pits
Width and height restrictions of equipment

Window sampler Allows greater sampling depth than with trial
pits
Undisturbed samples of the complete soil profile
can be recovered
A variety of measuring devices can be installed
once a hole is formed
Substantially faster than cable percussion
Portable, so can be used in areas with poor or
limited access

Not suitable for investigation in rock and cannot
penetrate obstructions
Depth restricted to 8m under favorable circum-
stances
Smaller sample volumes than for trial pits
Poor sample recovery in noncohesive granular
soils
Width and height restrictions of equipment

Cone penetration test (CPT) Allows greater sampling depth than with trial
pits
Substantially faster than cable percussion

Not suitable for investigation in rock and cannot
penetrate obstructions
No sample recovery
Ground water level not recorded
Width and height restrictions of equipment

Dynamic probing Essentially a profiling tool
Portable, so can be used in areas with poor or
limited access
Very quick and inexpensive

Not suitable for investigation in rock and cannot
penetrate obstructions
No sample recovery
Ground water level not recorded

Method Advantages Disadvantages
Trial pit Allows detailed examination of ground

conditions
Easy to obtain discrete and bulk samples
Rapid and relatively inexpensive

Limited by machine size
Not suitable for sampling below water or
excavation in rock
Greater potential for disruption/damage to site
than boreholes or probe holes
Depth restricted to 4:5m below ground level
Width and height restrictions of equipment

Cable percussion Allows greater sampling depth than with trial
pits, window sampler, or probing
Can penetrate most soils
Allows collection of undisturbed samples
Enables installation of permanent sampling/
monitoring wells

Not suitable for investigation in rock
Smaller sample volumes than for trial pits
More costly and time-consuming than trial pits
Width and height restrictions of equipment

Rotary boring Allows greater sampling depth than with trial
pits, window sampler, or probing
Can penetrate all soils and rocks
Allows collection of undisturbed samples
Enables installation of permanent sampling/
monitoring wells

Smaller sample volumes than for trial pits
More costly and time-consuming than trial pits
Width and height restrictions of equipment

Window sampler Allows greater sampling depth than with trial
pits
Undisturbed samples of the complete soil profile
can be recovered
A variety of measuring devices can be installed
once a hole is formed
Substantially faster than cable percussion
Portable, so can be used in areas with poor or
limited access

Not suitable for investigation in rock and cannot
penetrate obstructions
Depth restricted to 8m under favorable circum-
stances
Smaller sample volumes than for trial pits
Poor sample recovery in noncohesive granular
soils
Width and height restrictions of equipment

Cone penetration test (CPT) Allows greater sampling depth than with trial
pits
Substantially faster than cable percussion

Not suitable for investigation in rock and cannot
penetrate obstructions
No sample recovery
Ground water level not recorded
Width and height restrictions of equipment

Dynamic probing Essentially a profiling tool
Portable, so can be used in areas with poor or
limited access
Very quick and inexpensive

Not suitable for investigation in rock and cannot
penetrate obstructions
No sample recovery
Ground water level not recorded

laboratory tests for determining specific geotechnical
design parameters (Table 9.51 [9.260]) are also often
used to complement the field observations.

Foundation Types
Foundations can be categorized as follows:

� Compact foundations:
– Monoblocks
– Direct embedment� Separate foundations� Spread footings� Drilled shaft foundations� Piles� Anchors� Raft foundations� Grillage foundations.

There are also various subcategories. For example, an-
chor foundations can be divided into various types as
shown schematically in Fig. 9.155 [9.259].

Foundation Design
Basically, all foundation designs should comply with
the following main stability conditions:

� The capacity to support the loads coming from the
towers� The ability to distribute them in a manner compati-
ble with the soil capacity in terms of compression,
uplift resistance, and shear stresses.

The design of concrete monoblock foundations for
poles was briefly presented in Sect. 9.7.2. Hereunder,
the focus is on the basic design of typical foundations



9.7 Supports and Foundations 731
Section

9.7

Table 9.51 Laboratory tests—geotechnical design parameters (adapted from [9.260])

Category of test Name of test or
parameter measured

Remarks

Classification Moisture content Used in conjunction with liquid and plastic limits, it gives an indication of
undrained strength

Liquid and plastic limits
(Atterberg limits)

To classify fine-grained soil and fine fraction of mixed soil

Particle size distribution Identification of soil type
Mass density

Soil strength Triaxial compression Both undrained and drained tests or undrained tests with measurement of pore
pressure and required

Unconfined compression Alternative to undrained triaxial test for saturated nonfissured fine-grained soil
Laboratory vane shear Alternative to undrained triaxial test or unconfined compression test for soft clays
Direct shear box Alternative to the triaxial test for coarse-grained soils

Soil deformation One-dimensional com-
pression and consolidation
tests

Compressibility indices for the in situ soil

Rock strength Uniaxial compression and
point load test

Chemical Mass loss in ignition Measures the organic content in soils, particularly peat

Category of test Name of test or
parameter measured

Remarks

Classification Moisture content Used in conjunction with liquid and plastic limits, it gives an indication of
undrained strength

Liquid and plastic limits
(Atterberg limits)

To classify fine-grained soil and fine fraction of mixed soil

Particle size distribution Identification of soil type
Mass density

Soil strength Triaxial compression Both undrained and drained tests or undrained tests with measurement of pore
pressure and required

Unconfined compression Alternative to undrained triaxial test for saturated nonfissured fine-grained soil
Laboratory vane shear Alternative to undrained triaxial test or unconfined compression test for soft clays
Direct shear box Alternative to the triaxial test for coarse-grained soils

Soil deformation One-dimensional com-
pression and consolidation
tests

Compressibility indices for the in situ soil

Rock strength Uniaxial compression and
point load test

Chemical Mass loss in ignition Measures the organic content in soils, particularly peat

Anchor
tendon

Grout

Ground anchor Spread footing type foundation
using ground anchors

Block anchor foundation

Helial screw anchor Helical screw anchor foundation Deadman/spread plate anchor

Anchor rod

Ground
anchors or
micro-piles

GL

Soil

Rock

GL

GL

GL

GL

GL

Fig. 9.155 Different types of anchor foundations (adapted from [9.259])

for steel lattice towers, and in particular of separate
foundations for each tower leg, these being the most
common type for high-voltage lines.

Each leg of a steel lattice tower and subsequently
the related foundation must be able to sustain both

compression and uplift loads, as both wind directions
perpendicular to the line axis have to be considered. Ta-
ble 9.52 [9.261] provides an indication of the magnitude
of the loads on the foundation for different voltage lev-
els and tower types.
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Fig. 9.156a,b Free
body diagram of
spread foundations:
(a) compression,
(b) uplift (adapted
from [9.259])
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Fig. 9.157a,b Free body diagram of drilled shaft founda-
tions: (a) compression, (b) uplift (adapted from [9.259])

Table 9.52 Forces on legs of steel lattice towers (adapted
from [9.261])

Tower type Voltage Uplift Compression
(kV) (kN) (kN)

Suspension 110 10–25 12–30
220 20–40 25–50
380 30–150 40–180

Tension 110 30–60 35–80
220 40–100 80–120
380 80–200 100–350

Special (e.g., river crossing) 
 400 
 450

Tower type Voltage Uplift Compression
(kV) (kN) (kN)

Suspension 110 10–25 12–30
220 20–40 25–50
380 30–150 40–180

Tension 110 30–60 35–80
220 40–100 80–120
380 80–200 100–350

Special (e.g., river crossing) 
 400 
 450

Table 9.53 Soil parameters

Parameter Sand Clay
Frustum angle (ı) 30–35 10–20
Shear resistance (N=mm2) 0 20–40

Parameter Sand Clay
Frustum angle (ı) 30–35 10–20
Shear resistance (N=mm2) 0 20–40

Thickness of welding seam
a = 4 mm all around

Anchoring angle section
L 130 ×12 × 350

L 180 ×16

Leg
member
stub

T 
= 

32
00

D

100

350

100
12

GL

30
0

30
0

30
0

Fig. 9.158 Anchoring of steel leg members in the concrete
foundation (adapted from [9.4])
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Fig. 9.159 Full-scale test arrange-
ments for a rock anchor foundation
(adapted from [9.259])

The compressive loads are mainly resisted by the
allowable soil pressure at the bottom of the foundation,
and the uplift loads by the weight of the soil contained
within an assumed failure surface. In some cases, also
the shear forces acting at the surface of the foundation
body in contact with the soil are taken into account.
This concept is shown schematically in Figs. 9.156
and 9.157 for spread and drilled shaft foundations, re-
spectively [9.259].

According to this design concept, the soil pa-
rameters are crucial; they can be determined from
soil investigations and laboratory tests as explained
above, but also from previous experience. For an ini-
tial assessment, the values in Table 9.53 are often
used.

Anchoring of leg members (stubs) into the concrete
can be carried out either using additional cleats or by
bonding between the leg member stubs and the con-
crete alone (Fig. 9.158 [9.4]). Usually, a connection just
above ground level, between the lower main member
and the stub itself, is provided to enable physical sepa-
ration between the tower and the respective foundation.
This practice is important for tower erection, but also
facilitates the installation of a new tower over the exist-
ing foundation in case of tower failure.

For system-critical lines and/or extreme soil condi-
tions, full-scale foundation tests—primarily for uplift—
are recommended, being by nature complex and costly,
as is evident from Fig. 9.159 [9.259]. Thereby, the load
on and displacement of the foundation are recorded.

9.8 Construction

The construction of a high-voltage overhead line is
a complex undertaking, being unique due to the fact
that very few if any construction sites are so extended
as a transmission line site. This requires high logisti-
cal skills but also considerable geotechnical expertise,
as the soil and thus foundation type can and in most
cases will change drastically along the line route. In
addition, line construction encompasses the stringing
of long lengths of conductors, which is a very special
and demanding process not required in other con-
struction works. In this sense, line construction has to

follow highly demanding quality standards, also be-
cause the life expectancy of lines is set quite high by
the asset owners, with values of 40�70+ years not un-
common, and some lines over 100 years old still being
in service. In this sense, line construction considerably
influences line maintenance, as it may initiate the ap-
plication of suitable maintenance practices, including
hot line techniques and robotics, as in most cases lines
cannot be easily disconnected from the network for
maintenance and/or repair purposes. Other challenges
worth mentioning are difficulties with access and the
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need to work in parallel on many fronts with many
crews.

9.8.1 Survey and Tower Spotting

The on-site activities start with the transfer of the se-
lected route to the terrain, in particular by fixing the
angle points. The line axis is designed as a straight con-
nection of the line angle points. Along the line axis,
center-line beacons are installed to identify and secure
the line. This step is called line alignment. A survey of
the longitudinal profile follows, whereby the terrain and
all objects within the right of way are surveyed, such as
roads, stretches of water, buildings, and trees. The peg-
ging of the support sites, characterized by their centers,
and the survey of diagonal profiles at tower sites in in-
clined terrain, complete the survey activities on site.

As in other fields, survey procedures have profited
greatly from digitalization and automation.While in the
past surveyswere carried out using classical topography
methods, i.e., using tachymeters, nowadays the process
is accelerated and simplified and its accuracy improved,
either by the use of so-called total stations, i.e., au-
tomatically recording theodolites, or with the help of
real-time global positioning system (GPS) systems.
Both approaches enable the measurement, correction,
and immediate evaluation directly on site with a mean
precision of profile points below 10mm over distances
up to 3 km [9.4, Sect. 15.3].

So-called indirect survey systems are also often
used to record the route corridor, either based on pho-
tographs (aerial photogrammetry) or using signals ob-
tained by scanning.

The more recently developed light detection and
ranging (lidar) method adopts rotating lasers installed
on an airplane or helicopter to scan the Earth’s surface
and existing installations such as overhead lines.

Using GPS, the position of the helicopter can be
controlled to provide a continuous three-dimensional
determination of the laser positions. The helicopter flies
at approximately 100m above the ground at around
50 km=h. The laser scanning method enables one to sur-
vey the position of any objects in three dimensions. It is
possible to scan 200 km of lines per day, whereby dig-
ital profiles are obtained with the relevant information
on the terrain, infrastructure, and existing lines.

As a result of the terrain survey, a longitudinal pro-
file of the line route with all information relevant for the
detailed line design such as type of terrain and utiliza-
tion, crossed traffic roads, waters, and railways is avail-
able. In the next step, the support locations have to be
defined and the support types and heights determined;
this is known as tower spotting, which in the past was
done manually by the design engineer. Although nowa-

Sagging template
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Fig. 9.160 Manual tower spotting with the aid of a sagging
template (1: ground clearance curve; 2: conductor catenary
curve; T1: suspension tower 1; T2: suspension tower 2; h1:
height of T1; h2: height of T2; hm: minimum ground clear-
ance; a span length) (adapted from [9.4])

days this process is carried out by specialized computer
programs, it is instructive to understand its basic prin-
ciples (Fig. 9.160 [9.4]). The route profile drawing and
a template showing the catenary to the same scale as
the profile drawings were used, and a so-called sag-
ging template was produced based on the sags related to
the expected equivalent span (ruling span, Sect. 9.4.4)
and maximum conductor temperature. In parallel to the
ground curve, which is represented by the edge of the
template, the conductor catenary is shown at a distance
according to the stipulated ground clearance. If the tem-
plate touches the terrain, this parallel curve represents
the conductor position and enables the conductor at-
tachment points to be determined and the clearances to
crossed objects to be checked.

9.8.2 Transportation and Site Clearance

Line construction is basically a serious logistics issue,
as heavy material has to be transported and correctly
deposited at construction sites—the tower locations—
which are a few hundred meters apart and often span
from the beginning to the end of the line over distances
of many—sometime hundreds—of kilometers. This ac-
tivity is combined with the construction of access roads
required to bring in materials and construction equip-
ment to the individual tower sites and also for the
clearing of the ROW of the line from vegetation, as this,
if left to grow, can cause—and has caused—serious
operational problems, such as persisting earth faults.
Clearing techniques range from the use of shear blades
to remove most of the vegetation to the use of chain
saws to remove individual trees as well as manual meth-
ods in sensitive, selective clearing areas.
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9.8.3 Foundations

Foundations provide stability to the supported struc-
tures and protection from extensive deformation or
failure; if not constructed properly, the consequences
for the overall transmission line system can be catas-
trophic. Publication [9.262] provides a comprehensive
overview of various foundation options and also con-
tains an installation guide, a review of health and safety
concerns, as well as an assessment of the environmen-
tal impacts and various mitigation measures. On the
other hand, [9.263] deals with the installation of the
micropiles and ground anchors that are often used for
terrain with poor soil conditions or difficult access. An
additional source of good information on foundation in-
stallation is the standard [9.264].

Excavation
The foundation installation process starts with excava-
tion. To start with, a trial pit is excavated at a structure
site to identify the soil conditions. Hydraulic excava-
tors are often used for the excavation in normal soils
such as clay. Excavations with unshielded walls may
only be performed in unsaturated soils and while main-
taining safe wall inclination. In rock, hydraulic ham-
mers or explosives may be required. Other construction
equipment used in excavations include trucks, energy
generators, vibration plates, jumping jacks, vibration
hammers, levelers, etc. During excavation, water should
be prevented from entering the foundation excavation;
when required, an appropriate drainage system is used.
During foundation works, increasingly extensive—and
costly—measures are required to minimize the negative
impact on the environment and surroundings.

Concrete and Reinforcement Works
In a first step, the tower stub angles are positioned in the
excavation prior to insertion of the steel reinforcement.
Proper alignment of the steel stub angles is achieved by
the use of rigid steel templates. The reinforcement bars/
rods should be joined by means of tie wire or welding.
To ensure proper setbacks, plastic distance holders pro-
viding a minimum distance between the reinforcement
and formwork are used.

The concrete used in foundationworksmaybemixed
directly at or delivered to the site from a concrete mix-
ing plant. While pouring the concrete in the foundation
pit, the free drop height of the concrete mix should be
madeas small as possible, i.e., should not exceed100cm.
After pouring, the most widespread method of concrete
consolidation is vibration. In practice, vibrations are ap-
plied to the mix for 10�30 s using internal or external
vibrators. Proper concrete curing is essential to achieve
the desiredmechanical parameters. The concrete, partic-

ularly in the summer time, requires proper humidity to
be maintained. Unrestricted water evaporation can lead
to undesired concrete shrinking. Therefore, the concrete
must be protected from water loss due to extensive wind
and temperature, using a special curing compound, cov-
ering with foil, or pouring with water.

Backfilling
Backfilling is crucial to achieve the desired uplift re-
sistance; i.e., the main target of proper backfilling is to
achieve soil characteristics close to those of natural soil,
the most popular method being the compacting of the
backfill. For this purpose, noncohesive backfill should
be placed in layers of 20�25 cm and compacted using
vibration plates, jumping jacks, or vibration hammers.
Compaction can be improved by dampening the filling
with water. Another method for increasing the load-
bearing capacity is stabilization with cement. Cohesive
soils should be condensed in layers every 20�25 cm,
using nonhammering methods, e.g., tamping rollers or
vibration plates. Damping the filling soil with water is
in this case a gross mistake.

9.8.4 Supports

Essential for the efficient erection of steel lattice towers,
the most common type of line supports in all parts of the
world, is good logistical planning, as multiple resources
are active simultaneously on site and also large quan-
tities of steel angles, nuts and bolts, and gusset plates
have to be delivered from a marshaling yard called the
cemetery at the different tower locations bundled by
component.

Tower Erection
This is amongst the activities posing the highest safety
risks to the construction crews, and therefore it requires
special individual and collective protection and strict
compliance with safety rules. As a general safety rule,
every piece of equipment, tools, ropes, pulleys, hooks,
safety clamps, etc. must be inspected, calibrated, and
have their nominal capacity tested and certified, prior
to release to sites and being put into service. There are
four main methods of erection of steel lattice transmis-
sion towers, as described below.

Manual Method. This method consists of building
the tower, member by member, from the bottom up-
wards. The tower members are laid down serially on the
ground according to their sequence and as close as pos-
sible to their erection position, to avoid delays. While
this approach is still used extensively in many parts of
the world, it is a labor-intensive and low-productivity
method and is only suitable if the use of heavy equip-
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Fig. 9.161a–c Erection with a gin pole outside (a), inside (b), and at the center (c) of the tower body (adapted from [9.4])

ment, such as a crane or helicopter, is not feasible and
there is qualified and cheap labor available, and/or ac-
cess to the tower location is difficult.

Section Method. This method consists of preassem-
bling the major sections of the tower on the ground and
then rigging and lifting them using a gin pole. The gin
pole used consists of a steel or aluminum truss-type
beam, approximately 10m long and held in place by
means of guys. We distinguish between an outside and
an inside gin pole (Fig. 9.161a,b), and a gin pole at the
center of the tower (Fig. 9.161c); the picture shows the
erection of the tower for the Suez Canal crossing, the
latter being especially suited for towers with large width
and/or at tower locations with limited space, as no an-
chors to the ground are necessary.

Tilting Method. This method consists of assembling
the whole tower or part of it on the ground and then
lifting it as a complete unit using a mobile crane
(Fig. 9.162). This is the most productive method for the
erection of self-supporting towers, particularly in flat
terrain with good access conditions.

Fig. 9.162 Lifting of the upper part of a 400 kV Danube
type tower (photo Eduard Steiner AG/CH)
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Fig. 9.163 Tower erection using a helicopter (photo Ed-
uard Steiner AG/CH)

Helicopter Method. The use of helicopters may be
advantageous when towers have to be erected within
very short periods of time, lines are converted, or ac-
cess is difficult, e.g., in mountainous terrain. The use
of helicopters, however, is expensive and connected
with stress for the erection staff, and to a great extent
weather dependent. To achieve an economic advantage,
the components of the tower are preassembled on the
ground surface corresponding to the capacity of the he-
licopter used (Fig. 9.163). It may be worth mentioning
that helicopters have weight-lifting limitations of up to
8000kg.

Wood, concrete, and steel poles are often erected
by manual tilting, with the use of cranes, or in difficult
terrain by helicopters.

Installation of Bolts. After erection, the bolts (and
nuts), which have been placed but not fully tightened
in order to give the structure some flexibility to sus-

Table 9.54 Typical torques for bolt tightening (adapted from [9.4])

Bolt type M12 M16 M20 M22 M24 M27
Bolt diameter (mm) 12 16 20 22 24 27
Torque (Nm) 40–60 80–120 130–180 190–230 300–340 475–610

Bolt type M12 M16 M20 M22 M24 M27
Bolt diameter (mm) 12 16 20 22 24 27
Torque (Nm) 40–60 80–120 130–180 190–230 300–340 475–610

tain erection loads, have to be fixed (a torque wrench
is mandatory), observing the prescribed torques as per
Table 9.54 [9.4].

9.8.5 Conductor Stringing

Installation of overhead conductors is unique, as its the-
ater of activities is a long, narrow corridor of a few
kilometers in length, being considered by many to be
the most challenging task in transmission line erection.
Careful planning and a thorough understanding of pull
requirements and stringing procedures are needed to
prevent damage to the conductor during stringing op-
erations. The selection of stringing sheaves, tensioning
methods, and measurement techniques are critical fac-
tors in obtaining the desired sagging results. Conductor
stringing, sagging equipment, and techniques are dis-
cussed in detail in [9.265]. There are three stringing
methods: the tension method, the slack method, and
the helicopter method. These are briefly described be-
low.

Tension Method
By far the most common method used for conductor
stringing is the tension method. In this method, the con-
ductor reel is mounted on a payoff that is capable of
applying a braking force to the reel to maintain ten-
sion on the conductor. The conductor is then strung (or
reeved) through a multigroove bull-wheel tensioner so
that the conductor is under tension during pulling and
is not allowed to contact the ground (Fig. 9.164 [9.4]).
At the other end of the line section to be strung, i.e.,
between two strain towers, sits the nowadays hydrauli-
cally driven, twin bull-wheel puller, in order to haul the
conductor, but also the pilot and/or the pulling rope.

It is important to coordinate the bull-wheel speed
with the puller speed to prevent excessive sagging or
dynamic loading (jerking) of the conductor during the
pull. In a typical tension stringing operation, blocks,
also known as travelers or sheaves, are attached to each
structure or the end of an insulator string. For new con-
structions, a pilot line is pulled through the blocks and
used to pull in a heavier pulling line, which is then used
to pull the conductor through the blocks, while for re-
conductoring applications, the existing conductor can
be transferred to the blocks at each tower, then con-
nected to the new conductor and used to pull in the new
conductor as it is removed.
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Fig. 9.164 Stringing of a twin bundle conductor (adapted from [9.4])

Slack or Layout Method
Slack stringing of a conductor is limited to lower-
voltage distribution lines and smaller conductors, where
some surface damage is tolerable. The conductor reel(s)
are placed on reel stands (jack stands) at the begin-
ning of the stringing location. The conductor is unreeled
from the shipping reel and dragged along the ground
by means of a vehicle or pulling device. This method
requires heavy traffic in the ROW and is not recom-
mended for transmission applications.

Helicopter Method
Helicopters are engaged in stringing operations in case
of terrain with difficult relief and poor accessibility
to the support locations and at the same time reduce
construction time considerably. The main tasks are as
follows:

� Linemen are transferred via helicopter to each struc-
ture, where they climb the towers. They then hang
the stringing wheels on each conductor suspension
point, i.e., at the line end of the insulator string.� Synthetic rope is hooked onto the helicopter and
pulled through the stringing wheels.� Wire rope is connected and pulled back the opposite
way through the stringing wheels.

a)

b)

Fig. 9.165a,b Basket grip (a) and swivel (b) (adapted
from [9.266])

� The conductor is connected and pulled back through
the stringing wheels using a puller located on the
ground, as in most cases it is too heavy to be pulled
by the helicopter.� The stringing wheels are removed from each sus-
pension point.

Ancillary Equipment
During stringing, it is necessary to use the proper tool
to grip the conductor strands evenly to avoid damag-
ing the outer layer of wires. The preferred grip type is
often referred to as a basket grip (Fig. 9.165a). It is of-
ten used because its flexibility and small size make it
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Fig. 9.166 Single
lined block (adapted
from [9.266])

easily pulled through blocks during the stringing oper-
ation. A swivel should be installed between the pulling
grip and pulling line, or between grips when double-
socked, to allow free rotation of both the conductor and
the pulling line (Fig. 9.165b) [9.266].

Also crucial to the success of stringing is the use of
proper stringing blocks (Fig. 9.166 [9.266]). These con-
sist of one or more sheaves or pulley wheels enclosed in
a frame to allow their suspension from insulator strings
and with a latching mechanism for insertion and re-
moval of the conductor during the stringing operation.
Blocks are designed for a maximum safe working load,
which must not be exceeded during pulling or sagging.

Sheaves are often lined with neoprene or urethane to
prevent scratching of the conductor, while the block di-
ameters (at least 20 times the conductor diameter) and
groove design must be properly sized for the conductor
being used. Proper maintenance is essential, since high
longitudinal tensile loads can develop on transmission
structures if a block should freeze during tension string-

Fig. 9.167 Sagging thermometer (adapted from [9.266])

ing, possibly causing conductor and/or structure damage
and posing a safety risk to the construction crews.

Since most sagging information is given relative
to the conductor temperature, a sagging thermometer
(Fig. 9.167 [9.266]) should be used to accurately de-
termine the temperature of the conductor. This handy
equipment contains a bimetal thermometer mounted on
a short piece of a conductor mock-up, allowing the user
to accurately determine the temperature of the conduc-
tor being sagged and not just the ambient temperature.

Sagging
Once the conductor has been pulled in and is lying in the
blocks, the conductor can be pulled up to the design or
sagging tension, as determined in Sect. 9.4.4. For this
purpose, a grip is applied to the free end of the conductor
and the grip is attached to a ratcheting tensioning device,
like a come-along, to pull the conductor up to sag.

There are three different methods available for sag-
ging lines, using a a transit, a stopwatch, and a dy-
namometer. Publication [9.265] lists three methods of
sagging conductors with a transit: calculated angle of
sight, calculated target method, and horizontal line of
sight. In the stopwatch method, by initiating a pulse
on a tensioned conductor and measuring the time re-
quired for the pulse to move to the nearest termination
and back, the tension and sag of the conductor can be
determined. Sagging with a dynamometer is sometimes
used for small conductors over one or two spans.

Last but not least, sagging must consider the un-
avoidable conductor creep described in Sect. 9.4.3. To
provide for creep, the conductor sag should be calcu-
lated not for the ambient temperature during sagging
but for a lower temperature; the temperature difference
�T can be calculated from

�T D e

˛
; (9.134)

where e is the creep strain (Sect. 9.4.3) and ˛ is
the coefficient of thermal expansion of the conductor
(Sect. 9.4.4).

Often, crews wait some days or even weeks before
fixing the conductor in the clamps in order for the con-
ductor creep to have settled.

OPGW stringing is similar, but typically involves
fiber splicing, a specialized activity.

9.8.6 Installation of Conductor Hardware

For installation but also inspection and maintenance, it
is common to work in-span on the conductors, shield
wires, and perhaps optical ground wires (OPGW). This
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Fig. 9.168 Spacer installation on a horizontal twin bundle
with the help of a cart [9.267] J

is often done by using carts or man-baskets, although
sometimes the work is done without any apparatus at
all to support and transport the person(s) on the wires.
Working in-span on conductors is common, especially
when accessibility using alternative methods such as
the use of bucket trucks, cranes, or helicopters is prob-
lematic or restricted. Carts are wheeled rigs that ride
along single and bundle conductors, ground wires, and
OPGW. Typical examples of their use are for installa-
tion of spacers, dampers, or aircraft warning markers
(Fig. 9.168 [9.267]).

9.9 Maintenance

9.9.1 Maintenance Activities and Strategies

Due to difficulties encountered in building new and
even upgrading existing lines, and since many lines
worldwide are approaching their design life or beyond,
a good maintenance strategy is important to ensure their
integrity and reliable operation. Defects and failures of
overhead lines occur in practice due to:

� External causes such as lightning, earth faults in the
grid, extreme weather conditions, and very seldom
sabotage, as well as mechanical impacts (i.e., vehic-
ular collisions)� Internal causes such as wear, aging, deformation,
corrosion, and poor construction or materials� Operational aspects such as electrical overload,
switching overvoltages, and improper functioning
of protection and control� Approaching the projected end of life of the line.

Maintenance activities can be divided into three basic
categories:

� Periodic normal maintenance� Preventive maintenance or component repair� Emergency restoration or repair.

Periodic normal maintenance consists of activities such
as:

� Vegetation management� Tower painting� Insulator washing.

The optimum time intervals between these activities can
be determined based on risk assessment and cost evalu-
ation [9.268, 269].

Preventive maintenance or component repair con-
sists of activities such as:

� Damaged insulator replacement� Conductor repair� Joint replacement� Spacer and spacer damper replacement� Repair of structural tower members or foundation
repair� Correcting electrical clearance problems, as these
may have been affected by conductor creep, new
buildings near the line, etc.

Finally, emergency restoration is usually a result of
component failure and therefore line failure, or the
result of major storm damage, sabotage, or delayed
maintenance [9.270]. The key to the development of
an adequate emergency response plan is for the asset
owner and senior management to commit to a proactive
long-term plan for responding to anticipated emergency
situations, and the formulation of a corporate policy on
how the utility will respond to emergencies.

Formulating a successful transmission line mainte-
nance strategy is dependent on the transmission line
asset owner’s drivers and constraints. The maintenance
strategy will depend on the asset owner’s particular en-
vironment, the existing condition of assets, and perhaps
most importantly, how critical a line is to the operation
of the network. However, no matter what the mainte-
nance activities are, they all share similar requirements
that must be considered when developing a successful
maintenance strategy. These include:

� Prioritizing the transmission lines� Periodic inspection of the lines� Database management
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� Consideration of in-house or outsourcing of main-
tenance work� Performing live work or deenergized work� Planning for people, equipment, and training� Finding outside resources� Condition assessment� Benchmarking and continual improvement.

9.9.2 Common Defects and Condition
Assessment of Line Components

In the following, common defects found in different line
components are presented, together with the techniques
currently employed for their detection in situ.

Conductors and Associated Hardware
Corrosion. Steel corrosion of conductors is principally
caused by industrial and salt pollution in the environ-
ment in the presence of moisture. The state of conductor
corrosion is often checked using a so-called overhead
line corrosion detector (OHLCD). It introduces eddy
currents into the conductor from a coil that clips around
the conductor and measures with a second coil the irreg-
ularity in the induced magnetic field in regions where
the galvanization of the steel core has been attacked.
The OHLCD can also be used on ground wires made of
galvanized steel by adding to the sensing head a plastic
shell with an adequate number of aluminum wires fit in
it to simulate an ACSR conductor.

Aluminum corrosion of conductors by sulfurous
pollutants deposited on the outer surface of the con-
ductor causes pitting of the surface. Normally, this
type of corrosion is evenly spread on the outside of
the conductor and does not reduce its strength to the
same extent as internal corrosion; it can be detected by
visual inspection of conductor bulging due to the cor-
rosion products from the discoloration of the aluminum
strands.

Damage from Wind-Induced Vibration. As ex-
plained in Sect. 9.4.11, overhead lines are often affected
by wind-induced vibrations; these can initiate the fol-
lowing forms of damage:

� Drooping/missing/slipped vibration dampers
(Fig. 9.169)� Missing nuts from suspension clamps or hardware� Split pins missing or displaced� Corona rings or insulator strings displaced� Broken conductor strands (Fig. 9.57)� Aircraft warning markers moved or missing� Loose or broken tower members� Severe wear of suspension hardware (Fig. 9.170)
[9.271].

Fig. 9.169 Drooping vibration dampers (20 past 8 o’clock
look)

Fig. 9.170 Wear of string hardware

Inspection techniques include visual inspection
from the ground or a helicopter, use of a stabilized video
camera (helicopter), and corona measurements. The lat-
ter help to detect broken strands as their sharp edges
lead to high field gradients that cause high-frequency
corona discharges (Sect. 9.4.6). Quite recently, an inno-
vative equipment which can detect broken strands, also
inside the conductor, using x-ray technology was pre-
sented [9.272].

Conductor Joints. Most joints used on ACSR are of
the compression type, although bolted joints are of-
ten used in jumpers. Inadequate compression due to
poor joint design or problems during installation, such
as use of the wrong dies, can lead to aluminum ox-
ide formation within the joint, a related resistance
increase, and excess current flowing in the steel core
of the conductor, which can then overheat and ulti-
mately rupture. Consequently, the electrical resistance
of a joint is the main factor used to assess its condition
(Sect. 9.6.1). Measurement of joint temperature us-
ing infrared photography—normally with resolution of
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Fig. 9.171 Thermographic joint inspection performed from
the ground (adapted from [9.271])

1 ıC—from the ground (Fig. 9.171 [9.271]), and com-
parison with the detected temperatures at the conductor,
can be a time-saving method that enables a utility to get
a good indication of the condition of the joints along
a line. A recommendation for the evaluation of such
measurements is proposed in [9.273].

The absolute temperature difference method can be
described as follows:

a. Detection principle: The highest temperature of
conductors or line fittings 1m from the measured
object, operating normally, acts as the reference
temperature. The temperature of the measured ob-
ject is t, then there is �t D t� ta, and �t is used
to judge the thermal defect. It is regarded as a minor
fault when�t is below 10 ıC; it is regarded as a gen-
eral fault when�t is between 10 and 20 ıC; and it is
regarded as a serious fault when �t exceeds 20 ıC.

b. Detection characteristics: The absolute temperature
difference method is able to eliminate the effects of
an additional temperature rise caused by solar radi-
ation. At the same time, because of the inaccuracies
of parameters such as similar orientation, detec-
tion distance, environmental temperature, humidity,
and wind speed, the errors decrease correspond-
ingly.

Further details are described in [9.213] as well as other
measurement methods such as:

� Electric resistance test� Magnetic resistance test

� Radiography (x-ray) test� Boroscope test.

Aged Fittings. Nowadays, as the erection of new lines
faces problems in many countries, it is of paramount
importance to develop reliable testing techniques for the
evaluation of aged string and conductor fittings and to
decide whether it is safe for them to remain in service
or if they have to be replaced. This issue is covered ex-
tensively in [9.233]. Therein, aged fittings are defined
as those installed for over 30 years. It is also recom-
mended to cut out a representative number of fitting
samples with a sufficient length of conductor without
opening the fittings.

Carts for In-Span Work. As line components age,
concerns arise regarding the safety of in-span work
insofar as it increases the mechanical tension in the con-
ductor, which may be weakened. Publication [9.267]
identifies the factors that affect the structural integrity of
aged conductors and the risks associated when carts are
used, and provides guidelines for inspection and assess-
ment of safe conditions as well as alternative methods
for dealing with presumed unsafe conditions. These in-
clude lowering the damaged conductor to the ground
or to the level of another undamaged conductor, us-
ing a bucket truck or a crane, a helicopter, or applying
robotics (Sect. 9.9.4).

Insulators
Porcelain Insulators. Broken insulator sheds can re-
sult from vandalism and defects induced during the
manufacturing process. However, the main cause of
failure of porcelain cap-and-pin insulators is corrosion
of the steel pin in the cap and of the pin assembly, as
the expansive corrosion products create a tensile hoop
stress, which leads to radial cracks in the porcelain. On
the other hand, porcelain longrods have very seldom
failed because of unnoticed inferior quality of the raw
material.

Glass Insulators. With glass insulators, discharges
erode the glass and pin, and after fairly minor sur-
face damage, the imbalance in the internal mechanical
stresses in the toughened glass causes the shed to shat-
ter completely.

Publication [9.199] provides guidance on how to
check the state of insulators and determine the appro-
priate time for their replacement.

Composite Insulators. For composite insulators,
which in the meantime have developed as a viable al-
ternative to porcelain and glass, degradation can occur
through premature aging or internal manufacturing de-
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fects. The latter are the subject of discussion when live
line working (Sect. 9.9.3) is an issue, as they cannot be
easily detected visually.

Inspection Techniques. The inspection techniques
listed below can be used for porcelain and glass insu-
lators:

� Visual inspection� Insulator voltage drop� Electric field� Infrared (IR) thermography� Ultraviolet (UV) detection� Radiofrequency/microwave emission detector.

In addition, for composite insulators, directional wire-
less acoustic emission, combined IR–UV measure-
ments (Multicam), and a recently developed high-
frequency high-voltage measurement tool, which is
directly applied to the insulator using a hot-stick, can
be used as fault-detection techniques.

The assessment of aged, old, or failed composite in-
sulators, in order to evaluate their technical condition
and reach a conclusion regarding their residual life ex-
pectancy with the help of specific laboratory testing, is
covered extensively in [9.198].

Supports
Steel Towers. Most supports are constructed using gal-
vanized steel members. Normal maintenance practice is
to paint them with protective coatings at regular inter-
vals, typically 10�25 years, depending on the pollution
level of the environment. In addition, the support mem-
bers can be subjected to buckling due to soil movement,
loose bolts, or broken members. Excessive wind move-
ments can also cause loose bolts and member failure.

The following inspection techniques may be used to
assess the steel structure condition:

� Visual climbing inspection� Binoculars� Telescope� Camera� Electronic paint and galvanizing thickness measure-
ment� Cross-hatch cut test.

The latter is the method by which the adhesion val-
ues for the paint on the support members as specified
in [9.274, 275] can be ascertained.

Wood Poles. The main damage to which wood poles
are subjected is the degradation of their mechanical

strength due to wear and decay of the wood or the action
of insects and woodpeckers. Decay takes place mainly
in the ground line zone, where humidity, fungi, bacte-
ria, and pollutantsmay penetrate inside the pole through
natural cracks in the wood or passages created by in-
sects. To protect the pole from these agents, the wood is
treated prior to installation. Supplemental in situ treat-
ments may be applied to prolong the life expectancy.

Concrete Poles
Concrete poles may suffer from cracks in the concrete
caused by inappropriate manufacturing (poor mixture
or short curing). Water ingress can then corrode the
steel bars and even cause catastrophic damage. Reme-
dial approaches include sealing of the cracks by special
design and bandaging of the pole by fiber-reinforced
tapes at the crack location.

Foundations
Although for the majority of foundations, when prop-
erly constructed, there are no significant modes of
degradation, many utilities have to deal with subsurface
corrosion. Also, cracks on the upper part of the foun-
dation are relative frequent. Uplift failures can occur
if the stub is insufficiently encased in the block or the
cleating is inadequate, as well as corrosion of the tower
steel when moisture and oxygen are present. These can
be detected by using appropriate inspection techniques
ranging from the simple (visual) to sophisticated, such
as surface-penetrating radar and acoustic pulse echo.
It is also prudent to check the earthing conditions, as
this may have deteriorated, e.g., through corrosion of
the earthing rods or poor contact of the earthing leads.

9.9.3 Live Line Work

Live line work (LLW), i.e., work on energized circuits,
has been carried out in different parts of the world for
many decades. Live work is the preferred method of
maintenance when system integrity, system reliability,
and operating revenue are at a premium and removal
of the circuit from service is not acceptable. Live work
may also be beneficial—and has been used—in con-
struction, upgrading, and uprating.

Most maintenance operations that are performed
deenergized can also be performed using live work
techniques. To do so requires proper operating pro-
cedures that take into account the complexity of the
task and technical standards with regards to equipment,
procedures, safety, and quality assurance as described
in [9.276].

The feedback from utilities performing live work on
overhead lines is that the cost is comparable to that in
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Fig. 9.172 Replacement of twin spacers on a live 500-kV
line with a helicopter

deenergized conditions. However, there is a minimum
additional cost of 1 or 2 more days for preparation of
live work plans. The following case study from [9.276]
is instructive in order to understand the importance of
LLW:

In this case study, a number of spacers which
had damaged the conductor had to be replaced live
on a 500-kV line with twin ACAR conductors in the
USA. Consideration was given to completing the work
either deenergized or live. With circuit outage con-
straint charges of USD 75 000 per hour, the decision
was made to complete the work as live work over
a 22-day period using a helicopter (Fig. 9.172), which
involved changing 6208 spacers with a total cost of un-
der USD 800 000, corresponding to approximately 10 h
of outage cost.

9.9.4 Transmission Line Robotics

The expected increase in live line work approaches
has stimulated the development and use of robotic de-
vices to minimize the risk to field personnel safety
and maintain power system reliability. In the following,
an overview and assessment of the future possibilities
for transmission line robotics is presented, extracted

Fig. 9.173 UAV with propeller side protection and camera
for visual inspections (adapted from [9.277])

from [9.277]. The following classes of robots are iden-
tified:

Ground-based robots are designed to remotely cap-
ture and control energized conductors and execute tasks
that are far beyond human capability from a mechani-
cal and electrical stress perspective and cannot be easily
performed with traditional live line tools such as hot-
sticks.

Line-suspended robots are designed to perform vi-
sual inspection of transmission lines in difficult areas,
such as large rivers or mountainous terrain. For this
purpose, they are equipped with different types of cam-
eras as well as special sensors, e.g., in order to measure
the electrical resistance of splices, to record corona-
induced audible noise, and to detect corrosion and/or
broken conductor strands. One of the first applications
of such robots has been conductor deicing [9.278].

Aerial-based robots are also designed to perform
visual inspections, but in this case unmanned aerial ve-
hicles (UAV) are used. These are normally equipped
with GPS, camera, and image transmission equipment
and are able to fly on predetermined routes along the
power transmission line and wirelessly transmit the im-
ages taken to the base station (Fig. 9.173 [9.277]).
The inspection costs of this UAV are about half when
compared with the costs of a conventional manned he-
licopter.

Other types of robots have been developed for live
line dry cleaning with brushes and live line inspec-
tion of insulators by measuring the resistance and the
voltage distribution along the insulator, as well as for
performing simple repair work such as installation of
repair rods.
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9.10 Uprating and Upgrading

Many countries with major electrical infrastructure are
frequently confronted with four coinciding critical is-
sues:

� Much of this infrastructure was constructed in the
1950s and 1960s, which result in the age of the as-
sets being over 50 years.� The design life of much of the infrastructure is in
many cases about 50 years and has matured beyond
the engineering serviceability and/or economic life
and requires some form of life extension.� The need to increase the capacity of the existing
infrastructure places extraordinary demands on util-
ities to establish strategies to uprate the existing
infrastructure.� Approvals for the construction of new overhead
lines are often difficult to obtain and in many cases
result in critical delays to meet network capacity
needs.

These issues and how they can be addressed are dis-
cussed in detail in [9.279], wherefrom the information
presented here is extracted.

Therein, upgrading is defined as increasing the
original structural strength of an item due to, for ex-
ample, a requirement for higher meteorological actions
or increasing the original electrical performance of an
overhead line. Upgrading results in a decrease in the
probability of failure but does not change the conse-
quences of failure.

Uprating is defined as increasing the electrical char-
acteristics of a line due to, for example, a requirement
for higher electrical capacity or larger electrical clear-
ances. Since uprating will mainly increase the electrical
capacity of the line, consequently it will potentially in-
crease the consequences of a line failure.

A few years ago, the CIGRE launched a question-
naire to determine international practice on this subject,
the response being excellent. The answers and their
evaluation are included in [9.279] and can be summa-
rized as follows:

� 43 utilities from 20 countries representing all conti-
nents responded.� 183 lines with voltages ranging from 33 to 765 kV
were described.

Table 9.55 Share of uprating and upgrading applications (adapted from [9.279])

Main action Uprating Upgrading Total
No combination Uprating only 57% (24 cases) Upgrading only 12% (5 cases) 69% (29 cases)
Combination Uprating with upgrading 21% (9 cases) Upgrading with uprating 10% (4 cases) 31% (13 cases)
Total 78% (33 cases) 22% (9 cases) 100% (42 cases)

Main action Uprating Upgrading Total
No combination Uprating only 57% (24 cases) Upgrading only 12% (5 cases) 69% (29 cases)
Combination Uprating with upgrading 21% (9 cases) Upgrading with uprating 10% (4 cases) 31% (13 cases)
Total 78% (33 cases) 22% (9 cases) 100% (42 cases)

� In many cases, high-temperature low-sag (HTLS)
conductors (Sect. 9.4.9) were used to increase the
current plus composite insulators (Sect. 9.5.5) to
modify the tower-top geometry in order to increase
the voltage.

Table 9.55 presents the share between uprating and up-
rating applications.

The factors affecting the decision for uprating/
upgrading works mentioned in the answers to the ques-
tionnaire are ranked below according to preference
(total votes 40):

� 68% (27 votes): lower investment of the works� 58% (23 votes): lower life cycle assessment costs
(investments, losses, O&M)� 35% (14 votes): unacceptable mechanical or electri-
cal reliability� 18% (7 votes): real return periods lower than design� 13% (5 votes): political costs of unavailability.

Last but not least, the uprating/upgrading costs were
compared with the construction of a new equivalent
line, yielding quite a wide range from zero to 100%
with a mean of 33% and a median of 20%.

9.10.1 Uprating

In recent years, technologies for line uprating have been
developed. The basic idea is to use existing line cor-
ridors to transfer more power, which can be done by
increasing the line current, the line voltage, or both (Ta-
ble 9.56).

For uprating actions, increasing the current rate is
significantly more popular than increasing the voltage
level, with 71% or 30 cases for increasing the current
rate and 24% or 10 cases for increasing the voltage
level. Table 9.57 provides a list of the most common
voltage and current uprating mechanisms and the asso-
ciated techniques, methods, and processes. More details
can be found in [9.279].

The following factors should be taken into account
before increasing line ampacity:

� Cost of losses: Uprating a line without increasing
the aluminum area of the conductors or decreasing
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Table 9.56 Options for uprating

Increasing Method Tool
Current
rating

Increasing
temperature

Increasing height
attachment point
Retensioning

Reconductoring Compact/smooth
conductor
High-temperature
conductor

Special engineering
methods

Statistical approach

Real-time approach
Voltage
level

Reinsulation Adding/substituting
insulators, adjusting
gaps
Cross-arm
modification

Ground clearance Increasing height
attachment point
Retensioning

Phase–phase distance Conversion of 2 to 1
circuit
New tower top

Increasing Method Tool
Current
rating

Increasing
temperature

Increasing height
attachment point
Retensioning

Reconductoring Compact/smooth
conductor
High-temperature
conductor

Special engineering
methods

Statistical approach

Real-time approach
Voltage
level

Reinsulation Adding/substituting
insulators, adjusting
gaps
Cross-arm
modification

Ground clearance Increasing height
attachment point
Retensioning

Phase–phase distance Conversion of 2 to 1
circuit
New tower top

the resistance will result in increased losses. The
increased cost of losses, preferably from a system
rather than a single line viewpoint, needs to be de-
termined to decide on the best action to take.� Condition of current-carrying clamps: The clamps
need to be in a position to carry an increased current
load. This implies that clamps that appear sound at

Table 9.57 Mechanisms for uprating (adapted from [9.279])

Method Technique and solution
Increased thermal rating
Increase conductor rating Conductor replacement Increased conductivity area

High-temperature conductors
Composite conductor systems

Modify rating criteria Meteorological study
Increase conductor temperature and
maintain ground clearance

Conductor tension Increase tension
Negative sag devices

Increased conductor attachment height Structure body extension
Insulator cross-arms
Interspaced structures

Increased thermal rating by active line
rating systems

Line thermal, sag, tension, and/or climatic
conditions measurement

Line sag or tension monitors
Conductor distributed temperature
sensing
Weather stations

Probabilistic rating Actual load profile Temporary increase in rating
Modify rating criteria Probability-based meteorological study

High surge impedance Conductor bundling and geometry Physical reconfiguration

Increased voltage rating
Increased electrical clearances Insulators Insulator body extension

Increased conductor attachment height Structure body extension
Insulator cross-arms
Interspaced structures

Method Technique and solution
Increased thermal rating
Increase conductor rating Conductor replacement Increased conductivity area

High-temperature conductors
Composite conductor systems

Modify rating criteria Meteorological study
Increase conductor temperature and
maintain ground clearance

Conductor tension Increase tension
Negative sag devices

Increased conductor attachment height Structure body extension
Insulator cross-arms
Interspaced structures

Increased thermal rating by active line
rating systems

Line thermal, sag, tension, and/or climatic
conditions measurement

Line sag or tension monitors
Conductor distributed temperature
sensing
Weather stations

Probabilistic rating Actual load profile Temporary increase in rating
Modify rating criteria Probability-based meteorological study

High surge impedance Conductor bundling and geometry Physical reconfiguration

Increased voltage rating
Increased electrical clearances Insulators Insulator body extension

Increased conductor attachment height Structure body extension
Insulator cross-arms
Interspaced structures

present loads may fail at the increased load. These
connectors therefore need to be checked, preferably
by resistance checks to ensure that the resistance of
the clamp is lower than that of an equivalent piece
of conductor.� Actual templating or design temperature: The actual
as-built templating or design temperature is nor-
mally found to be different from that assumed in
the determination of the ampacity. This is due to
sagging or surveying or location of towers not be-
ing as planned. It is therefore critical to determine
the present templating or design temperature of the
line. This can only be achieved by surveying the line
with the temperature of the conductor known.� Condition of conductor: The conductor could have
been damaged by gunshots, lightning strokes, vi-
bration, poor securing of clamps, or other such in-
cidents. The entire conductor therefore has to be
checked in detail.Anynicks ordamaged strands need
to be repaired using repair sleeves or equivalent.

Uprating Case Studies
The following case studies are presented exemplarily,
being at the time of writing more or less at an exper-
imental stage. More case studies as well as updated
information on uprating and upgrading can be found
in [9.280].

400-kV AC/DC Hybrid Line. Conversion from AC to
DC offers certain advantages for long-distance power
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Fig. 9.174 Hybrid 380-kV line with
conversion from AC to DC (source
Amprion)

Fig. 9.175
Cross-section of the
new LWC 604mm2:
Aluminum alloy
wires in dark brown,
hollow elements in
light brown (source
APG, Austrian
Power Grid)

transmission. In particular, in DC, the conductors can
be utilized up to their thermal limit, while in AC the
surge impedance loading (SIL) often becomes the lim-
iting factor. This interesting subject was covered in an
early paper [9.281]. Presently, in a pioneering project
in Germany, one of the two circuits of a 380-kV AC
line was converted to a ˙380-kV DC bi-pole, with the
third conductor being used for the metallic earth re-
turn (Fig. 9.174). One major prerequisite was to use
the same conductors and towers. This was only possible
by replacing the existing porcelain strings by compos-
ite insulators, as these have proven, significantly better
pollution performance in particular under DC, thus their
length can be accommodated within the existing tower
top geometry. More details about hybrid lines in gen-
eral can be found in [9.282] and about this project
in [9.283].

Conversion of a 245-kV AC Line to a 420-kV AC Line.
A study from Austria was presented in [9.284], where
the line uprating was twofold. On one hand, the original

ACSR conductors were replaced by newly designed so-
called low-weight conductors (LWC), i.e., conductors
with the same amount of aluminum but a higher diam-
eter of 39mm (Fig. 9.175), which is advantageous to
increase their current-carrying capacity and reduce the
corona noise. On the other hand, the metallic cross-arms
of the steel lattice towers were replaced by insulat-
ing cross-arms with composite insulators (Fig. 9.176),
enabling the increase of the line voltage from 245 to
420 kV using the same tower body.

CompactLine. This is quite a new concept developed
in Germany [9.285]. The idea is to utilize existing 220-
kV corridors with a new design of 380-kV low-visibility
pylons. In order to do this, the conductor sag has to be
limited, which is made possible by suspending the quad
bundle conductors from a tightly strung high-strength
steel rope (Fig. 9.177) similar to those used in funicu-
lars. In order to keep the support top geometry and the
ROW narrow, V-strings with high-strength composite
insulators were installed (Fig. 9.178).

9.10.2 Upgrading

The main reason for upgrading is to increase the avail-
ability of the line. Often, meteorological data collected
over many years reveal that there could be higher ice
and wind loads on the transmission lines compared with
the loads that the lines were originally designed to with-
stand. Due to this fact, lines need to be upgraded to
maintain reliability. New transmission line modeling
techniques allow more detailed analyses to assess the
adequacy of various transmission line components and
thus help to quantify the need for upgrading.
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245 kV 420 kVa) b)
Fig. 9.176a,b
Uprating of 245 kV
AC to 420 kV
AC (a) using com-
posite insulating
cross-arms (b)
(source APG)
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Fig. 9.177 Low-profile pylon of
the CompactLine with composite
V-strings—last works before com-
missioning in summer 2018 (source
50hertz)

Fig. 9.178 Low-profile pylon of the CompactLine with
composite V-strings—last works before commissioning in
summer 2018 (source 50hertz)

Successful upgrading of transmission lines depends
on a number of factors that must be considered. These
factors can be classified as:

� Environmental factors� Operational factors� Mechanical and electrical degradation factors.

Some examples of various factors are given in Ta-
ble 9.58 [9.269].

The basic criterion for upgrading a line uses the re-
turn period of the limit wind load (or of the limit ice
load when applicable), by designing the line for a higher
return period (say increasing it from 50 to 80 years).
The reliability is a result of the combination of the load
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Table 9.58 Factors affecting life and performance of a transmission line element (adapted from [9.269])

Environmental factors Operational factors Mechanical and electrical
degradation

Climate:
i. Overloading due to ice and/or wind
ii. Extreme temperatures
iii. Ultraviolet exposure
iv. Fungi
Pollution:
i. Acid rain
ii. Salt spay
iii. Fertilizer use
iv. Industrial gases
v. Lightning strikes
vi. Fires
Other external factors:
i. Vandalism (gunshots, theft, abuse)
ii. Wildlife (i.e., woodpeckers, rodents, insects)
iii. Mechanical impacts (cars, farm equipment, planes)

i. High-temperature operation
ii. Increased continuous current
iii. Increased fault current
iv. Lack of maintenance
v. No outage time available for mainte-
nance
vi. Installation of telecommunication
structures
vii. Higher ground clearance
viii. Higher voltage level
External factors:
i. New obstacles in the vicinity of the
line (i.e., roads, buildings)

i. Loosening or breakage of
connections
ii. Fatigue of materials caused
by vibrations
iii. Corrosion
iv. Material wear
v. Degradation of insulation

Environmental factors Operational factors Mechanical and electrical
degradation

Climate:
i. Overloading due to ice and/or wind
ii. Extreme temperatures
iii. Ultraviolet exposure
iv. Fungi
Pollution:
i. Acid rain
ii. Salt spay
iii. Fertilizer use
iv. Industrial gases
v. Lightning strikes
vi. Fires
Other external factors:
i. Vandalism (gunshots, theft, abuse)
ii. Wildlife (i.e., woodpeckers, rodents, insects)
iii. Mechanical impacts (cars, farm equipment, planes)

i. High-temperature operation
ii. Increased continuous current
iii. Increased fault current
iv. Lack of maintenance
v. No outage time available for mainte-
nance
vi. Installation of telecommunication
structures
vii. Higher ground clearance
viii. Higher voltage level
External factors:
i. New obstacles in the vicinity of the
line (i.e., roads, buildings)

i. Loosening or breakage of
connections
ii. Fatigue of materials caused
by vibrations
iii. Corrosion
iv. Material wear
v. Degradation of insulation

Table 9.59 Methods and tools for upgrading (adapted
from [9.269])

Method Tool
Reducing impact of climatic
loads

Compact/smooth conductor
Decreasing ice accretion
Decreasing number of sub-
conductors
Decreasing number of circuits

Increasing characteristic
strength

Support: leg members
Support: bracings
Foundation: uplift
Foundation: compression

Method Tool
Reducing impact of climatic
loads

Compact/smooth conductor
Decreasing ice accretion
Decreasing number of sub-
conductors
Decreasing number of circuits

Increasing characteristic
strength

Support: leg members
Support: bracings
Foundation: uplift
Foundation: compression

and strength of the overhead line. It is obvious that
reliability can be increased by either decreasing the im-
pact of climatic loads or increasing the characteristic
strengths (Sect. 9.3). The main methods and tools to
upgrade overhead lines summarized in Table 9.59 are
from [9.269], where further details can be found.

Upgrading Case Studies
Electrical Upgrading: Replacement of Glass or Ce-
ramic Insulators with Composite Insulators. In the
USA, one utility has replaced both 138-kV, 230-kV,
and ˙500-kV DC and 500-kV AC ceramic insula-
tors with silicone rubber composite insulators in high-
contamination urban areas, with the result of eliminat-
ing washing on these lines. Since their installation in
1985 (Fig. 9.179 [9.269]), there have been no reports of
insulator flashovers due to contamination (Sect. 9.5.2)
on the towers with composite insulators.

Fig. 9.179 Replacement of ceramic insulators with com-
posite insulators (adapted from [9.269])

Mechanical Upgrading: Strengthening of Steel
Lattice Towers. In December 1999, storms with wind
speeds up to 180�200 km=h caused unprecedented
damage to the French electrical network. Implemen-
tation of 18 000 (!) anticascade towers (Fig. 9.180
[9.269]) was decided to limit the spatial extent of dam-
age to the network in case of exceptional climatic events
in the future. One of the goals of this program was to
reinforce the mechanical strength of existing towers as
well as their foundations and to avoid replacing them,
with the objective of controlling costs and limiting the
environmental impact of the measure.
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9.11 Conclusions and Further Reading

This chapter presents an overview of the history, de-
sign, materials, and applications of overhead transmis-
sion lines, the backbone of electric power systems from
their very early days. Despite the fact that this is a very
conservative industry—and rightly so—overhead lines
and their components have seen remarkable innovations
over recent decades, such as composite insulators, high-
temperature conductors, and composite poles, but also
new erection and maintenance techniques, notably sup-
ported by robotics. Also the ever-present digitalization
has reached this industry with GPS-based geoinforma-
tion systems plus applications for assetmanagement and
such, this being only the beginning. Doubtlessly, over-
head lines face acceptance problems in many countries,
mainly because of their appearance and the purported
health hazards of their electromagnetic fields. Although
the industry has reacted with esthetic supports as well as
extensive research into said health issues, there is a ten-
dency to partially or even fully place lines underground.
As often, there are pros and cons for both technologies,
i.e., overhead lines and underground cables. A well-bal-
anced, authoritative but also objective opinion, as pro-
vided by CIGRE, on this issue is presented in [9.286,
287]. Nevertheless, because of the huge demand for new
transmission corridors, in particular in developing coun-

tries, but also thousands of kilometers of aged lines in
Europe and North America, which have to be replaced
in the foreseeable future, the great majority of electric
power transmission will still be overhead, with a shift to
extra high voltage (EHV) and ultra high voltage (UHV)
andHVDC. Evidently, this chapter, being part of a hand-
book which covers the whole power system, cannot go
into all the details, but is restricted to basic theory and
applications. For further reading, the following classic
books can be recommended: The books (in German and
English) byKiessling et al. [9.1, 4], which cover the sub-
ject extensively and also include quite a few numerical
examples, and the more recent CIGRE Green Book on
Overhead Lines [9.288], which in its more than 1000
pages, not only presents the experience of a plethora of
well-known international experts, but also cleverly com-
piles hundreds of CIGRE publications, which contain
the consensual opinion of the worldwide community in
this field.

9.11.1 Additional Information and Exercises

Additional information and supplementary exercises re-
lating to this chapter can be found at https://go.sn.pub/
SHb_PowerSystems_Papailiou_OverheadLines.
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10. Underground Cables

Pierre Argaut

This chapter on insulated cables comprises 13 sec-
tions. Section 10.1 is an introduction to this topic
that highlights the role of CIGRE in the develop-
ment of insulated cables, while Sect. 10.2 gives
the current state of cable development, describes
modern high-voltage (HV) alternating current (AC)
systems and the various types of cables used in
them, and explores emerging trends in cable de-
sign.

Some basics of the theory of insulated conduc-
tors are given in Sect. 10.3 to prepare the reader
for subsequent sections, including discussions of
electrical fields, electrical characteristics of cable
systems. In Sect. 10.4, the basic design aspects of
insulated cable systems are introduced, such as in-
sulation coordination, ageing mechanisms, special
bonding issues, calculation of cable characteristics
and rating.

In Sect. 10.5, various applications of insulated
cables are described. The main configurations of
cable systems in networks are described and the
technical issues associated with each configuration
are discussed: matching Cable and OHL ratings,
Harmonic resonance, Ferranti effect, magnetic
field. Offshore generation cables are explored in
depth.

Section 10.6 covers cable design and manufac-
turing. Major steps in the manufacturing processes
of lapped and extruded cables are described. Var-
ious options for extrusion lines are compared.
Submarine cable armoring is discussed. The manu-
facture of accessory components is also described,
including the various molding and casting pro-
cesses, which depend on the materials used.

Section 10.7 deals with the construction, laying,
and installation of cable systems. Traditional tech-
niques are reviewed and innovative techniques
are introduced, such as trenchless technologies:
mechanical laying, pipe jacking, microtunneling
and horizontal drilling. Installation in tunnels or
shared structures is detailed. The main installation
configurations are illustrated using examples.

In Sect. 10.8, issues relating to testing are ad-
dressed. As indicated in the introduction to the

chapter, testing has been a major issue since in-
sulated cables were first invented and used. The
introduction of extruded HV and EHV (extra-high
voltage) cables would have been impossible with-
out stringent testing procedures.

Various aspects of the operation of insu-
lated cable systems are covered in Sects.10.4–10.8.
Fluid-filled and extruded cable systems operation
have been presented. Also briefly described are
monitoring techniques that can optimize equip-
ment usage: management of the overload capacity
of underground systems, partial discharge (PD)
monitoring, and sheath condition monitoring.
Strategies for protecting against short circuits are
also addressed. To complete this information,
Sect. 10.9 is covering the maintenance of land
and submarine cable systems and the various di-
agnostic techniques that are available. Repair and
methodologies that are used to limit repair times,
such as fault location, are also included in this
section. Main failure causes of cable systems are
inventoried. Appropriate maintenance strategies
are proposed, and tools for asset management are
overviewed. Examples of maintenance guidelines,
fault-location techniques, and rapid-response re-
pair are also briefly presented.

Appropriate maintenance strategies are pro-
posed, and tools for asset management are
overviewed. Examples of maintenance guidelines,
fault-location techniques, and rapid-response re-
pair options are given for land and submarine
cables.

Section 10.10 introduces the various options for
upgrading and uprating existing cable systems.
The life expectancy of an underground cable sys-
tem is usually more than thirty years, which makes
it difficult to predict the changes that will occur in
the cable environment or how the operating con-
ditions will evolve during the expected lifetime of
a cable system. Addressing the need for a cable
system to meet a higher demand can be highly
problematic. Replacing a power link or installing
an additional circuit requires significant financial
investment. It may even be impossible for the op-
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erator to extend the system in some congested
areas. The difficulties involved in obtaining plan-
ning permission for new sites also favor extending
the lifespans of existing facilities, often with the
goal of transmitting higher power with higher re-
liability in order to minimize the duration of asset
unavailability.

Life Cycle Assessment is discussed in Sect. 10.11.
A new technology—superconducting cables—offers
interesting options for both AC and DC cable sys-
tems, as described in Sect. 10.12. Finally, other
undergrounding options (gas insulated lines, GILs)
are briefly described in Sect. 10.13.
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10.1 From the First Electric Telegraph to the Foundation
of the CIGRE Study Committee on Insulated Cables

As explained in Sect. 9.1 of this book, the first
industrial-scale transmission of electrical power was
developed on a long distance DC transmission be-
tween Vizille and Grenoble in 1883 by Marcel Deprez
(1843–1918) for railways, followed by the first instal-
lation of AC overhead transmission lines in 1891, in
Germany at the voltage of 15 kV and a frequency of
40Hz. Very soon, the need to increase voltages and cur-
rents for higher amounts of electric power transmission
was recognized and huge progress was made in the de-
velopment of overhead line (OHL) voltages as shown
in Fig. 9.2.

Parallel to this, the early days of cable industry
started by underground distribution of electricity for
telegraphy purposes. Buried insulated wires or wires
drawn into conduits were tried but very little was done
until the advent of the Edison lamp in 1879 and the need
to transmit higher power in lighting networks.

As for overhead transmission, the possibility to
increase voltage and current for higher power was
depending on the development of suitable insulation
material.

In underground transmission, cable conductors
must be covered by an insulating material along their
entire length, and insulated conductors must withstand
the full operating voltage of the circuit at any point.

The history of insulated cable is therefore highly
linked to the progress of the insulation materials from
Gutta-percha (used in telegraphy for the first transat-
lantic cable in 1868 until about 1930) to paper insula-
tion and later to modern polymeric extruded insulation
[10.1].

Gutta-percha was a gum extracted from certain
tropical trees, an isomer of rubber becoming supple
and malleable at 100 °C and recovering consistency of
leather when cold. It could not be used for land cables,
owing to the instability of its properties in the air and
to its inadequate mechanical characteristics. For the in-
sulation of power cables an evolution of insulation was
therefore needed. Two tendencies forced their way in
the 1880’s:

� The use of vulcanized material: vulcanized natural
rubber was known since 1839 but was expensive.� The use of impregnated material: in 1890, single-
core cables at 3000V, insulated by paraffin and
colophony-impregnated jute, were laid in Paris,
while similar cables at 2000V had been already laid
in Rome and Milano in 1886.

Later, cable for lighting and power progressively
reached the voltages of 5 kV, and 25 kV in 1900 in
the US (rubber insulated). At the end of the 19th cen-
tury, the voltage of 10–11kV was reached in several
countries. In 1911, the first links of high-voltage cables
with impregnated paper insulation were commissioned
at 60 kV in Germany and 50 kV in Spain. The dif-
ferent steps of this evolutions are well described in
several publications listed in Sect. 10.B. It should be
noted that one of the earliest technologies called mass-
impregnated cables developedmore than 120 years ago,
is still in use, especially for HVDC transmission up to
500 kV and more.

HVAC transmission required some technological
advances to increase electrical field and consequently
attain higher service voltages and higher transmitted
power. One big step forward was achieved when came
the idea of the well-known metallic screen placed over
each insulated conductor, making possible to realize
screened multi-core cables.

Insulated cables were addressed by CIGRE (Con-
seil Internationale des Grands Réseaux Électriques)
from the very beginning, starting with a discussion in
the 1921 session under the heading Construction of
Lines and the sub-heading Underground and Subma-
rine Lines. The main subjects considered for discussion
(preferential subjects) were:

� Utilization limits of single and multicore cables for
AC and DC� Determination of electric constants� After laying tests.

A panoramic paper on very-high-voltage underground
and submarine lines by Couffon, Geoffroy, and
Grosselin from France, the first CIGRE paper on insu-
lated cables, was initially presented, and a lively and
interesting discussion followed, during which the situa-
tions in different countries were compared. At that time,
paper-insulated mass impregnated cables for voltages
up to about 60 kV were already available. However, de-
sign stresses and operating temperatures were limited to
avoid early failures caused by ionization and, although
there was already a need for higher-voltage cables with
the ability to carry more power, it was unclear at that
time how this need would be met.

In the 1923 Session, there were seven papers on in-
sulated cables (three from France, two from the Nether-
lands, one from Italy, and one from the UK), and similar
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numbers were put forward in the 1925 Session (five pa-
pers) and 1927 Session (seven papers).

It is interesting to note that during the 1923 Ses-
sion, the Italian delegate Angelo Barbagelata presented
a sample of a radically new cable, the basic character-
istics of which had been patented by Luigi Emanueli
in 1917. This cable, he argued, was entirely suitable
for utilization at 130 kV and completely eliminated the
problem of ionization, which had been a subject of in-
tensive discussion at both the 1921 Session and the
1923 Session. He was, of course, referring to the ca-
ble which would become known as the self-contained
oil-filled (OF) cable. By 1924, a pilot 130 kV installa-
tion utilizing this type of cable had been successfully
tested in a substation near Milan, as reported in a 1925
Session paper by Luigi Emanueli himself. This installa-
tion, in the words of the official 1925 Session report,
“proved the possibility of undergrounding very high
voltage overhead lines”.

During the 1927 Session, the General Assembly of
CIGRE, having noted the large and growing interest
in insulated cables, decided to create a specific Study
Committee to deal with this subject. This committee
celebrated its 90th anniversary in 2017.

It is particularly interesting to note that 1927, the
year in which the Insulated Cables Study Committee
was created, also marked the start of the era of mod-
ern high-voltage cables, the evolution of which has been
and still is one of the main concerns of the Committee.
It was during that year, in fact, that the first two long
underground OF cable lines operating at 132kV were
put into service in Chicago (29 km of cable) and New
York (58 km of cable). The cable voltage barrier, which
had up to that point made it practically impossible to
reliably deploy cables for voltages higher than 60 kV,
had been broken once and for all. Since then, insulated
cables have always able to reliably carry the highest
voltages required by electric power systems. So 1927
was a very good year to start a CIGRE Study Commit-
tee on high-voltage cables! From the very beginning,
this Study Committee has been at the forefront of ca-
ble technology, paying close attention to the technical
developments arising from the evolution of this tech-
nology and, through its work, facilitating the adoption
of innovative solutions. Test methods have been agreed
and recommended, new solutions have been examined
and described, fertile exchanges of views have taken
place between users and manufacturers and, par for
the course, heated technical discussions have occurred
between the manufacturers themselves. The introduc-
tion of higher-voltage laminar cable systems (220 kV
in the mid-1930s and 400 kV in the 1950s and 1960s),

the evolution towards higher power-carrying capacities,
comparisons of different high-voltage cable solutions,
the deployment (starting in the 1960s) of extruded ca-
ble systems for increasingly high voltages (currently
used commercially for up to 550 kV), progress in high-
voltage submarine cables (for which the CIGRE test
recommendations are still the only internationally rec-
ognized de facto standards), the introduction of HVDC
cables, and the development of new techniques, sys-
tems, and installation methods have all been topics
addressed by the Study Committee on Insulated Ca-
bles.

A historical perspective on the technical evolution
of power cables is presented in a paper prepared for the
conference Jicable 1984: From impregnated paper to
polymeric insulating materials in power cables [10.1].

As recalled in the contribution of Study Commit-
tee B1 published in Electra magazine [10.2] and in the
recent Annual Report of SC B1 [10.3], the first Study
Committee (SC) on power cables, designated SC 2, was
founded in 1927, just a few years after CIGRE itself was
founded in 1921. It became SC 21 in 1967 and SC B1
in 2002, and is one of five Study Committees that deal
with subsystems (SC B).

During most of its history, SC B1 (formerly SC 21)
has focused its activities on technical work and has is-
sued a large number of technical documents, including
recommendations used to prepare IEC standardization
(e.g., IEC 62067, which was urgently needed by utilities
to specify qualification tests for 400 kV cable systems).
Since the reorientation of CIGRE to better satisfy the
needs of its target groups, SC B1 has extended its work
to include economic, environmental, and social aspects
of the evolution of the electric power industry.

The field of activity of SC B1 is the development
and operation of all types of AC and DC insulated ca-
ble systems for land and submarine power transmission.
Historically, it has focused mainly on HV, EHV, and
(more recently) UHV (ultra-high voltage) [10.4], but
MV (medium-voltage) cable applications are receiving
increasing attention from SC B1, and Working Groups
(WGs) that address specific issues in this area have been
launched in recent years.

The scope of the work of SC B1 covers the whole
life cycle of insulated cables: the theory, design, ap-
plications, manufacture, installation, testing, operation,
and maintenance of these cables, as well as diagnos-
tic techniques for them. This scope is illustrated by
Fig. 10.1, where most recent and current working bod-
ies are positioned along the life cycle. Information
regarding recent working bodies of CIGRE is given in
the most recent annual report of SC B1 published in
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   Construction

Construction, installation:
WG B1.34 (TB 669)
WG B1.44 (TB 801)
WG B1.48 (TB 770)
WG B1.54
WG B1.61
Cable & accessories design:
JWG B1.B3.33 (TB 605)
JWG B1.B3.49 (TB 784)
WG B1.51 (TB 720)

   Design

Rating, ampacity:
WG B1.35 (TB 640)
WG B1.56 and WG B1.72
WG B1.41 (TB 714)
WG B1.64

LCA    WG B1.36 (TB 689)

System design:
WG B1.40 (TB 610)
WG B1.47 (TB 680)
WG B1.50 (TB 797)
JWG C3/B1/B2.13 (TB 748)
JWG B3/B1.27 (TB 639)

Testing:
WG B1.28 (TB 728)
WG B1.42 and B1.43 (TB 622 and 623)
WG B1.46 (TB 758)
WG B1.55 (TB 722)
WG B1.62 & B1.66
WG B1.63

   Operation 

Operation, maintenance,
reliability, upgrading: 
WG B1.11 (TB 606)
WG B1.37 (TB 652)
WG B1.41 (TB 714)
WG B1.45 (TB 756)
WG B1.52 (TB 773)
WG B1.57
WG B1.58
WG B1.60

Monitoring, diagnostics:
WG B1.38

Removal

Fig. 10.1 Scope of
the work of SC B1
(updated in June
2020; courtesy of
CIGRE)

April 2020 [10.3]. Future annual reports from SC B1
will update this information.

Subsequent sections of this chapter will cover most
of these aspects of the life cycle of insulated cables in
power systems.

All the information given in the following sections
derives from the most recent technical brochures (TBs)
and reports published by SC 21/B1 and by other Study
Committees such as SC D1 (on materials and emerging
technologies) and SC B4 (on HVDC transmission) in
which HVDC cables play an important role.

Reference is made to these documents, allowing
the reader to find more detailed, unbiased informa-
tion on the topic at hand. The reader can also consult
many other relevant publications in the bibliography
and other documents cited in this chapter. The standards
published by the International Electrotechnical Com-
mission (IEC) that are mentioned in this chapter can be
found on the official website of the IEC [10.5].

A tutorial presented by SC B1 at the Lund Sympo-
sium in 2015 [10.6] is a good example of the exchange
of information regarding HVDC cables.

10.2 Current State of Cable Development

A considerable amount of highly technical informa-
tion, including specifications and guides, is currently
available on the transmission of bulk electrical power
from one area to another. This information can be
obtained from bodies such as CIGRE, IEC, national
standards, and the Institute of Electrical Technology
(IET). There are, however, very few publications that
explain the fundamentals of these technologies such
that it can be understood by a nontechnical person or
a person not involved in this industry on a day-to-day
basis.

10.2.1 Basics of Power Transmission

Two of the fundamentals of power transmission are the
voltage and current levels used to transmit the power
from one area to another. Current is the flow of electric-
ity through the conductor. If one thinks of electricity in

terms of water flow, then voltage is equivalent to pres-
sure, i.e., it drives the current through the conductor in
the same way that pressure drives water through a pipe.
Roughly speaking, the power is the voltage multiplied
by the current.

In alternating current (AC), the standard practice
internationally is to transmit the power using a three-
phase system with three metallic conductors in what is
called a circuit to carry the electric current. The size of
the conductor governs its ability to carry current: the
larger the conductor, the more current it can carry.

Conductors must be insulated from the ground in
order to be able to withstand the voltage applied; again,
the more insulation they have, the higher the voltage
that can be applied.

Three conductors may be combined in an OHL cir-
cuit (Chap. 9), an underground cable (UGC) circuit, or
a gas-insulated line (GIL) circuit [10.7].
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The integration of a HV cable system into a network
is covered by TB 250, published by CIGRE WG B1.19
[10.8]. Statistics and service records of UG extruded
cables can be found in CIGRE TB 338, published by
CIGRE WG B1.07 [10.9], and TB 379, published by
CIGRE WG B1.10 [10.10]. WG B1.57 is currently at
work updating TB 379 and providing new statistics and
recent service records.

Direct current (DC) is the other way to transmit
power. As noted in TB 536, published by JWG C4/B4/
C1.604 in April 2013 [10.11], HVDC installations date
back to the 1950s. This technology exhibits characteris-
tics that have already made it much more attractive than
HVAC transmission for specific applications, such as
very long distance power transmission, long submarine
cable links, and the interconnection of asynchronous
systems, as well as bulk energy transport. These char-
acteristics are listed here:

� Almost no limitation on transmission line length.
In contrast to AC cables, the absence of charging
current in DC cables leads to virtually unlimited
transmission distances via DC. The environmental
advantages of this are mostly related to the trans-
mission medium: since there is no need for reactive
compensation, the use of HVDC makes it easier
to place cables underground. In the case of over-
head lines, the required right-of-way for HVDC
transmission is much smaller than that for AC for
the same transmitted power. Also, the electromag-
netic field emission does not pulsate and can be
reduced to a minimum. Ability to offer some ad-
vanced control functions within the AC network:
optimal power flow control, voltage control, sys-
tem transient stability improvement, low-frequency
damping, the prevention of system cascading fail-
ure . . . The availability and performance of these
features are dependent on the HVDC converter
technology, as discussed in TB 536 [10.11].� Increased transmission capacity. For a given con-
ductor cross-section, HVDC transmission can trans-
fer more current than conventional HVAC transmis-
sion can. Accordingly, the conversion of a HVAC
line into a HVDC line increases its transmission ca-
pacity.

For current link lengths of tens of kilometers to a few
hundred kilometers, the decision to use AC or DC de-
pends on the costs of both options, including the cost of
converter stations.

Converters are designed to transfer large amounts
of power over long distances, for instance in sea cross-
ings, where AC cables cannot be used because of their
large capacitive currents. The thyristor-based HVDC

Investment cost

Break-even distance

2 × SSC

2 × SSC DC terminal costs

AC terminal costs including grid transformers

Transmission distance

Total
DC
costs

Total
AC
costs

Fig. 10.2 Cost comparison of AC transmission and DC
transmission for a given power capability (adapted
from [10.11])

system is economical for cables longer than the break-
even distance (a few hundreds of kilometers), as shown
in Fig. 10.2 (in the figure, SSC is short for series and
shunt reactive power compensation of AC lines, which
is required due to the length of the lines).

In the following paragraphs, we focus mainly on AC
transmission and extruded cables, for which there are
a great number of recent relevant CIGRE documents,
rather than DC transmission. However, when applica-
ble, differences from DC transmission are pointed out,
while related work in progress within CIGRE is men-
tioned, and reports that are expected to be published in
the near future are included in Sect. 10.B.

10.2.2 AC Underground Cables

As mentioned above, an AC underground (UG) cable
circuit usually consists of three power cables and one
communication cable installed in the ground. Increas-
ingly, following the recommendations of CIGRE WG
B1.02 in TB 247, a thermal monitoring system is also
laid in parallel [10.12]. A typical design of a XLPE
(crosslinked polyethylene) power cable is shown in
Fig. 10.3, while Fig. 10.4 shows a 400kV LDPE (low-
density polyethylene) cable. Other examples are given
in subsequent sections.

Before we proceed any further, it is important to
convey a rough idea of the size of a typical modern un-
derground project.

The larger the conductor, the more current it can
carry, and the thicker the insulation, the more volt-
age it can withstand. The cables are manufactured
in highly specialized factories, and they are cur-
rently delivered in drum lengths of 600�1000m, as
shown in Fig. 10.5 (taken from TB 250 published by
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Conductor – made from 
copper or aluminum

Insulation – crosslinked 
polyethylene, also called XLPE

Copper wire, aluminum 
foil, or lead sheath

Outer covering of PVC 
or PE (polyethylene)

Fig. 10.3 Typical design of a modern
XLPE cable (adapted from [10.7])

WG B1.19 [10.8]). For some applications where trans-
portation limitations are favorable, drum lengths can be
2000m or more, as explained in TB 680 published by
WG B1.47 [10.14].

As an example, for drums containing 1000m of
cable, a circuit 10 km long would require 10� 3,
i.e., 30 drums in total. Twenty-seven joints would be
needed to join the cables together (implying 27=3 D 9
joint bays or manholes and associated civil works),

Fig. 10.4 Typical very-high-voltage LDPE cable used un-
derground for voltages of 170�500 kV (adapted from
[10.13])

as well as three terminations or sealing ends at each
end.

Terminations can be installed in substations or tran-
sition compounds (Fig. 10.6), or directly on towers/
poles (Fig. 10.7).

The cables are typically installed in one of the fol-
lowing arrangements:

Fig. 10.5 Typical cable drums for 400 kV cables (adapted
from [10.8])

Fig. 10.6 EHV transition compound (adapted from [10.8])
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Fig. 10.7 HV terminations installed on a pole (adapted
from [10.8])

Fig. 10.8 Cables installed directly into the ground with na-
tive soil backfill (adapted from [10.15])

Fig. 10.9 Construction swathe for installing cables cross-
country; a width of 8m is typically required for a single
trench (adapted from [10.13])

� Directly in the ground (Figs. 10.8 and 10.9)� In ducts installed in the ground (Fig. 10.10)� In concrete troughs (Fig. 10.11)

Fig. 10.10 Cables installed in ducts (adapted from [10.13])

� In a tunnel (Fig. 10.12)� In a pipe or pipes that are drilled into the ground us-
ing drilling equipment and pass under an obstacle or
encumbrance (horizontal directional drilling, HDD;
see Fig. 10.13)� On a cable tray attached to a bridge (Fig. 10.14).

Installation in a tunnel or shared structure (such as
a bridge) is covered by TB 403 [10.18].

For buried installations, the backfill used to reinstate
the trench around a buried cable is a critical engineer-
ing component of the cable system, as it (along with the
surrounding material) is the means of conducting the
heat produced during the operation of the cable to the
ground surface, where it is dissipated to the atmosphere.
Therefore, the thermal properties of these materials,
which are assumed in the design of the cable system, are
crucial to the correct operation of the system. As men-
tioned before, a thermal monitoring system is increas-
ingly installed with such systems [10.12] to optimize
the operation of the system. CIGREWGB1.45 has very
recently published TB 756 on this topic [10.19].

Figure 10.11 shows concrete troughs with a lid at
ground level. Note that troughs are normally filled with
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Fig. 10.11 Cables installed in troughs (adapted from
[10.13])

cement-bound sand to ensure that they are capable of
taking traffic or similar loads. In other configurations,
troughs are buried at greater depths.

The photograph presented in Fig. 10.12 shows two
cable circuits with room for two more circuits in the fu-
ture. Forced air ventilation may be needed to achieve
the required rating for the cables and to ensure the

Cable circuits

Space for 
future circuits

Fig. 10.12 Cables installed in a tunnel
(adapted from [10.16])

safety of personnel who are carrying out inspections or
working in the tunnel. Tunnel design and safety systems
is a complex area of design and needs to be considered
very carefully to ensure the right balance is achieved.

The photographs in Fig. 10.13 show equipment
used for HDD and pipes installed by HDD. More pho-
tographs on HDD can be found in later sections of the
chapter.

The length that can be drilled depends on the
hole size required and the composition of the ground.
Drilling lengths exceeding 2000m are possible.

Depending on the soil and cable rating conditions
and the length/profile, it may be possible to put all three
cables inside one pipe, or three separate pipes inside
a casing pipe may be required.

The design of an underground cable circuit depends
on many factors, including:

� Route availability. It must be possible to route the
underground circuit. The impact of other services
that may conflict with the cable route either now or
in the future must be considered.� Route topography. If the terrain is very uneven or
has lots of hills, it may be difficult to route the cir-
cuit.� Urbanization. If the line is to be routed through an
urban area, future building or road developments
may impact on the circuit.� Flooding. This may undermine the installed cable
circuit.� Conductor size. The size of the conductor is depen-
dent on the current to be carried and on the increase
in the temperature of the surroundings permitted by
regulations. Of course, the size of the conductor also
has an impact on the weight and size of the ca-
ble drum being delivered; the maximum conductor
size currently used is 2500mm2, and drum lengths
are typically 600�1000m long. Jointing of cable
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a) b)

Fig. 10.13a,b Drilling machine (a) and pipes (b) for HDD (adapted from [10.17])

Fig. 10.14 Cables on a cable tray attached to a bridge
(adapted from [10.18])

lengths is then required every 600�1000m. The
need for jointing bays must be accounted for (e.g.,
civil works). This explains why there is a strong
drive to use longer cable lengths, as it reduces the
cost of civil works and jointing. The sizing of the
conductor and the overall design of the cable are
therefore very important.� Soil thermal conductivity. Heat is created as current
flows through the cable when it is delivering power.
The conductor size has an impact on the heat losses
from the cable. For a cable installed in the ground,
this heat must travel through the ground before it is
released into the air. The thermal conductivity and
temperature of the ground therefore also have an
impact on the cable sizing.� Cable pulling. The route and drum lengths and
route topography must be such that the cables can
be pulled into the selected installation arrangement
(trench, duct, tunnel, etc.).

� Electrostatic effects. Underground cables have no
electrostatic effects initiated by the cable, as the
electric field is contained inside the cable.� Electromagnetic field. In this case, the current sets
up amagnetic field thatmust be consideredwhen de-
signing the underground circuit. In some countries
there are specific limits—for example, those set by
the InternationalCommittee onNon-IonizingRadia-
tion Protection (ICNIRP). It should be noted that un-
derground cables have higher electromagnetic fields
than overhead lines close to the cable, but the fields
fall off more rapidly with distance from the cable.
This topic is addressed in [10.8, 20, 21].

As discussed in TB 250 [10.8], the Study Area is the
area where the impacts are assessed. It includes the lo-
cations of the two ends of the projected underground
cable system, and the likely extent of the physical
and visual influence of the potential underground ca-
ble route corridors between these two points. Since all
of the factors listed above can vary along the route of
a projected cable link, the Study Area is divided into
several sections.

10.2.3 Integration of a New Cable System
into a Network

Prior to the public unveiling of any new transmission
line project (OH or UG), it is important to conduct
detailed preparatory studies of the political and so-
cial situation in the region affected by the project. It
is advantageous to collect information regarding previ-
ous large construction projects in the region (especially
projects concerning roads, railways, or pipelines). The
reactions before, during, and after the completion of
these projects may be indicative of the community’s
involvement in cases affecting the area. Groups of cit-
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izens who previously actively protested against other
technical construction projects may quickly reemerge
to oppose a transmission line project.

Political power relationships should also be studied,
such as important politicians or other influential figures
who are connected to, are domiciled in, or are elected
for the area. Such figures often exert a strong influence
on the final design of a transmission line project. It is
also important to consider any alliances between local
politicians and protest movements.

The results of these preparatory studies may give an
idea of the political difficulties that will be encountered
during the regulatory process of the project, and how to
introduce the project to the public.

The decision to use underground cables in a net-
work or in a section of a transmission line often results
from a failure to gain permission to build an over-
head line in the area. Therefore, the local community
will often consider the decision to use underground ca-
bles a success in their fight against new overhead lines
and the transmission company in question. The public
will then often build up strong political pressure to in-
crease the length of the underground section and thus
reduce the lengths of new overhead lines. Consequently,
increasingly long underground cable connections are
being implemented, as recently reported in [10.14] and
discussed in later sections of this chapter.

In many respects, underground cabling is consid-
ered to be an environmentally friendly but expensive
solution compared to overhead lines. However, when
discussing the location of the transition compound
(Fig. 10.6) and the length of the underground cable
section, the public will probably not display any mod-
eration. This is because increased construction costs for
a transmission line project normally do not affect the
local community’s budget. Many decision-makers have
little or no knowledge of underground cable technol-
ogy, and it is commonly believed that cable projects
can be implemented without encountering any prob-
lems. There is a great need to supply information to
both decision-makers and the public about the sizes of
HV underground cable projects. Once the decision has
been made to take the underground option, a course of
action can be determined.

CIGRE JWG B1/B2/C3.13 has published TB 748
addressing environmental issues associated with high-
voltage transmission lines in urban and rural ar-
eas [10.22].

The flow chart in Fig. 10.15 (proposed in [10.8])
gives a typical example of a step-by-step approach to
the planning and design process. However, in practice,
iterative actions are often involved. It must be empha-
sized that the decision on whether or not to build a line
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Fig. 10.15 Flow chart for a new cable system (adapted
from [10.8])

can depend on different conditions in different coun-
tries.

As shown in this diagram, the Study Area is divided
into sections depending on the factors listed above. For
each of those factors, the UG line is designed taking
into account all of the input data for the given section.
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Of course, for the overall design of the project, the
most important parameters will be those associated with
the network, such as system voltage, frequency, basic
insulation level (BIL), and some other parameters that
are listed in subsequent paragraphs. In addition, each
Study Area section is designed through the application
of methodologies proposed and detailed later in this
chapter.

Parameters Dictated by the Network
System planners seek to optimize the parameters that
apply to the overall transmission system. They perform
network studies that focus mainly on insulation coordi-
nation, transient stability, short-circuit levels, and load
flow.

Main Equipment Parameters
When a utility determines a standardization policy and
develops technical requirements, the main characteris-
tics of the primary equipment must be specified by asset
managers in close consultation with designers.

The following parameters may be defined:

� The short-circuit current ratings of the equipment,
including the supporting structures� The maximum load currents permissible through
the components (which are related to the maximum
current-carrying capacities of the lines and under-
ground cables) in normal operation and in overload
conditions.

Fault Clearance Times
In order to comply with the requirements of the network
(system stability) or the specifications of particular
utilities, specified fault clearance times must not be ex-
ceeded.

Fault clearance times and the reclosing policy may
influence the selection of components, the size of the
metallic cable screen, and the installation design (depth
of burial), as well as the dimensioning of the earthing
grid and the mechanical strength of the equipment.

10.2.4 Reasons for the Growth in the
Number of Long Cable Systems

Typical examples of elements of current UG cable
projects were touched upon in previous sections. Insu-
lated cables are now used at the 550 kV level, and tests
have indicated that UHVAC extruded cables will soon
be available for use at the 800 kV level. In the mean-
time, self-contained fluid-filled (SCFF) cable systems
are already available for higher voltage levels [10.4].

As explained in [10.14, 23], there are several rea-
sons for the strong growth in the use of long HV

and EHV insulated cables operated with AC. Whilst
HVAC and EHVAC cables have been available for many
years, their use for long-length applications has of-
ten been limited by the cable capacitance, dielectric
losses, current-carrying capacity, and high installation
costs. However, cable performance has greatly im-
proved due to the introduction of cable designs that use
new materials, modern processing techniques, and the
development of accessories, associated equipment, and
installation techniques. At the same time, the cost of
supplying and installing underground cables has been
significantly lowered.

Until recently, power transmission network designs
were principally based on OHLs, mainly because of
costs but also for technical reasons: there is no need
to compensate for the cable capacitance in OHLs, and
there are higher installation costs for undergrounding
due to environmental conditions and requirements.

Today, there are often demands to transfer power
from renewable energy sources to the grid or to provide
electric power to remotely located plants as quickly as
possible. In many countries, the process of getting the
environmental approvals needed to build an overhead
line may take many years, whereas the process of ob-
taining approval to install underground cables in public
areas such as roads and road reserves may be much
quicker. The net result is that an AC cable link is of-
ten built in a shorter time, leading to a quicker return on
the investment, which often justifies the decision to use
an AC cable link.

For connections to offshore wind farms, the use of
AC cable often provides a lower-cost solution than DC
cable when factors such as converter costs, space re-
quirements, and overall system losses are accounted for
(Fig. 10.2). At the same time, there is also an interest
in reducing transmission losses and gaining community
support for improved public safety by providing a sup-
ply that is not affected by extreme weather conditions
(which appear to be more common these days).

When all of these factors are considered, there can
sometimes be a real advantage to adopting an insulated
cable transmission solution.

10.2.5 Overall Description
of Modern HVAC Systems

High-voltage cables form an integral part of any elec-
tricity transmission and distribution network. Such
a system may consist of different types of cables and
a wide range of necessary accessories. For long cable
links, it is also necessary to compensate for reactive
power generation by installing large reactors at appro-
priate locations. The design of a high-voltage system is
therefore extremely important and requires components
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of the highest quality. A high-voltage cable system for
a long-distance link must be custom designed to ac-
count for power demand and installation conditions. As
such, the highest competence is required from system
planning through to final testing. As an example, some
cables may have an increased insulation thickness to re-
duce the cable capacitance and therefore the effect of
reactive power on the cable system.

A HVAC cable system consists of cables, termi-
nations, joints, link boxes, an earthing system, remote
monitoring systems, and compensation reactors. Cables
are available in both three- and single-core designs for
land and submarine applications, but single-core cables
are typically used for long cable lengths on land and
three core cables are typically used for long subma-
rine cable lengths. In both cases, optical fiber elements
are included in the cable to measure the operating tem-
perature, as conditions may vary along the cable route.
Because of transportation restrictions, a land cable is
composed of several lengths (each up to 2000m long),
which are installed and jointed together using pre-
molded joints. For a submarine system, jointing small
lengths together at sea is often not a feasible solution,
so the cables are manufactured by jointing together ca-
bles up to 10�20 km long in the factory using flexible
factory joints with the same dimensions and properties
as the cable, resulting in cables with very long lengths
(over 100 km). The transport capacities of cable instal-
lation vessels are in the thousands of tons.

Submarine cables are used for three main reasons:

� To connect two power grids� To transport power that is generated offshore� To connect an offshore platform.

Compensation systems take up valuable space on off-
shore platforms, so compensation is usually carried out
at the onshore end of the cable (where practical) when
transporting power generated offshore and connecting
to offshore platforms.

A submarine cable system is often designed to
allow for redundancy because the economic conse-
quences can be very serious if a cable is damaged and
out of service. For example, if a cable connecting an
offshore wind farm is out of service, the power gen-
erated by the wind farm cannot be transferred to land,
so the loss of income for the owner is substantial. In
addition, the time needed to carry out a repair operation
offshore can be quite long. Hence, the solution is often
to have two cables installed in parallel. If one cable
fails, the other can still be operational for half of the
power transfer capacity.

For submarine cables, both ends of the cable are
earthed, in strict contrast to land cables, where single-

core cables tend to be more common for long-length
and high power transfer requirements. In these land ca-
ble systems, special sheath bonding arrangements are
required. These so-called cross-bonded systems provide
the advantage of an increased rating, but (more ex-
pensive) sectionalized joints are required, together with
special link boxes that must be installed adjacent to the
joint pits/manholes.

The joints used for submarine cables are similar
to vulcanized factory joints, and vulcanized or prefab-
ricated joints are used to repair these cables. Typical
maximum lengths for HVAC submarine links may be
up to 100km for 400 kV or 200 km for 132 kV. For
land cables, longer lengths are made possible through
the addition of reactive compensation along the route
(Fig. 10.49).

10.2.6 Cable Design Trends

As noted in the introduction to this chapter, HV and
EHV cables have traditionally been insulated with pa-
per impregnated with oil under pressure. Various de-
signs have been used and significant improvements
have been made to increase the operating temperatures
and ultimate ratings of such cables, which have an
excellent service record. However, as explained later,
there are various technical, installation, and service lim-
itations of these designs, such that there are presently
very few plants worldwide that produce AC cables
based on this technology.

In the last few decades we have seen very rapid
development in HV and EHV cable technology that
uses crosslinked polyethylene (XLPE) as an insulating
medium. As an example, modern XLPE cables have
lower dielectric constants and higher operating temper-
atures than very early paper-insulated, oil-impregnated
cables, so they are many times more efficient. Whilst
modern pressurized oil-filled cables have higher oper-
ating temperatures, XLPE cables are easier to manufac-
ture, which has led to a dramatic increase in the supply
and use of these HVAC cables.

There are currently at least ten fully qualified man-
ufacturers of XLPE-insulated AC cable rated at 500 kV
worldwide, and the demand for such cables is growing
significantly due to the growth of major cities.

Most HVAC submarine cables are three-core cables.
Each core contains a conductor: copper or aluminum.
Submarine cables often use copper because, although
it is more expensive, its electrical resistance is lower,
so the cross-section required is smaller than when alu-
minum is used, meaning that less material is required
for the outer layers. Furthermore, it has often been ar-
gued that the corrosion resistance of copper is better
than that of aluminum, especially in a marine envi-
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ronment, but this is actually of little relevance, as
a well-designed cable will never allow the conductor
to come into contact with seawater.

Hence, aluminum is now becoming more widely
accepted because of its lower cost and weight and its
better mechanical properties (strength to weight). This
is particularly the case for deep installations and dy-
namic situations.

For submarine cables, the insulation system used
can be XLPE or SCFF, although—except for very high
voltages—most HVAC submarine cables are currently
made with XLPE insulation.

The insulation system is protected from the wa-
ter by a metallic layer, such as lead alloy or a welded
metallic sheath, which is also used as electrical screen.
A PE layer is extruded to protect this metal sheath. The
three phases are laid together and optical fiber elements
are often laid in the interstices between the cores, along
with some other materials (e.g., PP ropes or PE pro-
files). The bundle is then protected from mechanical
damage by metallic armor made of steel wires. An outer
protective covering often made of PP yarns is applied
outside the armor.

For land situations, different types of cables are
available, including LPOF (low-pressure oil-filled),
HPGF (high-pressure gas-filled), HPFF (high-pressure
fluid-filled), EPR (ethylene propylene rubber), PE
(polyethylene), XLPE, GIL-SF6 (SF6 gas-insulated
lines), and superconducting cables. However, as
mentioned above, except in some countries that have
considerable experience with fluid-filled cable systems,
most new long-length AC cable links are supplied with
single-core XLPE cables. Copper conductors are still
specified when there are very high current-carrying

capacity requirements, but, due to their lighter weight
and the increasing need for longer lengths, aluminum
conductor cables are becoming far more common. The
trend for long lengths of cable with large conductors
means that the mechanical forces exerted due to
thermal expansion under load require very careful
consideration during system design. This issue is
addressed in [10.24].

The insulation thickness of XLPE cables is mainly
determined by the withstand voltage. In the case of
long-length EHV cables, the insulation thickness will
also influence the reactive power produced by the cable.

Reactive compensation is usually achieved by in-
stalling shunt reactors (Fig. 10.49). These make the
system more complex due to electrical and spatial is-
sues, additional losses, and the need for redundancy.
Therefore, it may be desirable to reduce the reactive
power produced. This can be done by increasing the in-
sulation thickness or by decreasing the conductor size,
although the latter is often impractical.

Thicker insulation results in lower capacitance,
which will translate into less reactive power compen-
sation and reduced dielectric loss and charging current.
However, increasing the insulation thickness of a XLPE
cable has some negative consequences, the most im-
portant of which is the maintenance of the quality of
the extrusion process when processing very long runs
of HV cable. Whilst the insulation thickness may be
increased by only a few millimeters, this could lower
investment and operational costs for long lengths of
EHV cables. Also, some of the additional costs of a ca-
ble system with more insulation can be recouped, as
less investment in reactive compensation is required and
system losses will be lower.

10.3 Basics of Cable System Design

As mentioned above, the sections of this chapter largely
focus on AC (rather than DC) transmission and ex-
truded cables, as a large number of relevant CIGRE
SC B1 documents on these topics have become avail-
able in recent years. For specific issues regarding
HVDC cables, the reader is advised to read publi-
cations from SC D1 [10.11, 25] and the tutorial pre-
pared by SC B1 for the Lund International Sympo-
sium [10.6].

10.3.1 Introduction to AC Link Modeling

The electrical characteristics of underground transmis-
sion cables are significantly different from those of

overhead lines. These differences must be taken into ac-
count during system planning, design, implementation,
and operation. Modeling is one of the tools used by en-
gineers when designing AC lines and integrating them
into HV networks.

Since the very beginning (1927!), one of the most
important issues to address during the various stages in
the design of UG lines has always been the electrical
characteristics of the cables.

In fact, following many years of investigation in this
area, it is now clear that successive design phases re-
quire different electrical characteristics of the cables.

In this section, various electrical characteristics of
cables are defined and introduced, including:
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Fig. 10.16 Electrical characteristics
considered in system studies (adapted
from [10.26])

� Basic impedances� Sequence impedances� Surge impedances.

Relevant formulae are available in the literature. For in-
stance, the formulae used to derive these impedances
from common cable and link designs (as identified
by the WG; see Appendix A of [10.26]), are given
in [10.26]. Critical analysis has been carried out to
define the applicability of these formulae; some new
formulae are proposed in the technical brochure, which
also highlights the need for further studies.

The electrical characteristics considered depend on
the study to be carried out. According to [10.27], the
models required during system design may be classified
into three main categories (Fig. 10.16):

� A system planning study determines where new
lines are needed as well as the voltage and current
ratings, and considers major auxiliary equipment
such as shunt compensation.N�1 contingencies are
considered at this stage, and overhead versus under-
ground options may be explored. The basic study
tool used during system planning is a power flow
program, and positive-sequence power frequency
models are adequate at this stage.� A system design or system impact study determines
the impacts of choosing cable rather than OHLs
(and vice versa) on the rest of the power system. The
basic project parameters have been determined by
this stage. Concerns include harmonic resonance,
short-circuit currents, transient stability, voltage sta-
bility, and system relaying. The models used vary
from positive-sequence to three-phase models, and
from power frequency up to a few kHz.� An equipment design study establishes detailed
protection and operating procedures for the ca-
ble, sheaths, switchgear, shunt compensation, and
related equipment. The basic study tool used at
this stage is an electromagnetic transients program,
which can also handle grounding and bonding con-
nections. Accurate high-frequency models are nec-
essary for many of these studies.

Application to transient studies is not addressed in
detail in [10.26], this issue being less a question of cable
modeling than the way models are used. More details
about transient modeling and transient studies can be
found in [10.27].

As a complementary way to get pertinent character-
istics, measurement techniques should be considered.

10.3.2 Cable System Types

A cable system is as a combination of many different
parameters that can influence the electrical character-
istics of the cable system. These parameters can be
classified into three main categories:

� Cable design: all the components of the cable itself� Configuration of installation: all the parameters and
dimensions relating to the position of the cables in
the surrounding medium� Screen bonding: parameters relating to the electrical
connection between the metallic cable screen and
the ground, including the possible use of an earth
continuity conductor.

Some data on typical cable system design are given in
the literature.

Land and Sea Cable Types
The evolution of insulated cable development has re-
sulted in three main types of land and sea AC cables:
fluid-filled cables (FF), gas-filled cables (GF), and ex-
truded cables.

Figure 10.17 subcategorizes these cable types based
on the type of insulation used.

It should be noted that HVAC underground ca-
bles with SCFF, XLPE, or EPR insulation usually have
a single core, while those that utilize HPFF or HPGF in-
sulation generally comprise three insulated conductors
inside a steel pipe.

A typical power cable can consist of four or six
main layers: conductor/insulation/metal screen/outer
sheath, or conductor/insulation/metal screen/insula-
tion/armor/outer sheath (Fig. 10.18).
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Fig. 10.17 Important types of land and sea cables (adapted from [10.26])
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Fig. 10.18 Main components of a single-core cable
(adapted from [10.26])

While most HV underground cables have a sin-
gle core without armor, HV submarine cables have
either a single core with armour or—more often—three
four-layer single-core cables inside a common layer of
armor. These cables are referred to as three-core cables.

Single-Core Cables.

Conductor. The purpose of the conductor is to trans-
mit the required current with low losses. Different
conductor designs are shown in Fig. 10.19. Hollow con-
ductors usually use oil or water to cool the conductor.
Stranded and segmental conductors provide more flexi-
bility and exhibit a reduced skin effect.

The conductor used in HV and EHV cables is ei-
ther copper (Cu) or aluminum (Al). Compared to Al,
Cu has a lower specific resistance, which means that, for
the same current capacity, a smaller cross-sectional area
of Cu is needed. Ignoring economic considerations, the
main advantage of Al over Cu is that it is less dense, so

an Al cable will be much lighter than a Cu cable with
the same current rating.

Most conductor materials and designs are refer-
enced in IEC 60287-1-1 (except for oval and aluminum
segmental designs). The material and design used affect
the DC and AC resistance of the conductor. The meth-
ods used to calculate the resistance of the conductor are
found in IEC 60287-1-1; the DC and AC resistances at
the maximum operating temperature are assigned the
symbols R0 and R, respectively.

The current-carrying capacities of thick stranded
conductors can be substantially reduced by skin and
proximity effects, which are electromagnetic effects
that produce an uneven distribution of current over the
cross-section of the conductor and hence effectively in-
crease its resistance.

The skin effect is the tendency for current to flow
predominantly at the periphery of a conductor due to
the internal magnetic field in the conductor. The skin
effect in a single-core cable is similar to the skin effect
in a solid cylindrical conductor with the same DC resis-
tance per unit length.

The proximity effect is the tendency for current to
flow along one side of a conductor due to the interac-
tion of the magnetic field of the current in the conductor
with the currents in adjacent conductors. The proxim-
ity effect can be calculated using formulae developed
for solid cylindrical conductors provided that the resis-
tance of the conductor is divided by a factor kp, which
is the ratio of the resistance of the path along the strands
to the resistance of the path across the strands. This
factor depends on many parameters, such as the sur-
face condition of the strands, the lay of the strands, the
impregnation of the core, and the tightness of the insu-
lation on the core.

As noted in [10.28], the AC resistance of a con-
ductor will be greater than the DC resistance of the
conductor due to the skin and proximity effects. Solid
conductors will be worst affected by these effects.
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Fig. 10.20 HV cable with an enameled conductor (adapted
from [10.7])

The presence of strands in the conductor will disrupt
the proximity effect. The skin effect is only reduced
in Milliken conductors (Fig. 10.19). Both effects de-
crease the difference between the AC resistance and
the DC resistance. Some manufacturing processes such
as extrusion may impact on the stranding (e.g., by
compressing the strands together). Milliken conductors
are specifically designed to maximize the disruptive
effect of strands and optimize the AC resistance of
the cable. This disruptive effect of strands can be fur-
ther enhanced by increasing the electrical resistance
between the individual strands using some form of sur-
face treatment (oxidation or enameling, as shown in
Fig. 10.20).

The AC resistance can be derived from the DC re-
sistance via two coefficients representing the skin and
proximity effects. The methods used to calculate skin
and proximity effects for Milliken conductors in ex-
truded cables are given by the IEC.

Table 10.1 Proposed values for ks and kp (adapted from
[10.29])

Type of conductor ks value kp value
For enameled copper wires and
aluminum wires

0.25 0.15

For oxidized copper wires
(value based on a unidirectional study)

0.35 0.20

For interlayer insulated copper 0.50 0.37
For unidirectional stranding of bare
copper wires

0.62 0.37

For bidirectional stranding of bare
copper wires

0.80 0.37

Type of conductor ks value kp value
For enameled copper wires and
aluminum wires

0.25 0.15

For oxidized copper wires
(value based on a unidirectional study)

0.35 0.20

For interlayer insulated copper 0.50 0.37
For unidirectional stranding of bare
copper wires

0.62 0.37

For bidirectional stranding of bare
copper wires

0.80 0.37

Reference [10.29] provides extensive guidance on
calculating AC resistances for these conductor designs
and for conductors with large (> 1600mm2) cross-
sections. Given the complexity of these calculations, the
publication recommends that the AC resistance should
be measured during type tests. When measured val-
ues are not available, the publication recommends that
the classical IEC 60287 formula should be used, but
with the coefficients revised to the values given in Ta-
ble 10.1.

WG D1.54 is currently establishing guidelines for
the basic basic principles and practical methods to mea-
sure the AC and DC resistance of conductors of power
cables and overhead lines.

Insulation. There are three practical dielectrics for
HV and EHV cables: impregnated multilayered paper,
oil-filled paper, and an extruded polymer such as XLPE.
The purpose of this insulation is to protect the conduc-
tor and ensure that there is no connection between the
two current-carrying components of the cable: the con-
ductor and the metal screen.
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Fig. 10.21
Some screen
designs (adapted
from [10.26])

Due to the insulation between the two current-
carrying components, HV cables closely resemble very
long cylindrical capacitors. AC loadswill therefore draw
a capacitive charging current per phase (denoted IC) that
is proportional to the permittivity "r and the link length.

This charging current is superimposed on the cur-
rent that is designed to be carried by the conductor.
Therefore the length of the cable is limited because
of the capacitive load of the cable. The critical length,
which is discussed in more depth in other CIGRE doc-
uments [10.8, 14, 28], is the length of cable required for
the current rating to be completely consumed by the
capacitive current, meaning that no active power can
flow through the cable. The critical length of the ca-
ble decreases as the voltage and the permittivity of the
insulation increase.

Semiconductive Screens. A field-smoothing or semi-
conductive layer is placed between the insulation and
the conductor and also between the insulation and the
sheath.

Semiconductive layers are included in order to:

� Equalize and reduce the electrical stress in the cable
dielectric by preventing local field enhancement in
nonhomogeneous areas such as the individual wires
of the conductor or screen. The semiconductive lay-
ers eliminate the effects of the individual wires on
the field distribution.� Prevent the formation of gaps or voids between the
voltage-carrying components of the cable (conduc-
tor, screen, and metal sheath) and the insulation
layer due to mechanical stress, e.g., cable bending
or the differential expansions of the various ma-
terials under varying thermal stress. A solid and

permanent bond between the semiconductive layers
and the insulation prevents the occurrence of partial
discharges (this design aspect is very important in
polymer-insulated cables, as they have no impreg-
nating medium).

Models do not normally include semiconductive layers.
That is, the models include several conductive layers,
such as the conductor and metal screen, and insulation
materials in between, but no semiconductive layers. In-
stead, the semiconductive layers are considered part of
the insulation, with the thickness and permittivity of the
insulation modified accordingly.

Metal Screen. The metal screen is a metallic covering
of the cable that is used for electrostatic screening and
provides a return path for the capacitive charging cur-
rent. It is also used to conduct the earth fault current
when there is a fault in the cable. When a composite
metallic screen is used, a sheath is often included to en-
sure water tightness. Watertight material can be placed
on either side of the metal screen. Some examples of
screen designs are given in Fig. 10.21.

To minimize sheath overvoltages at the ends of
the cable and the current flowing in the metal screen,
special screen connection techniques are used. Screen
bonding techniques are discussed in more detail in other
sections (see also Figs. 10.24–10.26).

Bedding. Bedding is used to reduce thermomechan-
ical stresses on the metal screen caused by thermal
expansion of the insulation or to fill voids in or around
cable, between the metal screen and the armor. Armored
cables use a single layer of an insulating bedding com-
pound. Bedding compounds are elastomer based and
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consist of a variety of polymer blends or polymers.
The exact formulation depends on the cable construc-
tion and application.

Bedding compounds make cables round for easier
pulling. In addition, by protecting the metal screen from
mechanical and/or water damage, bedding compounds
can also increase field lifetimes. The bedding layer may
act as both an insulating layer between the metal screen
and the armor and a water barrier.

Armor. Land cables are generally not armored cables,
whereas submarine cables are armored to support the
cable weight during laying and to provide mechanical
protection to the cable during operation.

Depending on the installation depth and the risk of
third-party damage, a double layer of armor may be
used.

A nonmagnetic material is used for single-conduc-
tor cables, whereas galvanized steel wires or strips are
preferred for three-core cables.

The armor increases losses and strengthens the
electromagnetic screening of the cable, which in turn
minimizes the proximity effect from adjacent cables
and lowers the stress on the sheath caused by high cur-
rents during conditions such as earth faults.

Outer Covering. The primary function of the outer
covering of the cable is to provide mechanical protec-
tion against the surroundings. For land cables, the outer
covering is normally a sheath made of high-density
polyethylene with a relative permittivity of 2.3. This
outer sheath is the final layer of an underground cable
and is often covered with a semiconductive compound.

In submarine cables, extruded polymeric sheaths or
servings made from wound polyethylene yarn layers
may be used.

Three-Core Cables. There are many different kinds
of three-core cables. In the HV range, they normally
consist of three cores inside a common armor or pipe
(Fig. 10.22); in this case, each core is similar to a single-
core cable without armor (as described above).

Two main types of three-core HV cables can be
distinguished. The first are known as separate-screen
cables (e.g., SL or SA cables, which have separate lead
or aluminum sheaths, respectively). In this case, the
three cores are assembled together, using fillers to keep
the cable round.

The other main type are termed pipe-type cables, in
which the three cores are pulled simultaneously inside
a steel pipe. The pipe is then filled with an insulat-
ing medium, either oil or gas (nitrogen) pressurized to
about 15 bar.

Skid wires are used to reduce the coefficient of fric-
tion between the cores and pipe during installation.

Configuration of Installation
Configurations of installation vary widely according to,
for example, the country in which the cable is installed,
the construction method used, and the applicable regu-
lations. Some of these configurations have already been
briefly described above. More information can be found
in subsequent sections of this chapter and in [10.13]
(WG B1.60 is currently working to update this docu-
ment).

In this section, the configuration of the installation
is considered to be the set of parameters that can influ-
ence the electrical characteristics of the cable system.
Very similarly, they can also influence the cable rat-
ing (as described in more detail later), since the cable
losses can depend on the electrical configuration. The
main parameters considered are the relative positions
of cables (Fig. 10.23) and the presence of cable trans-
position.

Land Cables. Generally speaking, the construction
method used for cable installation will determine most
of the parameters of the configuration:

� Directly buried cables. Directly buried cables are
usually laid in a flat or touching trefoil formation.
Some cases also use an open trefoil formation. The
spacing between the cables will largely depend on
the space available and ampacity considerations.
Typical spacings used range between no spacing
at all (touching cables) to 4�5 cable diameters. In
a double circuit configuration, the spacing between
the two circuits can be much larger, up to a few me-
ters.� Cables in a trough, filled or unfilled. This type of in-
stallation can use cables in a flat or touching trefoil
formation. Due to limited space in the cable trough,
the spacing between cables is usually minimal.� Cables in a duct. Cables in a duct tend to be in po-
sitioned in a triangular or open trefoil formation. In
some cases, flat and/or vertical formations may be
used (Fig. 10.8). For this kind of installation, the
cable spacing is usually 2�5 cable diameters.� Cables in a tunnel. A wide variety of formations
are used for cables in a tunnel as each installation is
unique. The spacing between cables is usually large,
as these important installations can carry very large
loads at very high voltage (Fig. 10.12).

The use of directional drilling may lead to large cable
spacing (e.g., 1m).
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Annealed stainless
steel binder tape
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Fig. 10.22a–e
Three-core cables:
(a) separate screens,
(b) pipe-type cable,
(c) 345 kV HPFF
cable, (d) 225 kV
HPFF cable,
(e) 69 kV HPFF
cable (adapted
from [10.26])

Cable Transposition. Cable transposition is used in
some countries to reestablish symmetry in a nonsym-
metric system. In a three-phase system, each cable
(phase) is positioned in each of the three available po-
sitions for a third of the length of the system, resulting
in a more balanced system. Some countries use cable
transposition in a systematic way, transposing cables at
each joint location along the links, while other countries
do not use cable transposition at all.

Submarine Cables. Submarine cables often use
a three-core system in which all three cable cores are
wound together, resulting in a symmetric system.

For very large cross-sections and higher voltages,
single-core cables are generally used. In that case, the
spacing between phases is typically very large with re-

spect to the cable diameter (from a few meters up to
hundreds of meters or more), much larger than in any
land cable installation.

The interactions between the cables—and thus the
cable impedances—depend on the arrangement of and
the spacing between cables.

The sequence impedances are only rigidly deter-
mined for a trefoil arrangement or a flat formation with
transposed cables, as explained in [10.26].

The impact of any magnetic shielding installed at
the links is not considered here (for an in-depth discus-
sion of this topic, see [10.21]).

Screen Bonding Methods
As mentioned above, special techniques are used to
connect the metal screen in order to minimize sheath
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Vertical flat formationUpwards trefoil Downwards trefoil Horizontal flat formation

Spacing S

a)

b)

c)

d)

Fig. 10.23a–d
Various cable
layouts for single-
core cable systems:
(a) touching cables,
(b) nontouching
cables, (c) triangle
configurations,
(d) links involving
2 circuits (adapted
from [10.26])

overvoltages at the ends of the cable and the current
flowing in the metal screen.

The technique used should comply with the design
of the cable and accessories during normal operation
and even during a failure.

The underground line and the method available for
the screen connections is subdued to:

� Electric induction on the sheath during normal op-
eration as well as in the case of a fault.� Specific rules relating to the maximum voltage that
can be induced in the sheath near to any point
that someone can touch (wiping bells at the termi-
nations, for example). The voltage allowed varies
between 35 and 400V depending on the country and
the regulations applied.� The resistivity of the ground, which influences the
voltage in the sheath.� The value of the asymmetric factor, which is taken
into account during a fault at the power frequency.� Surge arrestor specifications.

Reference [10.30] includes detailed discussions and
calculations relating to modern methods of bonding to
a metal screen. Only the most basic design considera-
tions are presented below. Three main types of earthing
connections can be distinguished (Figs. 10.24–10.26).
In this context, [10.31] is a complementary text that ex-
plores Earth potential rises in specially bonded systems.

Solid Bonding Method. The simplest method of con-
necting a metal screen is solid bonding (Fig. 10.24),
where the metal screen is connected to earth at both
ends. This connection method results in large steady-
state losses, as induced current is permitted to flow in
the metal screen. The voltage level in the sheath is close
to zero along the line because it is due only to capacitive
currents.

Single-Point Bonding Method. This method, illus-
trated in Fig. 10.25, stops current from flowing in the
screen but does not eliminate the potential for problems
with sheath overvoltages at the ungrounded end.



Section
10.3

780 10 Underground Cables

Fig. 10.24 Solid bonding arrangement
(adapted from [10.26])

Surge arrestors

Surge
arrestors

Surge
arrestors

Isolated cable

Isolated cable Isolated cable

Transition compound A Transition compound B

Fig. 10.25
Single-point
bonding arrange-
ments (adapted
from [10.26])

Some countries do not use an earth continuity con-
ductor (ecc) along the line; the earth is used to return the
fault current during a failure. In other countries, surge
arrestors are not used.

Cross-Bonding Method. Long cables usually have
cross-bonded sheaths. This grounding method, shown
in Fig. 10.26, consists of essentially sectionalizing the
sheaths into elementary (minor) sections and cross-
connecting in after three consecutive sections (known
as major sections). To control possible overvoltages,
surge arresters are usually connected to the cross-

Fig. 10.26 Cross-bonding arrange-
ment (adapted from [10.26])

bonded points and the sheaths are generally solidly
grounded at major section ends.

Induced sheath currents can be canceled out using
this method, which results in an improved transmission
capacity for an underground cable or a much cheaper
cable design for a given transmission capacity; how-
ever, permanent and transient voltages can still appear
in the sheath and in the metallic parts at the ends of
the cable sections. An earth continuity conductor con-
nected to grounding points may be installed to reduce
overvoltages that stress the sheath surge arrestors dur-
ing phase-to-earth short circuits.
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Cable selection from existing cables
Accessory selection from existing accessories

 Preliminary design of cable cross-section
Design of earthing (grounding) method

Determination of number of cables per phase

Stage 1: Preliminary design of the cable system

Operating voltage
Ampacity (normal operation, emergency)

Load curve
Aimed (at) cable temperature during operation

Short-circuit level and duration
Impulse levels
Touch voltage

Cost of kWh, cost of losses
Estimated length of the link

Type of soil
Soil temperature

Maximum allowed temperature
at soil-cable contact

Soil resistivity
Frost depth

Environmental hazards (earthquake, flood, ...)

Cooling system needed?

No

Stage 2

New cable design

Yes

Fig. 10.27 Stage 1
of the step-by-step
approach (adapted
from [10.13])

10.3.3 Step-by-Step Approach
to Cable System Design

Taking into account both operational and environmental
data, a preliminary route and a preliminary cable design
are selected. After that, as the study progresses, various
technical issues will be encountered before the design
of the cable and accessories and the laying technique(s)
to be used are chosen. The main technical aspects con-
sidered during this process are:

� Electrical characteristics� Thermal dimensioning and rating calculations� Economic optimization of the conductor area (i.e.,
cable sizing)� Short-circuit characteristics� Main insulation coordination� Grounding technique� Protection and reclosure issues� Magnetic fields.

Some elements of the toolbox used to design the cable
system are provided in Sect. 10.4.

Methodology
When an engineer is starting a new project, their main
consideration is always how the project can be managed
to ensure that it is as effective as possible from technical
and economic perspectives.

A methodology for a step-by-step approach to
cable system project management is proposed by
WGB1.17 in [10.13]. The purpose of the chart shown in
Figs. 10.27–10.31 (created by WG 21-17 [10.13]) is to
help inexperienced engineers to manage their projects.
Experts with considerable underground cable system
project management experience will bypass some of the
proposed steps.

It is clear that this is verymuch an integrated process:
the impacts of the various stages are considered during
the process, and steps are taken to modify previous and
subsequent stages of the process in order to achieve the
optimal end result.
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Stage 2: Preliminary cable route design

Identification of obstacles to cross:
roads, railways, rivers,

national parks, archeological sites,
thermal sources (steam, ...) and

electrical sources nearby,
services, trees

Division of the overall area studied
into sections

In each section:

Identification of the available civil
work techniques in each section

In the overall area studied:

Selection of route/techniques

Stage 3

Local
and

national
regulations

Allowed civil work techniques
Time that trench opening is permitted

Location
Right of way

Available civil work techniques in
the country

Soil stability
Soil hardness
Soil resistivity
Soil seismicity

Fig. 10.28 Stage 2
of the step-by-step
approach (adapted
from [10.13])

Stage 3: Checking the cable system design

Stage 1 Stage 2

Checking the cable system design

Is the ampacity
still good?

Stage 4

Modification of cable cross-section
Modification of earthing method

Modification of cable construction

Yes

No

Identification of thermal constraints

Fig. 10.29 Stage 3 of the step-by-step
approach (adapted from [10.13])
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Stage 4: Selection of construction, laying,
and installation methods along the route

Site impact
Site duration

Site working time (24 h/24 h possible)
Magnetic field
Laying depth

Maintenance and repair process
Cable removal

Construction cost
Site impact cost

Maintenance and repair cost
Operation cost

Cost of unavailable link

Selection of a technique for each section
with cost and technical aspects

Stage 5

Fig. 10.30 Stage 4 of the step-by-step
approach (adapted from [10.13])

Stage 5: Cable installation

Laying technique
Installation technique: rigid or flexible

Pulling method
Pulling tension

Sidewall pressure
Drum transportation

Selection of the cable
Selection of the accessories

Selection of the length of each drum

Cable system performance
Thermomechanical performance

Good

Commissioning

Final design of the cable
Final design of the civil works
Final design of the installation

Write of link specifications

Carry out works

Final ampacity, according to works

Administrative authorizations

Stage 1

Modification of the design

Fig. 10.31 Stage 5 of the step-by-step
approach (adapted from [10.13])
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10.4 AC Cable Theory in Underground Cable System Design

Two of the fundamentals of power transmission are the
voltage and current that are used to transmit the power
from one area to another. The current is the flow of elec-
tricity through the conductor. As noted above, using the
water flow analogy, voltage is equivalent to pressure,
i.e., it drives the current through the conductor in the
same way that pressure drives water through a pipe. The
voltage multiplied by the current is, roughly speaking,
equal to the power.

In AC transmission, the standard practice interna-
tionally is to transmit the power using a three-phase
system with three metallic conductors in a circuit to
carry the current. The size of each conductor governs its
ability to carry current, i.e., the larger the conductor, the
more current it can carry. The conductors must be insu-
lated from the ground in order to be able to withstand
the voltage applied; again, the more insulation there is,
the higher the voltage that can be applied.

The three conductors may be assembled in an over-
head line (OHL) circuit, an underground cable (UGC)
circuit, or a gas-insulated line (GIL) circuit.

The basic theory associated with the design of
UGCs is described in this section (more detailed infor-
mation on the topics covered here is available in var-
ious publications from CIGRE SC 21/B1 and CIGRE
session proceedings). Some of the basics of DC trans-
mission are also described below.

10.4.1 Electric Fields in AC Cables

Before we dive more deeply into the theory behind
UGC design, it is important to understand what is meant
by the electrical stress within the cable insulation and

d

D

Distance

E

Emax

Emax

r

E(r)
Emin

Emin

Fig. 10.32
Electrical field in an
AC cable (adapted
from [10.4])

at the interface between the cable and the accessories
(joints and terminations).

For a radial field around a conductor, the equipoten-
tial lines are cylindrical and concentric to the conductor,
and the electrical stress in kV=mm at a distance r in mm
from the axis is given by

E.r/D U0

r ln
�Re
Ri

� ;

where U0 is the phase to ground service voltage in kV,
Ri and Re are the internal and external radii of the in-
sulation, D D 2Re is the diameter over the insulation,
and d D 2Ri is the diameter over the conductor or the
semiconductive layer.

The greatest stress Emax occurs at r D Ri on the
conductor (or the inner semiconductive layer), and the
lowest stress Emin occurs at r D Re on the surface of the
insulation layer (Fig. 10.32)

Emax D 2U0

d ln
�

D
d

�

and

Emin D 2U0

D ln
�

D
d

� :

Emax is a crucial influence on the aging of the insula-
tion and the performance of the cable under impulse.
Emin is an important factor in the compatibility of the
cable with the associated accessories (joints and termi-
nations), especially for extruded cables.
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Cable Insulation Aging: State of the Art
The electrical performance of cable insulation gener-
ally decreases over time due to the degradation of the
insulating materials. The mechanism of the aging pro-
cess varies with the physical properties of the materials
used for the insulation. These mechanisms are briefly
explained in [10.32].

The aging of cables with lapped impregnated insu-
lation is mainly influenced by the operating tempera-
ture. Gas production in the insulation due to thermal
degradation is the main aging process for this cable
type. As long as the gas can be dissolved in the impreg-
nating liquid, the electric withstand stress will remain
nearly constant. The applied AC stress does not have
a significant influence on the aging provided that it is
held below the partial discharge inception stress. There-
fore, the effect of electric aging is negligible in such
cables.

The aging of cables with extruded insulation is sig-
nificantly influenced by the electrical stress applied.
Assuming that the physical process responsible for the
aging does not change, the time to breakdown for
a given stress as well as the breakdown stress at a par-
ticular time are stochastic values that are represented
by homogeneous distribution functions. The results of
many tests have shown that both values may be ap-
proximated by Weibull distributions [10.33] with two
parameters (a scale parameter at 63% probability t0 or
E0 and a Weibull slope a or b; see Fig. 10.33).

According to this mathematical model, the break-
down probability as a function of time for a given cable
at constant electrical stress is

p.t/D 1� exp
�

�
�

t

t0

�a�

:

(E = const.)

p

63%

1

a

t0 t

a)

(t = const.)

p

63%

1

b

E0 E

b)

Fig. 10.33a,b Weibull distributions of the breakdown time
at constant stress (a) and the stress at a particular time (b)
for extruded cable insulation. Both x-axes use a log
scale, while the y-axes use a double log scale (adapted
from [10.32])

For the same cable, the breakdown probability as
a function of the electrical stress applied for a given du-
ration can be written as

p.E/D 1� exp

"

�
�

E

E0

�b
#

:

These two distribution functions can be combined such
that the complete equation for the breakdown probabil-
ity of a given cable sample is

p.t;E/D 1� exp

"

�
�

t

t0

�a � E

E0

�b
#

:

For a constant breakdown probability, the following re-
lation may be derived from the above

�

t

t0

�a � E

E0

�b

D const.

We now introduce the lifetime exponent n as the quo-
tient of the Weibull slopes b and a

n D b

a
:

The lifetime law for extruded cable insulation then be-
comes

Ent D const.

Published values of the lifetime exponent n for XLPE
range from 12 to 20.

According to the lifetime law for extruded cable in-
sulation, applying high electrical stress for a short time
causes the same aging as applying low electrical stress
for a longer duration, assuming that all other operating
conditions remain unchanged. The design philosophy
for extruded cables must consider this effect. Basic
values of the design stresses are usually derived from
short-term tests. Considering the aging effect, it is im-
portant to ensure that there is a sufficient safety margin
to cover accelerated aging effects due to (for example)
temporary overvoltages and surges during the required
lifetime.

The different aging behaviors of cables with lapped
impregnated insulation and cables with extruded insula-
tion is another reason for the different design and testing
philosophies specified in the relevant standards and rec-
ommendations for these two types of cables. Typical
differences between the lifetime curves for lapped and
extruded cable insulation are shown qualitatively in
Figs. 10.34 and 10.35.
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Fig. 10.34 Lifetime curve for extruded cable insulation
(adapted from [10.32])
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Fig. 10.35 Qualitative lifetime curves for lapped and ex-
truded cables (adapted from [10.32])

Design Practices for Insulated AC Cables
The insulation of AC cables consists of a number of thin
paper tapes wound around the conductor. The conduc-
tor is circular, except in external gas pressure cables,
which use oval-shaped conductors. Depending on the
type of cable used, the insulation is impregnated with
low-viscosity oil or with a nondraining high-viscosity
insulating mass.

The surface of the conductor is irregular to some de-
gree due to the interstices between the individual wires.
To suppress the creation of pockets of concentrated elec-
trical stress at these irregularities, several layers of semi-
conductive carbon-black paper tape are applied onto the
conductor surface. For high-voltage cables, it is essen-
tial to generate an undistorted radial electric field inside
the insulation. Therefore, semiconductive carbon-black
paper tape is applied over the insulation too, normally in
combination with metal-coated paper tape.

Basic Insulation Designs of High-Voltage AC Ca-
bles with Lapped Insulation. In order to achieve
an AC withstand characteristic with a sufficiently long
duration, it is necessary to avoid ionization inside the
insulation. Ionization can occur in gas-filled voids,
which can form in the insulation due to the expansion

and contraction of the cable components at different
rates during load cycles. Several cable types that use
different mechanisms to overcome the ionization prob-
lem have been developed in order to create so-called
thermally stable cables.

Low-Pressure Oil-Filled Cables with Paper Insu-
lation. The paper insulation of low-pressure oil-filled
cables is impregnated with low-viscosity insulating oil.
During the heating phase of a load cycle, the expand-
ing oil can flow through longitudinal channels inside
the conductor (or in the interstices of three-core ca-
bles) to oil expansion vessels, in which the oil is stored
under pressure. When the load is reduced and the ca-
ble cools down, the vessel forces the oil back into the
cable. This mechanism stops voids from occurring in
oil-impregnated cables.

The impregnated core is covered by a metallic
sheath, which can be an extruded lead sheath with re-
inforcement or a corrugated aluminum sheath. An anti-
corrosion layer (compound) is applied over the metallic
sheath, and this anticorrosion layer is covered with an
extruded oversheath (PE or PVC).

Low-pressure oil-filled cables are used up to a rated
voltage of 500 kV. Cables for higher rated voltages have
already been developed and successfully tested. The
power-frequency withstand stress of this type of cable is
about 40 kV=mm, and the maximum stress under oper-
ating conditions varies between 10 and 15 kV=mm. The
insulation thickness is normally designed on the basis
of a maximum permissible lightning impulse stress of
90�95 kV=mm, depending on the conductor design.

Low-Pressure Oil-Filled Cables with Polypropylene
Paper Laminate Insulation. Low-pressure oil-filled
cables with conventional paper insulation are of lim-
ited use at extra-high voltages (> 500 kV) due to the
resulting dielectric losses, which are proportional to the
square of U0. Therefore, an alternative tape material
called polypropylene paper laminate (PPL) has been de-
veloped. The dielectric loss factor of low-pressure oil-
filled cables with PPL insulation is about 2:5�3 times
lower than that of conventional paper insulation.

The overall cable design in this case is similar
to that of conventional low-pressure oil-filled cables.
The insulation thickness is again determined by the
maximum permissible lightning impulse stress, which
is in the range of 100�110 kV=mm due to the en-
hanced material properties of PPL. The maximum
power frequency withstand stress is about 45 kV=mm,
and the maximum stress under operating conditions is
17�20 kV=mm.

Cables with paper or PPL insulation were known as
low-pressure oil-filled (LPOF) cables until the 1970s,
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Table 10.2 Typical stresses in service for AC lapped cables

Low-pressure oil-filled
(LPOF) or SCFF cables

High-pressure oil-filled
(HPOF cables)

High-pressure gas-filled
(HPGF) cables

Voltage class
(kV)

Um 
 170 Um > 170 Um 
 170 Um > 170 Um 
 170 Um > 170

AC voltage
(kV=mm)

10 15 10 14 8 10

Lightning impulse
(design criterion)
(kV=mm)

85 95 80 90 60 80

Switching impulse
(kV=mm)

75 85 70 80 50 70

Low-pressure oil-filled
(LPOF) or SCFF cables

High-pressure oil-filled
(HPOF cables)

High-pressure gas-filled
(HPGF) cables

Voltage class
(kV)

Um 
 170 Um > 170 Um 
 170 Um > 170 Um 
 170 Um > 170

AC voltage
(kV=mm)

10 15 10 14 8 10

Lightning impulse
(design criterion)
(kV=mm)

85 95 80 90 60 80

Switching impulse
(kV=mm)

75 85 70 80 50 70

when synthetic dielectric liquids began to replace the
mineral oils that had previously been used. They are
now generally known as self-contained liquid-filled
(SCLF) or self-contained fluid-filled (SCFF) cables.

High-Pressure Oil-Filled Cables. This type of cable
consists of three impregnated-paper-insulated conduc-
tors that are drawn into a steel pipe. The steel pipe is
subsequently filled with oil maintained at a pressure of
approximately 15 bar. Due to this high operating pres-
sure, the insulation remains free of voids during any op-
erational conditions. Regulating equipment consisting
of pressure monitors, pumps, and valves control the op-
erating pressure. When the load increases and the cable
heats up, the expanding oil flows into a storage container.
During a cooling period, the oil is pumped back into
the cable. High-pressure oil-filled cables have been con-
structed for rated voltages of up to 500 kV. This type of
cable has only rarely been used in recent installations. Its
ACwithstand stress is approximately 50 kV=mmand its
lightning impulse withstand stress is 100 kV=mm.

External Gas Pressure Cables. The paper-insulated
cores of external gas pressure cables are impregnated
with high-viscosity synthetic oil. Directly over the core,
a gastight lead diaphragm sheath is applied, which is
exposed to an external gas pressure of about 15 bar.
During heating periods, the lead sheath expands due
to the internal pressure of the expanding impregnat-
ing oil. When the cable cools down, the external gas
pressure forces the lead sheath back to its original po-
sition. In this way, the insulation remains free of voids.
The conductors are oval-shaped to enable this action of
the lead diaphragm sheath. External gas pressure cables
can be designed as either self-contained cables (earlier
installations) or pipe-type cables (more recent instal-
lations). Pipe-type cables consist of three cores pulled
into a common steel pipe. The steel pipe is filled with
compressed nitrogen. External gas pressure cables are
used up to rated voltages of 275 kV. Typical lightning
impulse design stresses for these cables are in the range

of 85�95 kV=mm; typical operating stresses vary from
8 to 13 kV=mm.

Internal Gas Pressure Cables. The insulation of in-
ternal gas pressure cables is impregnated with a high-
viscosity nondraining insulating compound. Such ca-
bles, in contrast to external gas pressure cables, do not
have a sheath. Either individual non-laid-up cores, each
protected by a gliding wire, or laid-up multicore cables
with flat steel wire armor are fed into a steel pipe. The
pipe is filled with nitrogen at a pressure of about 15 bar.
The gas can penetrate into the insulation and fill any
voids that are formed in the insulation due to expansion
and contraction during thermal cycles. Due to the high
pressure of the gas inside the voids, ionization is sup-
pressed.

The maximum rated voltage for internal gas pres-
sure cables is 110 kV, and typical lightning impulse
design stresses vary from 80 to 90 kV=mm. Under op-
erating conditions, the maximum AC stress is usually
8�10 kV=mm (Table 10.2).

Insulation Design. The electrical stress that occurs
within the extruded insulation of HV and EHV ca-
bles was investigated in detail in the 1990s. Impor-
tant CIGRE publications deal with this topic [10.33–
35]. Such insulation consists of an extruded layer of
polyethylene (PE), crosslinked polyethylene (XLPE),
or ethylene propylene rubber (EPR) around the conduc-
tor. The conductor is circular for HV cables.

As mentioned above, the surface of the conduc-
tor is irregular to some extent due to the interstices
between the individual wires. To stop electrical stress
from building up at such irregularities, an extruded
layer of semiconductive material is applied onto the
conductor surface. For HV cables, it is essential to
achieve an undistorted radial electric field inside the in-
sulation, so an extruded semiconductive material is also
applied onto the insulation.

In order to achieve an AC withstand characteristic
with a sufficiently long duration, it is necessary to stop
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Table 10.3 Typical stresses in service for AC extruded cables

Polyethylene (PE) Crosslinked polyethylene (XLPE)
Voltage class
(kV)

Um 
 170 170< Um 
 300 Um > 300 Um 
 170 170< Um 
 300 Um > 300

AC voltage design stress
(kV=mm)

7 11�12 16 7 11�12 16

Lightning impulse
(kV=mm)

70 80 80 70 80 80

Switching impulse
(kV=mm)

60 70 70 60 70 70

Polyethylene (PE) Crosslinked polyethylene (XLPE)
Voltage class
(kV)

Um 
 170 170< Um 
 300 Um > 300 Um 
 170 170< Um 
 300 Um > 300

AC voltage design stress
(kV=mm)

7 11�12 16 7 11�12 16

Lightning impulse
(kV=mm)

70 80 80 70 80 80

Switching impulse
(kV=mm)

60 70 70 60 70 70

ionization (partial discharges, PDs) from occurring in
gas-filled voids inside the insulation and at the inter-
faces between the insulation and the semiconductive
layers. This is realized by using appropriately defined
process parameters and by bonding the three extruded
layers.

An extruded lead sheath, an aluminum sheath, or
a wire screen encloses the insulated core. The cable
is provided with reinforcement for some applications.
There is an extruded oversheath (PE or PVC) over the
sheath or screen.

Cables with extruded insulation are now used up to
a rated voltage of 500 kV. The power-frequency with-
stand stress of this type of cable is about 40 kV=mm,
and its maximum stress under operating conditions is
usually around 16 kV=mm. The thickness of the in-
sulation is normally designed based on the maximum
permissible AC voltage stress (Table 10.3).

10.4.2 Basics of Electric Fields in DC Cables

Whilst cables with extruded insulation are generally
used for electricity distribution, medium-voltage (MV)
cables, and for the transmission of low voltages, ex-
truded materials have recently become the insulation of
choice in AC and DC transmission circuits for under-
ground cables used in many utility EHV applications.

Recommended insulation thicknesses for AC cables
are tabulated in standards (IEC or national standards
and utility specifications). For MV cables, the stan-
dards and specifications impose a nominal thickness.
For HV cables, however, insulation thicknesses are cho-
sen by the cable manufacturer based on experience and
validation via type tests and (where applicable) prequal-
ification tests.

The insulation thickness of a DC cable is chosen by
the cable manufacturer taking into account both the ca-
pacitive electrical stress (caused by possible transient
voltages, e.g., switching and lightning impulses) and
the resistive electrical stress (caused by the DC volt-
age in normal operation). The latter strongly depends
on the temperature difference across the insulation, the
material used, and the manufacturing process applied.

When applicable, the degassing time and the tem-
perature after extrusion are important parameters for the
manufacturer to consider since the level of by-products
resulting from the curing process in the insulation can
strongly influence its electrical performance.

Specific materials have been developed for DC
applications, and new materials are currently being de-
veloped. Once the most suitable insulation material has
been defined, particular attention must be paid to the
cleanliness of both the incoming material and the mate-
rial handling performed in the plant. The required level
of cleanliness strongly depends on the rated voltage of
the cable.

Extruded submarine HVDC cables are used com-
mercially up to ˙320kV. Extruded ˙525 kV HVDC
cables for underground applications are available, and
it is expected that they will be made available for sub-
marine use soon. Mass-impregnated (MI) submarine
HVDC cables can be used for all voltages, even those
over ˙500 kV. However, mass-impregnated cables can-
not be used for HVAC voltages because of ionization in
cavities.

The insulation system must be tested in accordance
with the relevant standard/recommendation.

In a first approach to analyzing the insulation be-
havior in DC cables, Fig. 10.36 shows the distribution
of the electrical stress inside the insulation of a cold
isothermal HVDC cable and the corresponding distri-
bution in the insulation of a loaded HVDC cable. The
stress distribution in the insulation is controlled by the
ohmic resistance of the insulation layers. In the cold
isothermal cable, the specific resistivity of all the insu-
lation layers is almost uniform, and the resulting stress
distribution is shown by the gray curve. After running
the cable with a load, a thermal gradient will appear in
the insulation, causing the specific resistivity of the in-
sulation close to the conductor to be lower than that of
the insulation furthest from the conductor. The resulting
electrical stress distribution is indicated by the brown
curve in Fig. 10.36.

A more detailed analysis of the insulation behavior
in DC cables is given in [10.25]. As stated in [10.25],
there are a number of formidable challenges associated
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Fig. 10.36 Electric fields in DC cables (adapted from
[10.36])

with the process of designing the solid insulation for
HVDC equipment that are not (or are less frequently)
encountered when designing HVAC equipment.

One fundamental issue is the considerably higher
electrical stresses involved, which derive from the com-
pact nature of DC devices/systems. For AC insulation,
the electrical design is generally separated from the me-
chanical and thermal design. In a DC device, however,
the electrical design cannot be separated from the me-
chanical and (in particular) the thermal designs.

A clear example is the strong effect of tempera-
ture on insulation conductivity and charging dynamics.
TB 520 presents an overview of the key material prop-
erties that determine the behavior of solid DC insulation
constructions. These properties are important not only
for the design process but also for testing. To stress the
differences between AC and DC design, properties are
identified that play a minor role in AC insulation but
a major role in DC insulation. Also, a number of purely
AC properties are included, when they are important
in connection with DC voltage application and when
changing an applied DC field in particular.

Knowledge of the temperature and electric field dis-
tributions is of prime importance in the design and
testing of an insulation system, as the temperature and
electric field are the major sources of stress in the in-
sulation. In an AC design, the electric field distribution
is mainly determined by the geometry and permittivity,
but it is not as straightforward to determine the field
distribution in a DC design. Under steady-state condi-
tions, the DC field distribution is determined mainly
by the specific conductivity of the insulation and to
a lesser extent by the space charge in the insulation. The
specific conductivity is strongly affected by tempera-
ture and more weakly by the local electric field. Thus,
both the temperature distribution in the insulation and
the temperature dependence of the specific conductiv-

ity need to be determined before the electric field can
be studied. This is complicated by the fact that the con-
ductivity is also affected by the electric field and that
conductive losses from the dielectric affect the temper-
ature distribution. A good example of the major effect
of a temperature gradient in an insulation construction
is the concept of field inversion in a HVDC cable. Space
charge can be generated when charge traps are filled or
when there are variations in the conductivity of the insu-
lation, and the effect of this space charge on the electric
field distribution must be quantified. To date, this can
only be achieved by directly measuring the space charge
distribution. It is hoped that in the future it will become
possible to adjust the space charge behavior by directly
controlling the trap distribution in the dielectric, for in-
stance.

10.4.3 Detailed Calculation of the Electrical
Characteristics of Cable Systems

As was mentioned earlier, the characteristics of elec-
trical cable systems have been among the main topics
addressed by the study committee since it was created;
these issues are addressed in [10.26].

All of the formulae reported in the literature were
derived based on some assumptions. These assumptions
are fulfilled by most of the older cable designs, as those
were the main designs used at the time that the for-
mulae were derived. However, the assumptions may or
may not be applicable to more modern cable designs.
Therefore, studies have been carried out to extend the
applicability of the basic formulae.

Simple formulae that may be derived for power fre-
quency considerations are given in [10.26]. They are
used to get expressions for the sequence impedance
and for the surge impedance, as detailed in Chap. 4
of [10.26].

Further improvements are needed to the formulae.
The required improvements are listed in [10.25] for fur-
ther consideration.

10.4.4 Rating Calculations

The cable rating refers to the amount of current
a cable system can carry without exceeding the de-
sign limitations—particularly the insulation tempera-
ture limitations—of the cable system at any position
along the circuit. The current rating is highly dependent
on the physical construction of the cable, the installa-
tion conditions, and expected loading patterns.

It should be noted that system failures due to power
cable overloading are rather rare, which is probably ex-
plained by the fact that most of the cable systems in use
today carry relatively moderate loads. This also means
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that if there are significant load (profile) changes in the
future, we may approach the limitations of the current
ratings of power cable systems much more closely than
we are presently. Given the ongoing developments in
renewable energy and energy usage, it appears that this
topic (the current ratings of power cables) will only in-
crease in importance.

TB 640 [10.28] provides guidance for cable engi-
neers who are attempting to calculate current ratings
for new and existing power cables. However, estab-
lishing an accurate cable rating for each power cable
system regardless of its situation or age is rather diffi-
cult, as only a selection of the wide range of existing
cable designs and installation and operating situations
are covered by the calculations presented in existing
standards. For this reason, CIGRE addressed the ratings
of insulated AC and DC power cables, including buried,
submarine, and in-air installations, as well as the prob-
lems associated with establishing the ampacity of the
cable circuit for unusual configurations and installation
conditions.

TB 640 includes the following:

� A consideration of the starting points—the thermal
properties of the cable environment—for cable rat-
ing calculations� A guide to methods of calculating current ratings
in situations that are not (fully) covered by existing
IEC standards� A discussion of the tools and techniques available
for calculating cable ratings.

Calculating the Current Rating
of a Power Cable

The first part of [10.28] considers themost important as-
pects of current rating calculations. Overall issues with
rating calculations that must be addressed at a more
strategic level before performing the calculations are dis-
cussed, such as the grid situation, load factors, time-
dependent load flows, and emergency operation. Impor-
tant considerations include the factors that limit the cur-
rent ratings of power cables and margin sizes in rating
calculations. The following should be noted:

� The accuracies of the starting points, calculation
methods, and calculation tools should be relatively
evenly balanced. Although a calculation method
with an accuracy of a few percent is available for
some situations, it is not realistic to expect the same
accuracy for the starting points.� The margins in any rating calculations should be
considered during the bidding and design phases of
a new cable project, as well as during the operation
phase when existing cables are considered.

Starting Points for Rating Calculations
TB 640 provides information on the starting points (in-
put information) for rating calculations [10.28]. The
results of a worldwide survey elucidate the starting
points that are actually used in practice, as well as the
starting points that are actually needed to perform rating
calculations correctly. Recommendations for improving
the setting of starting points are made.

The origin and quality of the data that should be
used are defined, and the evaluation of a cable routing
in terms of current rating is discussed. Installation con-
ditions and soil parameters are described in detail.

The results of the survey indicate that, in prac-
tice, most starting points are assumed or are estimated
as conservative values, although there is a growing
tendency to perform improved evaluations of such pa-
rameters for new installations. This means that there is
great potential to better utilize cables by improving the
starting points.

Calculation Methods and Procedures
In TB 640, additional guidance for calculating cur-
rent ratings is given over what is described in the IEC
standards for some situations. The specific situation of
interest can be found in [10.28] by checking lookup ta-
bles, mind maps (e.g., Fig. 10.26), and its chapters and
sections.

Guidance on the calculations is given in several
ways. The reader is often referred to existing standards,
although hints, tips, and descriptions are also given. The
WG found that it is very important to give guidance to
engineers who need to perform difficult rating calcula-
tions.

The situations that are discussed comprise:

� Duty aspects: cable loading variations (continuous,
daily cyclic, emergency, arbitrary, and short-term
loading patterns) and the effects of DC and AC at
different frequencies� Cable aspects: cable design issues that lead to losses
(e.g., skin and proximity effects, dielectric losses,
sheath/screen and armor losses) as well as the ther-
mal resistances of cable materials� Installation aspects: installation issues that lead to
variations in the heat dissipated from power cables
(the TB contains about 50 pages of information on
this alone, with discussions of buried cables, in-air
cables, cables in different kinds of tunnels, and ca-
bles for submarine applications).

Most calculations of underground cable ratings per-
formed using analytical methodsmake use of the funda-
mental concept of heat transfer through a solid medium
by thermal conduction. The basis for this evaluation
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Fig. 10.37 Equivalent thermal circuit for an extruded or SCFF cable installed in a conduit (adapted from [10.28])
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Fig. 10.38 Overview of the aspects that can affect current ratings (adapted from [10.28])

is an equivalent thermal circuit that is developed to
model a specific cable construction. The thermal equiv-
alent is based on the temperature rise resulting from
heat flowing through a thermal resistance and capac-
itance. The thermal capacitance of the various cable
layers and surrounding earth introduces a delay in the
response of the temperature to changing load condi-
tions that depends on the specific heat characteristics
of the cable components and the environment in which
the cable system is installed. An example of an equiv-
alent thermal circuit for an extruded or self-contained
fluid-filled cable installed in a conduit is shown in
Fig. 10.37.

The cable system design parameters that affect cur-
rent ratings can be divided into three broad categories:
duty, cable design, and installation. This is summarized
in Fig. 10.38.

In TB 640, each aspect is evaluated in detail,
and calculation methods that can accommodate the
described situation are recommended. Appendix D
of [10.28] gives detailed mindmaps for the relevant sec-
tions (5/6/7) of the brochure to aid the reader.

As an example, Sect. 7.1 of [10.28] discusses com-
mon aspects that can affect many cable installation
types (such as the impact of parallel metal conductors),
rather than providing the same discussion for each in-
stallation. In parts of Sects. 6 and 7, some aspects (e.g.,
sheath losses) are covered in one section (the metal
sheath section) and that discussion is then referenced
in other sections (such as in the description of the im-
pact of AC voltages on sheath losses). This avoids any
duplication of discussions of calculation methods.

The most widely used documents for current ratings
are the IEC series of standards. Cable engineers who
are experienced in performing current rating calcula-
tions will familiar with the aspects of a cable system
described in IEC 60287 (in terms of losses, thermal
resistances, and base assumptions). For those experi-
enced cable engineers, Appendix C of [10.28] includes
a table that contains a list of calculation methods that
are missing from the IEC standards (Table 10.4). The
methods in the table are indexed in a similar fashion to
IEC 60287 and contain cross-references to the appro-
priate sections of [10.28].
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Using Calculation Tools and Techniques
TB 640 [10.28] also provides information on available
calculation techniques and tools (both static and dy-
namic, as used for instance in dynamic rating systems,
DRSs) aswell as the application of distributed fiber optic
temperature sensing (DTS) systems. The use of dynamic
calculation tools in dynamic rating systems is discussed
in detail. The described calculation tools are categorized
into analytical (ladder network), empirical, and numer-
ical models, the latter based on finite differences, finite
elements, boundary elements, or fluid dynamics.

The results of a global survey of real-world experi-
ences with the various calculation tools and techniques
and with DRS and DTS systems is reported in TB 640.
For example, experiences of the limitations and prob-
lems with DRS and DTS systems are described.

Recommendations for Future IEC
Standardization

TB 640 [10.28] was created to provide clarity on how to
perform current rating studies for a wide range of cable

Table 10.4 A list of potential improvements to IEC standards (adapted from [10.28])

Section Description
Losses (conductor)
6.1 IEC 60287-1-1 Table 2: Skin and proximity effects missing for oval conductors and aluminum sector-shaped
6.3.4 Skin and proximity effects for concentric cables
7.1.3.1 Proximity effects for multiple circuits or multiple cables per phase

Losses (dielectric)
6.2.2 IEC 60287-1-1 clause 2.2: Calculation of capacitance for sector-shaped or belted cables is not included

Losses (sheath and armour)
6.4.2 IEC 60287-1-1 clause 2.3 does not cope with copper wire screen and metal sheaths in the same cable
7.1.1 IEC 60287-1-1 clause 2.3.1 to 2.3.6.2: No method for calculation of sheath losses for unequal cable spacings (but method

for AC conductor resistance is included) for single core cables. Sheath losses can only be calculated for flat spaced and
trefoil formation

6.6.1 IEC 60287-1-1 clause 2.4.2: Armour losses for multi core cables within a common armour are too large when calculated
using IEC 60287

7.1.3 IEC 60287-1-1 clause 2.3: The sheath losses of several circuits. The IEC standard considers losses in the three phases of
the same circuit without consideration of the effect of neighbouring circuits

7.1.3.4 IEC 60287-1-1 clause 2.4: The electromagnetic effect of several circuits on losses in armours. The IEC standard consid-
ers magnetic losses in the three phases of the same circuit without consideration of the effect of neighbouring circuits

5.3.1 IEC 60287-1-1 clauses 2.3 and 2.4: For single phase cables with a separate neutral cable with different construction to the
phase cable, the electromagnetic effects of losses in sheaths/amours needs calculation

6.3.4 IEC 60287-1-1 clause 2.3: Sheath loss on concentric cable
5.3.1 IEC 60287-1-1 clause 2.3: Specially bonded two phase single core cables
7.1.11 IEC 60287-1-1 clause 2.3: The effect of an earth continuity conductor on cable rating in a single point bonded system.

Additionally other parallel metallic paths may be installed
7.1.6 IEC 60287-1-1, general: The effect of charging current on cable current rating for very long cable routes
7.1.9 IEC 60287-1-1, general: Losses in metalwork near to cable systems, including potentially magnetic materials
6.6 IEC 60287-1-1, general: Cables in magnetic pipes. At the moment, only the pipe type cables in trefoil or cradled

configurations are considered in the IEC 60287. This includes the installations in large casings crossing roads, tracks,
rivers, etc. This would appear to be an issue for pipe jacking

Section Description
Losses (conductor)
6.1 IEC 60287-1-1 Table 2: Skin and proximity effects missing for oval conductors and aluminum sector-shaped
6.3.4 Skin and proximity effects for concentric cables
7.1.3.1 Proximity effects for multiple circuits or multiple cables per phase
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7.1.1 IEC 60287-1-1 clause 2.3.1 to 2.3.6.2: No method for calculation of sheath losses for unequal cable spacings (but method

for AC conductor resistance is included) for single core cables. Sheath losses can only be calculated for flat spaced and
trefoil formation

6.6.1 IEC 60287-1-1 clause 2.4.2: Armour losses for multi core cables within a common armour are too large when calculated
using IEC 60287

7.1.3 IEC 60287-1-1 clause 2.3: The sheath losses of several circuits. The IEC standard considers losses in the three phases of
the same circuit without consideration of the effect of neighbouring circuits

7.1.3.4 IEC 60287-1-1 clause 2.4: The electromagnetic effect of several circuits on losses in armours. The IEC standard consid-
ers magnetic losses in the three phases of the same circuit without consideration of the effect of neighbouring circuits

5.3.1 IEC 60287-1-1 clauses 2.3 and 2.4: For single phase cables with a separate neutral cable with different construction to the
phase cable, the electromagnetic effects of losses in sheaths/amours needs calculation

6.3.4 IEC 60287-1-1 clause 2.3: Sheath loss on concentric cable
5.3.1 IEC 60287-1-1 clause 2.3: Specially bonded two phase single core cables
7.1.11 IEC 60287-1-1 clause 2.3: The effect of an earth continuity conductor on cable rating in a single point bonded system.

Additionally other parallel metallic paths may be installed
7.1.6 IEC 60287-1-1, general: The effect of charging current on cable current rating for very long cable routes
7.1.9 IEC 60287-1-1, general: Losses in metalwork near to cable systems, including potentially magnetic materials
6.6 IEC 60287-1-1, general: Cables in magnetic pipes. At the moment, only the pipe type cables in trefoil or cradled

configurations are considered in the IEC 60287. This includes the installations in large casings crossing roads, tracks,
rivers, etc. This would appear to be an issue for pipe jacking

installations. By providing these guidelines, it is hoped
that companies worldwide will use similar approaches
to deal with similar problems, such that solutions to
even the most difficult problems will also become avail-
able over time.

It provides results, techniques, and discussions that
aid the selection of starting points, as well as calculation
methods and tools that can be used to obtain accurate
results. Furthermore, it defines areas that require future
work by experts and provides recommendations for new
work to be performed by CIGRE that are currently be-
ing acted upon.

Table 10.4 lists calculation methods that,
when [10.28] was published (in December 2015),
were missing from IEC Standards or were included in
IEC Standards but generated incorrect results. An entry
in this table does not necessarily imply that the IEC
Standard should be changed, as the omission or error
may be negligible, the situation alluded to may be rare
in the real world, or the solution may be too complex
for inclusion in an IEC Standard.
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Section Description
Thermal resistances of constituent parts of cable
6.2.1 IEC 60287-2-1 clause 4.1.1: Thermal resistance of layers between conductor and sheath substantially greater than the

insulation (e.g., air layers in XLPE cables under corrugated aluminum sheaths) may need to be considered

External thermal resistances for cables installed in air
7.3.5 BS EN 60287-2-1 general: Cables on riser poles. IEC standard does not recognize this installation

BS EN 60287-2-1 general: Cables on trays
7.3.2 BS EN 60287-2-1 general: Only limited number of cables in groups are covered in IEC 60287-2-2 for cables installed in

air
7.3.3 BS EN 60287-2-1 general: Cables on bridges with the effect of solar radiation and protective panels

External thermal resistances for cables installed buried
7.2.3.1 IEC 60287-2-1 clause 4.2.6.1: Cables at shallow depths and filled surface troughs

Kennelly’s hypothesis assumes that the ground/air interface is an isotherm. How to calculate the temperature increase at
the earth–air interface above a power cable circuit. This cannot be done using the IEC models as they are based on the
Kennelly’s hypothesis, although this question is increasingly being raised
Additionally IEC 60287-2-1 may not correctly account for solar gain

7.2.3.2 IEC 60287-2-1 clause 4.2.6.2: Cables installed in unventilated unfilled surface troughs
IEC 60287 gives an empirical formula

7.2.1.5 IEC 60287-2-1 general: Cables placed underground with more than two soil types. The IEC standard recognizes one
backfill/duct bank scenario (see IEC 60287-2-1 clause 4.2.7.4). Note: this can be different backfills or alternatively
different layers of soil

7.2.1.9 IEC 60287-2-1 general: Deeply buried cables
7.2.1.4 IEC 60287-2-1 general: Soil dry out with multiple circuits
7.2.2.1 IEC 60287-2-1 clause 4.2.7: Convection in ducts, particularly along the duct
7.2.1.7 IEC 60287-2-1 clause 4.2.3.2: Heat sources such as steam pipes with set temperature rather than set heat output
7.2.1.7 IEC 60287-2-1 general: High water table or water course providing heat sink
7.2.1.3 IEC 60287-3-3 general: Cable crossings with ducts or more than one thermal resistivity

External thermal resistances for cables not installed in IEC considered installation types
7.2.1.6 Water cooled circuit
7.5.4 Submarine cables installed in J tubes
7.5.2 Submarine cable installed on seabed
7.5.3 Submarine cable installed in free water
7.2.3.2 Cables installed in surface troughs that are unfilled and naturally ventilated
7.2.3.3 Cables installed in surface troughs that are unfilled and force ventilated
7.4.2 Cables in force air ventilated tunnels (not yet published)
7.4.3 Cables in force water cooled tunnels
7.4.1 Cables in naturally ventilated or unventilated tunnels

Additional problems
7.1.10 Calculation of short lengths with heat flow along the cable
5.3.3 HVDC above 5 kV not covered. DC cables have additional constraints such as temperature dependent stress profiles and

void formation
5.3.5 Harmonic currents. This will create extra conductor and sheath losses (note AC conductor resistance will be different to

50Hz)
7.2.1.2 Ampacity of dissimilar/unequally loaded circuits. The IEC standard gives a formula for the mutual heating effect, but no

algorithm for cable rating. Numerical experimentations have shown that the results are different for different approaches
(an iterative procedure, maximizing total ampacity, maximizing total power)
The effect of measures to reduce magnetic fields. Some papers have been published, but no official method suggested

5.1.2.3 Transients with arbitrary load curves
5.1.2.4 Calculated current ratings may take an unrealistically long time to reach steady state and higher current ratings may be

acceptable (e.g., tunnel ratings may take decades)
5.1.3 Current ratings where intermediate (e.g., sheath temperatures) are known. Dynamic ratings
7.1.7 Joints
7.5.1 Method of determining temperature at depth below seabed
6.3.4 Concentric cables not covered
7.2.1.1 What circuit separations are required before a cable circuits are thermally independent?

Section Description
Thermal resistances of constituent parts of cable
6.2.1 IEC 60287-2-1 clause 4.1.1: Thermal resistance of layers between conductor and sheath substantially greater than the

insulation (e.g., air layers in XLPE cables under corrugated aluminum sheaths) may need to be considered
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different layers of soil
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7.2.2.1 IEC 60287-2-1 clause 4.2.7: Convection in ducts, particularly along the duct
7.2.1.7 IEC 60287-2-1 clause 4.2.3.2: Heat sources such as steam pipes with set temperature rather than set heat output
7.2.1.7 IEC 60287-2-1 general: High water table or water course providing heat sink
7.2.1.3 IEC 60287-3-3 general: Cable crossings with ducts or more than one thermal resistivity

External thermal resistances for cables not installed in IEC considered installation types
7.2.1.6 Water cooled circuit
7.5.4 Submarine cables installed in J tubes
7.5.2 Submarine cable installed on seabed
7.5.3 Submarine cable installed in free water
7.2.3.2 Cables installed in surface troughs that are unfilled and naturally ventilated
7.2.3.3 Cables installed in surface troughs that are unfilled and force ventilated
7.4.2 Cables in force air ventilated tunnels (not yet published)
7.4.3 Cables in force water cooled tunnels
7.4.1 Cables in naturally ventilated or unventilated tunnels

Additional problems
7.1.10 Calculation of short lengths with heat flow along the cable
5.3.3 HVDC above 5 kV not covered. DC cables have additional constraints such as temperature dependent stress profiles and

void formation
5.3.5 Harmonic currents. This will create extra conductor and sheath losses (note AC conductor resistance will be different to

50Hz)
7.2.1.2 Ampacity of dissimilar/unequally loaded circuits. The IEC standard gives a formula for the mutual heating effect, but no

algorithm for cable rating. Numerical experimentations have shown that the results are different for different approaches
(an iterative procedure, maximizing total ampacity, maximizing total power)
The effect of measures to reduce magnetic fields. Some papers have been published, but no official method suggested

5.1.2.3 Transients with arbitrary load curves
5.1.2.4 Calculated current ratings may take an unrealistically long time to reach steady state and higher current ratings may be

acceptable (e.g., tunnel ratings may take decades)
5.1.3 Current ratings where intermediate (e.g., sheath temperatures) are known. Dynamic ratings
7.1.7 Joints
7.5.1 Method of determining temperature at depth below seabed
6.3.4 Concentric cables not covered
7.2.1.1 What circuit separations are required before a cable circuits are thermally independent?
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10.5 Challenges in Cable System Implementation

In most countries, transmission grids generally consist
of overhead lines for technical and economic reasons.
In situations where the use of HV underground cables
could not be avoided, the shortest length of cable possi-
ble has traditionally been used, except in very densely
populated countries such as Singapore and Hong Kong,
where underground cable links are an essential part
of the grid. However, long HV cables are becoming
increasingly common in many countries due to envi-
ronmental issues and time constraints (it can often take
a long time to obtain the permission to construct new
overhead lines, and new overhead lines are not permit-
ted at all in some areas).

The incorporation of long HV cables into a grid in-
troduces new technical and environmental challenges.
Reasons for this include the different electrical proper-
ties of HV cables compared to overhead lines and the
different civil construction works (e.g., water crossings,
railways, and highways) involved. The effects of elec-
trical capacitance, thermal inertia, impedance, magnetic
and electric fields must also be considered, as well as
testing methods.

10.5.1 Main Cable Configurations

Various configurations are in use, such as single-circuit,
double-circuit, and triple-circuit lines with different ar-
rangements of transformer and generator connections.

Many types of connections—including overhead
lines, underground cables, or both—are employed. The
lengths of transmission lines and cables can vary signif-
icantly. In order to provide for high transmission loads,
some circuits can consist of more than one cable per
phase.

Substation 2 Substation 1

Substation 3

Underground
cables

Overhead
lines

Fig. 10.39 Underground cable system in a meshed net-
work (adapted from [10.32])

A number of commonly used cable configurations
have been identified. The main cable circuit config-
urations have been identified by JWG 21/11 and are
described in TB 189 [10.32] and TB 250 [10.8]. They
are given in Figs. 10.39–10.43 and are representative of
the most common situations in practice. In any of these
figures, each cable could potentially consist of several
cable systems.

Meshed Underground Network
Some parts of a HV network may be entirely un-
derground. This often the case in large towns, where
urbanization limits the construction of overhead lines.
Cables connect the busbars in the system, as indicated
in Fig. 10.39.

Siphon
A siphon (Fig. 10.40) is an underground cable that
connects two overhead lines. No switching device is
located between the lines and the cable. This configura-
tion allows a HV link to pass through areas that are too
wide for an overhead line span, such as rivers or small
lakes. This configuration also allows a transmission line
to pass through or near a protected site or an urbanized
area. Transitions between overhead and underground
sections are achieved using either simple terminations
installed on poles or towers or in a special fenced-off
area called a transition compound.

Substation Entrance
An underground cable is often used as the interface be-
tween an overhead line and a substation (Fig. 10.41),
especially when it is a gas-insulated substation. This
configuration allows more compact stations to be de-

Underground cable

Overhead line Overhead line

Fig. 10.40 A siphon—an underground cable connecting
two overhead lines (adapted from [10.32])

Substation

Underground
cable

Overhead line

Fig. 10.41 Underground entry to a substation (adapted
from [10.32])
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Generator

Busbar

Underground
cable

Overhead
line

Fig. 10.42 Power generator output (adapted from [10.32])

Generator Busbar

Underground
cable

Overhead
line

Power or
auxiliary

transformer

Transformer

Fig. 10.43 Power or auxiliary transformer supply (adapted
from [10.32])

signed, and is particularly useful when there are a large
number of incoming overhead lines.

Power Generator Output
An underground cable may be used to carry power
from an inaccessible generator to a busbar, as shown
in Fig. 10.42. In many hydropower stations, the genera-
tor is located inside a mountain. In order to save space,
the generator is connected directly to the step-up trans-
former, with no circuit breaker. The secondary side of
the transformer is connected to an outdoor substation
by a cable that may be several kilometers long. The
(air-insulated or gas-insulated) substation is connected
to one or more overhead lines.

Power or Auxiliary Transformer Supply
In this configuration, a cable is connected between
a high-power busbar and the power transformer or the
auxiliary transformer of a power unit (Fig. 10.43). The
cable is usually short.

10.5.2 Connecting to Offshore Generators

The issue of connecting offshore generators to
a network has been addressed by WG B1.40 in
TB 610 [10.36].

This section discusses the various aspects of sys-
tem design that should be considered when designing
an offshore infrastructure that will be used to collect
and transport generated power to an onshore electrical
infrastructure.

A detailed examination of the various components
of an offshore network is provided in [10.36], as well
as examples of existing offshore networks.

The various network topologies given in [10.36] al-
low the reader to compare the initial capital expenditure
(CAPEX) with the long-term operational expenditure
(OPEX) for a number of different solutions. The de-
velopment of an offshore network often impacts the
onshore grid as the transmission system must be ex-
panded to accommodate the additional power generated
offshore.

In this section, we consider the typical requirements
(as specified by the transmission system operator, TSO)
when applying for a connection to a transmission sys-
tem, as well as the key parameters that form part of
the grid code. Critical issues that arise when designing
a system—such as the impact of reactive compensation,
reducing system losses, and determining load profiles—
are discussed.

Although the solutions given below are mainly
based on offshore wind power generation, the philoso-
phy used is also applicable to all other types of offshore
generation. Furthermore, the issues discussed for ex-
port cables may also be relevant to the submarine cables
generally used in the infrastructure for offshore energy
generation. It should also be noted that relevant system
aspects (e.g., voltages, frequencies, and protection) are
discussed by WG B4.55 in TB 619 [10.37].

Connections to Shore: Types and Topologies
Different solutions for connecting to the shore can be
distinguished according to the locations and the number
of offshore generation plants considered.

To identify the optimal solution, the following as-
pects must be taken into account:

� The rated power of the offshore generation plant (or
the power supply to the offshore structure)� The distance to shore, including the onshore con-
nection length� The CAPEX and OPEX for the each type of con-
nection� Redundancy, which will have a financial impact� The losses for the different solutions� The voltage drop over the AC cables� Cable derating due to the thermal influence of mul-
tiple cables laid in parallel� The possibility of landing of several cables� Environmental impacts� Permits.

The following solutions are mainly used for offshore
generation (or power supplies):

� Medium voltage (MV) solution: MV cable con-
necting offshore generators (array cables) and MV
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MV export
cable

MV array cable High-voltage
substation

(onshore) (HVS)

HV
cable/
line

Fig. 10.44 Example of the connection of a small offshore
wind farm to an onshore grid using MV cables (adapted
from [10.36])

export cables without an offshore high voltage sub-
station (OHVS).� HVAC solution: MV cable connecting offshore gen-
erators (array cables), offshore high voltage substa-
tion with transformer and HVAC export cable.� HVDC solution: MV cable connections offshore
(array cables), offshore high voltage substation with
transformer, HVAC export cable to offshore AC/DC
converter station and HVDC export cable to shore.� Combined HVAC and HVDC solution: HVAC con-
nections between more offshore high voltage sub-
stations. HVAC connections from each offshore
substation to AC/DC offshore converter station.
From converter station a HVDC connection to
shore.� Offshore grid solutions: Connections to more off-
shore high voltage substations and/or more onshore
grids (interconnectors).

MV Solution
Probably the simplest solution is to connect the wind
farm to shore via one or more export cables loaded
at the Um D 36 kV level (Fig. 10.44). This solution is
useful for smaller wind farms that are relatively close
(typically less than 20 km) to shore. The offshore MV
cable will be connected to a substation on land. The
voltage is usually raised to the required grid voltage by
a step-up transformer on land.

HVAC Solution
For offshore generators that are further from shore or
have a higher power output, the preferred solution is
to use an offshore high-voltage substation (OHVS) to
collect all of the power generated at the MV level and
then use a HVAC export cable to transport this power to
shore.

Figure 10.45 shows an example of the connection
of an offshore substation to shore via one export cable
circuit. The generated power is transmitted via this ca-

Array cable

Offshore generation

Offshore high-
voltage substation

(OHVS)

Shore line

Export
cable

Export
cable

(under-
ground)

Fig. 10.45 Using array cables and an export cable to
transmit power generated offshore to shore (adapted
from [10.36])

MV array cable Offshore high-
voltage substation

(OHVS)

HV
export
cable

HV
export
cable

(under-
ground)

Fig. 10.46 Using array cables and two HVAC export ca-
bles to transmit power generated offshore to shore (adapted
from [10.36])

ble to an onshore substation, where it is passed on to
the onshore grid. This solution is particularly useful for
larger wind farms that are further from shore, typically
20�70 km. In this case, it is recommended that the volt-
age level of the export cable should be adjusted to the
voltage level of the onshore substation; otherwise an ex-
tra transformer will be needed on land.

A second export cable circuit can also be installed
to increase the availability and reliability of the overall
system (Fig. 10.46). In this case, it is also recommended
that two or more (depending on the total power gener-
ated) transformers should be used at the OHVS.

Instead of using two HV export cable circuits, it
may also be possible to use one EHV (e.g., 245 kV) ex-
port cable circuit. In this case, there is a choice to be
made between using two export cable circuits of lower
voltage, which offers redundancy if one of the export
cables fails, or using one export cable circuit at a higher
voltage with no built-in redundancy if there is a cable
failure. Aside from the issue of redundancy, these two
solutions have different CAPEXs and OPEXs.

HVDC Solution
The HVDC solution is mainly used for offshore gen-
eration sites that are far from shore (> 70 km). Several
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HVAC export cable
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Fig. 10.47 Scheme for HVDC connection to three offshore
wind farms (adapted from [10.36])

offshore generation plants, each with their own OHVS,
will usually be connected to one AC/DC offshore con-
verter station. The generated power is passed from
this offshore converter station to shore by means of
a HVDC connection. This is because the transmission
capacity of a HVDC cable link is higher than that of
a HVAC cable link for the same conductor size. This
cluster or hub solution has the advantage that the length
of cable needed is less than that required in the sit-
uation where each offshore wind farm is connected
to shore separately. Other advantages are reduced in-
stallation costs and fewer landfalls. One of the main
disadvantages of this solution is that failure of the main
export cable can result in a significant drop in electricity
production, which may disturb the balance of the sys-
tem. Figure 10.47 shows an example in which several
offshore generators are connected to an offshore substa-
tion, which is in turn connected to shore via one export
cable.

Combined HVAC/HVDC Solution
Another solution used to increase the redundancy in the
offshore collector grid is to interconnect the different
platforms at the HV level (Fig. 10.48).

Offshore Grid Solutions
Multiple offshore generation sites are often situated
close together. In this case, it can be more prudent to
look for a combined solution that can bring the power
generated by all of the offshore generators to shore or
to different shores.

There are some challenges involved with imple-
menting such a solution. First of all, it is very costly
to build and maintain offshore constructions and instal-
lations. Secondly, if a HVDC grid is built with multiple
terminal converters, it may be necessary to ensure, for
example, that a commutation failure will not switch
off more than one line, so a HVDC circuit breaker

MV array cable

OHVS
AC/DC

converter

HVAC export cable

HVDC
export cable

HVDC export cable
(underground)

Fig. 10.48 Scheme of a combined HVAC AND HVDC
solution for collecting the power generated by multiple off-
shore power generation plants (adapted from [10.36])

must be introduced. The various options for offshore
generation connection including offshore grid were the
topic of a recent CIGRE Symposium in Aalborg (Den-
mark) [10.38].

10.5.3 Effect on the Grid

The implementation of AC cables in HV and EHV grids
significantly influences the electrical parameters of the
grid. For instance, it influences the steady-state voltage
due to the production of reactive power. This will be
especially noticeable to grid operators when there are
low-load conditions in the grid. Generators or dedicated
shunt reactors positioned in the grid must absorb this
surplus reactive power.

The impedance of a cable connection is far lower
than that of an overhead line at the same voltage level.
This influences the current distribution between the ca-
ble and overhead line when they are operated in parallel,
which can cause unbalanced and inefficient use of the
overall transmission capacity of the system. This is nor-
mally restored by installing series reactors (Fig. 10.49)
in the cable circuit. Other alternatives are to insert se-
ries capacitors into the overhead line section or to adjust
the transmission capacity at the design stage. In the lat-
ter case, the transmission capacity of the cable would
need to be related to the ratio of impedances. This
may require an exceptional cable rating, which is rarely
practical.

The application of longHVand EHVcableswill sig-
nificantly change the harmonic impedance of the grid. If
a large amount of cable is added, peaks in the impedance
curve can strengthen, and the lowest resonance pointwill
slide downwards to the power frequency.

There are two main concerns here: the risk of reso-
nance due to switching actions and the amplification of
higher harmonic distortion in the grid. This distortion



Section
10.5

798 10 Underground Cables

Fig. 10.49 Series reactor in a 380 kV hybrid line (adapted
from [10.14])

would already be present or would have been intro-
duced by a customer (for example by a wind farm, or
by motors with power electronics).

Switching actions can lead to resonances with sub-
stantial voltage rises or overvoltages. Such problems
can be particularly severe when switching large trans-
formers and long cable connections. The amplification
of higher harmonic voltages causes additional currents
that can cause equipment (e.g., transformers, genera-
tors, motors, current transformers, and cables) in the
transmission grid to overheat. It can also cause issues
with grid protection and motor controllers.

Therefore, the reliable application of long AC ca-
ble connections necessitates detailed system modeling
studies. If the study results show that resonance or un-
acceptable amplification of higher harmonics can occur,
suitable measures must be taken. Naturally, the counter-
measures applied depend on the nature of the identified
problem and its severity.

Due to different electrical and physical properties
of cables and overhead lines, it may be necessary to
change existing protection policies and schemes. Most
important in this respect are the influence of cables on
line-distance relays (impedance relays) and autoreclo-
sure policies for hybrid lines.

The extent to which an AC grid is influenced by the
inclusion of an underground cable and the measures that
must be taken because of it vary significantly depending
on the voltage level, the grid configuration, the short-
circuit level, and the reason for using the cable in the
power system.

A long AC cable connection feeding a small load
(e.g., an oil platform) yields significantly different chal-
lenges from those associated with a connection to an
offshore wind farm. Partial undergrounding of EHV

overhead line circuits also provides additional chal-
lenges. This means that the technical and economic
optimization of a long AC cable connection can vary
significantly depending on the situation.

Matching Cable and OHL Ratings
It is much cheaper to achieve a high transmission ca-
pacity with an OHL than with an underground cable.
The OHL current rating is based on the properties of
the conductor and static environmental conditions (tem-
perature, wind speed, and solar radiation). If the same
conductor is used for an underground cable, it will have
a lower current rating. This is due to the thermal insu-
lation afforded by cable materials and the surrounding
ground. The current rating can be increased by making
the conductor thicker and more conductive (i.e., using
copper instead of aluminum), but this approach is less
effective for large conductor sizes due to the skin effect.
It can be economically unattractive to match OHL and
underground cables based on continuous ratings due to
the larger cross-sections or number of cables per phase
needed for underground cables.

In many circumstances, the thermal inertia of the
underground cable (see the section on rating) needs to
be considered when matching a cable to an OHL. This
can result in the use of smaller conductor sizes, cheaper
conductor materials, and fewer cables per phase, as
this will reduce the required installation trench width.
The implementation of a smaller installation swath not
only reduces civil costs but may also ease right-of-
way requirements and allow the cable system to be
installed in narrow corridors. Reducing the number
of cables per phase also results in less maintenance
and, especially for high-voltage cables, less reactive
power.

When matching the current rating of a cable system
to an overhead line and examining the possibility of us-
ing thermal inertia, there are several factors that can be
considered. These factors include expected circuit loads
and preloads, the dynamics of the load, the cable envi-
ronment, the laying configuration, and the application
in the grid. In particular, the system or circuit operator’s
requirements for the overall circuit will be a significant
driver.

The current rating of an overhead line is deter-
mined by either the electrical clearance (allowable sag)
or by a thermal limit linked to the preservation of me-
chanical properties. This continuous or static rating of
the overhead line is determined based on the supposed
worst-case environmental conditions.

If the grid has an n� 1 safe operation, the current
rating during this condition can be set to a lower level
in order to reduce cable costs in a hybrid connection.
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In the first case, called a prefault, the cable in the
hybrid connection can be temporarily loaded up to the
continuous rating of the overhead line.

In the second case, called a postfault, if the system
operator can guarantee to limit the postfault rating to
a set period of time (for example 24 h) and to not repeat
this emergency rating for some agreed time (e.g., until
the cable has cooled to its prefault rating temperature),
then it may be possible to match the postfault overhead
line rating to an emergency cable rating.

In these cases, the continuous current rating of the
cable is less than that of the overhead line, allowing the
use of a smaller cable. It should, however, be noted that
the current-carrying capacity of the overhead line has
been compromised. This method is described as emer-
gency ratings in IEC 60853.

If the system operator can guarantee to limit the
postfault rating to a set period (for example 24 h) but
may have to repeat the postfault operation, then it may
be possible to match the overhead line rating to a cyclic
cable rating. It should be noted that this guarantee
to limit the postfault rating must be given when the
transmission network is being planned, and it may be
difficult to give such a guarantee because fault dura-
tions can be difficult to predict. For example, fixing
a cable fault can be a lengthy process (several weeks
is not uncommon), causing a considerable delay before
the circuit returns to full service. Practical examples are
given in [10.14].

Dynamic Cable Rating
The previous section described how the cable and over-
head line ratings can be matched using the thermal
inertia of the cable, an assumed preload, and a possi-
ble load cycle. This enables the cable system design to
be optimized and reduces costs.

Dynamic rating is also economically attractive for
wind farm connection, where cables are rated to 70–
80% of the full wind-farm rating for example. If periods
of high wind strength can be predicted (from obser-
vational statistics), then dynamic cable ratings can be
applied in a reliable way. Dynamic cable rating is a cost-
saving solution and is even more effective when used
in combination with distributed temperature sensing
(DTS) [10.12]. If this solution is chosen, the opera-
tor should monitor the cable connection and may need
to constrain the output of the wind farm. This topic
was very recently covered by CIGRE WG B1.45 in
TB 756 [10.19].

Preload and load-cycle information can also be
used for existing cable connections for which only
continuous ratings have been calculated (according to
IEC 60287) previously. Applying dynamic ratings to
existing cable connections allows a potential increase

Fig. 10.50 150 kV cables with PT 100 elements at a hot-
spot (adapted from [10.14])

in transmission capacity of up to about 30%, depending
on the cable type and cable laying configuration as well
as the preload and load cycle. It should be noted that
higher dynamic ratings can be reached if the actual ca-
ble temperature or other system data (such as historic
loading levels) can be accessed, or if real-time mea-
surements are available. Dynamic ratings can be higher
due to a lower preload rating, as there are often more
dynamics in the load cycle and lower environmental
temperatures than assumed during the design calcula-
tions. The temperature of a cable can be measured with
PT elements at the locations with the worst thermal
conditions (hotspots) (Fig. 10.50). This can be a partic-
ularly effective approach for optimizing grid operations
by allowing more power to be transmitted than the grid
was designed for, or allowing outages that would not
normally be considered.

10.5.4 Protection Systems

Protection systems used for HV and EHV grids often
assume that overhead lines are used. The introduction of
cable connections or hybrid connections can therefore
lead to a modified protection philosophy. Most issues
caused by cables can be mitigated using modern pro-
tection devices, which can be digital or numeric and
can deal with different types of connections. Additional
high-voltage equipment associated with cables such as
series and shunt reactors must also be protected. This
can be done within the protection zone of the connec-
tion or by a separate differential protection system.

Autoreclosure is typically designed for overhead
lines, where many faults only occur temporarily. This
is not the case with underground cables, where a fault
in the insulation cannot heal itself. Autoreclosure is not
applicable to full cable connections but should be con-
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sidered for hybrid connections. There are a range of
policies that can be applied, each of which has its own
advantages and disadvantages.

From an insulation coordination perspective, surge
arresters are not always needed to protect the cable insu-
lation, although they can still be useful in hybrid lines,
where reflections and earth potential rises can occur at
transition points [10.30, 31].

Power Cable and Hybrid Link Protection
Line distance protection is widely used in HV trans-
mission grids because it does not require telecommuni-
cation channels between both ends of the line. Distance
protection relays are based on a linear increase in the
impedance over the length of the line. If the impedance
drops below an adjusted minimum, the fault is within
the protection zone, and the line will be switched off.

Distance protection can be used for cables too, but
underground cables have different electrical properties.
Cable return paths can vary depending on the fault type
(core–sheath or core–sheath–earth), the location of the
fault (distance to the cross-bonding or grounding point),
and the way that the metal sheath is earthed (single
point, solid-bonded, cross-bonded, or other). This can
lead to a deviation of the linear impedance curve, caus-
ing the limits of the protected zone to be determined
inaccurately. This is especially true if there is insuffi-
cient distinction in the last 20% of the impedance curve,
as it is important to determine the setpoint for the first
protection zone in this range.

Systems with long cross-bonded cables show
smaller deviations of the linear impedance curve due to
the decreased relative impedance of each section. De-
tailed studies are necessary to identify the right setting
for the distance relays. Capacitive currents are some-
times neglected for overhead lines but they must be
considered for long cable systems.

Differential protection is normally the preferred re-
liability protection system for cable connections, with
line distance protection used as a backup system.

If hybrid links (partial undergrounding, for example
a siphon) are present, different impedances are con-
nected in series. On the one hand, this makes it harder to
determine the minimum impedance setting for the dis-
tance protection, but on the other hand the influence of
the cable section on the total impedance decreases as
the overall connection increases in length. Modern dig-
ital distance relays are a big step forward: they can also
deal with multiple cable sections in a hybrid line. If the
level of protection provided by line distance relays is
unclear, differential protection can always be applied.
This is the normal choice for full cable connections,
but telecommunication channels are not always avail-
able for existing partial undergrounding.

To summarize, cable systems can be protected by
distance protection. It is easier to reach an accept-
able level of accuracy for longer cable lengths than for
(very) short lengths. Differential protection of a full
cable connection is preferable, but its dependence on
telecommunications must be managed.

Autoreclosure and Lockout Systems
Autoreclosure is widely used after faults in overhead
lines. The aim of autoreclosure is to optimize the avail-
ability of circuits and thus improve the security of
supply. For hybrid connections, a range of autoreclo-
sure strategies are available:

� A lockout system for faults in the cable section� An unchanged autoreclosure system� No autoreclosure.

Each of these strategies has it own advantages and dis-
advantages, and all of them are applied worldwide.

Lockout systems give the best performance, as au-
toreclosure is still available with these systems but it
will not operate when there is a cable failure. There
is no additional damage and no further voltage dips
with a fault in the cable. However, to detect this fault,
measurement and telecommunication channels to the
substations are required. A lockout system applies dif-
ferential protection over the cable section, so current
transformers are needed. Such a system is more diffi-
cult to implement if there are numerous cable sections
in an overhead line.

However, there are considerable financial and
space-related disadvantages of using a lockout system.
If slip-on current transformers are used at the ends of
the cable system, failure of the cable sealing ends will
still activate the autoreclosure.

In some circumstances, the use of autoreclosure
with hybrid connections is acceptable. The choice of
whether to use autoreclosure involves a risk evaluation.
A benefit of using autoreclosure is that it keeps the sys-
tem simple. Issues that need to be considered in this
case are the expected number of faults in the cable sec-
tion (far fewer than in the overhead line section), the
additional cable damage, the risk of fire or other in-
juries, and additional voltage dips.

For hybrid lines with relatively short overhead line
sections, the removal of autoreclosure may also be
considered. Many factors play a role when deciding
whether to remove autoreclosure, such as the failure
rate (the protection level against lightning strikes), the
amount of redundancy in the meshed grid, and safety
aspects (especially in highly urbanized areas). Although
removing autoreclosure is not advisable, this approach
is used to some extent in the Netherlands for 150 kV
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hybrid lines in a highly meshed grid, and has not led
to any significant deterioration in the security of supply
over a period of more than 15 years.

New technical developments in protection equip-
ment have led to an improved ability to distinguish
between an overhead line section and a cable sec-
tion. This ability means that it is possible to apply
autoreclosure only when the fault is in the overhead
line section. Autoreclosure can cause overvoltages, es-
pecially at transition points where overhead lines are
connected to underground cables. Careful examination
of this phenomenon is necessary to determine the ap-
propriate cable design, including whether to install any
surge arresters in the transition compounds.

10.5.5 Voltage Effect (Ferranti Effect)

When the power cable line is operating with an open
circuit and the voltage is applied at one side, the voltage
increases at the opposite side of the line. This effect is
caused by the charging current of the cable capacitance.

This may present an issue after the circuit has been
installed and the cables must withstand the HVAC volt-
age used in a soak test or resonance test. The test
voltage Utest is specified by the standards IEC 60840
and IEC 62067. Due to the Ferranti effect, when Utest is
applied to one side of the circuit, the test voltage at the
remote end will be Utest C�U.

The voltage increases shown in Fig. 10.51 are based
on the characteristics given in Table 10.5. The ca-
bles are laid in a flat formation 300mm apart, losses
from the metallic screen are 1%, the dielectric loss fac-
tor � tan ı D 0:0005, and the the working frequency is
50Hz.

Table 10.5 Characteristics of extruded cables (adapted from [10.14])

Phase-to-phase voltage (kV) 66 132 230 400 500
Copper conductor size (mm2) 2000 2000 2500 2500 2500
Diameter over conductor (mm) 55 55 64 64 64
AC resistance of conductor (��=m) 16.13 16.13 14.16 14.16 14.16
Insulation capacitance (nF=km) 375 269 249 219 192

Phase-to-phase voltage (kV) 66 132 230 400 500
Copper conductor size (mm2) 2000 2000 2500 2500 2500
Diameter over conductor (mm) 55 55 64 64 64
AC resistance of conductor (��=m) 16.13 16.13 14.16 14.16 14.16
Insulation capacitance (nF=km) 375 269 249 219 192

The hyperbolic increase in voltage along the power
line must be estimated prior to the HVAC commission-
ing test of the cable because the test voltage and the
no/low-load operation voltage are higher than the nom-
inal voltage U0.

Testing After Installation
The power line owner and the cable contractor must
agree on the voltage to be applied on one side of the cir-
cuit, given that the voltage will be higher at the remote
end. Also, one or multiple shunt reactors located some-
where along the power line are sometimes included in
the HVAC test, in which case the voltage rise(s) at the
location(s) of the shunt reactor(s) must be calculated
beforehand and will influence the selection of the test
voltage, which must be agreed upon by the line owner,
the cable supplier, and the shunt reactor provider. Addi-
tionally, the inclusion of a voltage divider on both sides
of the power line is recommended as a means to mea-
sure the voltage during the HVAC test.

Under No or Low Load
The voltage must be no higher than the maximum cable
voltage Um, which is the reference for cable design and
qualification (i.e., 245 and 420 kV, respectively, for 230
and 400 kV cables). Alternatively, a higher Um value
than that specified by the IEC standards can be defined,
especially for cable lengths that will be installed on the
side of the circuit where the voltage is higher than Um.

10.5.6 Zero-Miss Phenomenon

Reactive power compensation by shunt reactors con-
nected directly to the cable will help to reduce the
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voltage drop in the grid caused when a long length
of cable is energized. If the amount of reactive com-
pensation is more than 50%, the zero-miss effect can
occur. This effect can happen in the first few sec-
onds after switching on a cable and connected reactors.
Due to the temporary aperiodic current component of
the shunt reactors, it takes a few hundreds of mil-
liseconds before the current has its first zero cross-
ing, necessary for opening the circuit breaker without
reignition.

There are several ways to solve this problem: the
amount of compensation directly connected to the ca-
ble can be decreased, point on wave switches can be
applied, a preinsertion resistor (closing resistor) can be
fitted, or single-phase tripping can be used. As only
the healthy phases experience this zero-miss effect, it is
possible to postpone the opening time of this phase by
a few milliseconds until the effect has passed, which is
referred to as automatic sequential switching (first the
faulty phase is switched off, then the reactor, and af-
ter a few hundred milliseconds the healthy phases are
switched off).

For weak grids, one utility in Europe has chosen
a solution in which the cable and reactor each have
their own circuit breaker. The reactor is connected to the
busbar and not to the cable. The breakers work simul-
taneously to keep the voltage drop within the defined
limits and to stop the zero-miss effect from occur-
ring.

10.5.7 Switching Off Capacitive Currents

High-voltage cables are highly capacitive by nature.
The longer the cable, the higher the capacitive current
that must be switched off. Switching capacitive currents
can be difficult for a circuit breaker because the volt-
age is near to maximumwhen the current becomes zero
and restrike can occur. A small capacitive current can
be even harder to disconnect than a large one.

Table 10.6 shows that for a long length of high-
voltage cable, the no-load capacitive current can exceed
the guaranteed capacitive interruption current of the
circuit breaker. IEC 62271-100 specifies that a circuit
breaker must be able to disconnect a no-load capacitive
current of 250A. Additional testing may be neces-
sary to ensure that the requirements are fulfilled (e.g.,
220 kV, 50 km, 1200mm2 gives 50� 7:6 D 380A of
charging current).

Table 10.6 Indicative values of the charging current for
different conductor cross-sections and voltages

Voltage (kV) 220 220 400 400
Cross-section (mm2) 1200 2500 1200 2500
Charging current (A=km) 7.6 10.8 13 17.4

Voltage (kV) 220 220 400 400
Cross-section (mm2) 1200 2500 1200 2500
Charging current (A=km) 7.6 10.8 13 17.4

10.5.8 Harmonic Resonance

The phenomenon of resonance in long AC cables in
a grid dominated by overhead lines is a concern, as it
can cause unacceptable voltage rises or equipment to
overheat due to additional currents. This resonance can
occur at the power frequency (50 or 60Hz) as well as at
higher order harmonics of the ground frequency and at
interharmonics.

Resonance due to the application of a cable (high ca-
pacitance) occurs due to the resulting change in the har-
monic impedance of the grid whereby the frequency of
a harmonic current or voltage matches that of a peak in
the impedance curve. There are two types of resonance
in the grid: switching actions or short circuits (damped
oscillation) and amplified background higher harmonic
voltages (driven oscillation). The latter are fed into the
grid by a source. Well-known sources of higher har-
monic currents include frequency controllers of motors,
HVDC connections, and converters in wind turbines.

Both series and parallel resonances can occur. Se-
ries resonance can be generated when energizing a ca-
ble. The resonance occurs between the inductance of
the grid (the source) and the energized cable when
there is a frequency component in the energizing cur-
rent that corresponds to the resonance frequency of the
induction–capacitance (LC) combination.

Parallel resonance can occur during the energiza-
tion of a transformer. The resonance arises between the
inductance and the capacitance of the grid (to which
a long cable is connected). The inrush current of a trans-
former is dominated by a second harmonic component
that can be responsible for resonance in the grid at the
point of switching.

As more cables are added the resonance frequency
of the grid declines.

Switching actions can cause resonance frequency
excitation and must be further investigated. Research in
the time domain can be performed to detect unaccept-
able voltage rises (in terms of amplitude and duration).
In addition to the short circuit power also the damping
by resistance (R) of the grid and the load play a role in
the degree of over voltages caused by resonance. The
extent is often known only approximately and in case
of doubt it may be necessary to perform additional mea-
surements.

If a system study indicates an unacceptable transient
overvoltage (TOV) due to switching actions, measures
must be taken.

10.5.9 Magnetic Field

Various requirements must be met when implement-
ing new high-voltage connections. For instance, it is
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necessary to fulfill the requirements for electric and
magnetic exposure. In this respect, underground cables
have some benefits. Due to the presence of the insula-
tion screen and the metallic sheath there is no exposure
to electric fields, and there are numerous options to re-
duce the exposure to magnetic fields.

The main reason for the increased magnetic ex-
posure with high-voltage cables is the suppression of
the sheath current by the cross-bonding system and the
spacing between the single-phase cables. Both of these
steps are taken to optimize the current rating and to
lower the costs.

To lower the magnetic exposure levels, the circuit
impedance may be changed. For power system plan-
ners, it is important to know how the cable system will
actually perform in practice. If measures to decrease the
magnetic field change the connection impedance, the
current distribution in the interconnected power system
and short-circuit current levels may also be affected.

Magnetic fields from underground cables can in-
duce voltages in nearby insulated metallic structures
such as pipelines if the cables and pipelines are laid
in parallel over very long lengths. Safety and corro-
sion issues can occur in such cases. There are various
methods to reduce magnetic field exposure in order
to meet requirements at specific locations. The im-
pact of magnetic fields on current ratings is covered by
TB 559 [10.21].

10.5.10 Life Expectancy

HV and EHV cables are designed to have a typical
economic lifetime of 40 years (according to tests and
international standards, e.g., those of the IEC). In real-
ity, the technical lifetime of these cables is much longer.
Many oil-filled cables that are in use today are over
40 years old, and the operational costs of those cables
have not increased significantly over the years.

External damage or incidental internal faults in the
cable system are relatively easy to repair, and the repair
costs are only a small fraction of the initial investment
cost. Thus, repair allows the lifetime of a cable to be
extended.

The main reasons for removing a cable from service
are a lack of transmission capacity (sometimes com-
bined with the scenario where there is a lack of space
to install a new cable with a higher transmission capac-
ity without removing an old cable) and unacceptable oil
leakages. In a few cases, end of cable life is caused by
degradation of the insulation.Many HV oil-filled cables
have been in service for over 60 years, but in many of
those cases it has been necessary to replace or recondi-
tion the oil-pumping or monitoring systems.

Modern HV XLPE cables have been in operation
since the mid-1970s and are continuing to provide ex-
cellent performance. They have the same repair options
as oil-filled cables, but unlike those cables, XLPE ca-
bles cannot leak.

A range of issues must be considered when attempt-
ing to maximize cable lifetimes. These issues can be
categorized as follows:

� Cable design and manufacturing� Cable route planning and installation� In-service maintenance.

Cable Design and Manufacturing
There are various cable design considerations. First, the
quality of the XLPE insulation must be of the high-
est possible standard and the most advanced method
of applying the insulation should be employed. Sec-
ond, the selection of an appropriate metal sheath and
outer sheath in accordance with the installation method
and the environment is crucial. The intended installa-
tion technique and the environment of the laid cables
will influence the choices that can be made in this re-
gard. When the outer sheath is damaged, an induced
voltage causes a current that will flow through this dam-
aged point, degrading the metal sheath and potentially
overheating the cable. If the outer sheath is damaged,
corrosion can then occur, further damaging the metal
sheath (especially if it is aluminum).

A third important aspect is the radial water barrier.
When the metal shielding is broken, moisture (water)
can penetrate towards the cable insulation and spread
itself over a very long length due to capillary action. If
this is not addressed in the cable design, it may mean
that a substantial length of cable will need to be re-
placed when failure occurs.

Cable Route Planning and Installation
When planning the cable route, and subsequently dur-
ing operation, the presence of heat sources (other ca-
bles, steam pipes, tubes for heating) near to the cable
must be avoided or, at the very least, taken into account
during engineering. Pulling forces must not be ex-
ceeded and damage to the outer sheath must be avoided
during cable installation or the service life of the cable
will be reduced.

In-Service Maintenance
To maximize the service life of the cable, it is important
that the outer sheath remains in place over the metallic
sheath to avoid water entry. It is also important that link
boxes are kept in good condition and that the bonding
leads are fully water blocked to stop water from migrat-
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ing into the box. Finally, it must be ensured that the cable
design temperatures during operation and short circuits
are not exceeded. As discussed later, online monitoring
of cable temperatures and route conditions is a useful
tool for routine maintenance. Well-known threats to the
cable that can occur in its environment include depres-
sions in the ground, changes in the groundwater level,
trees with deep roots, and any heat sources close to the
cable, such as highly loaded cables and heating pipes.

10.5.11 On-Site Testing

Testing long AC cables, especially HV and EHV cables,
is a challenge due to the amount and size of the test
equipment required.

The most important test—the voltage withstand test
of XLPE cables—can only be done with an AC voltage.
The much easier DC voltage test is not suitable for test-
ing XLPE cables because a DC voltage can leave space
charge within the insulation or at interfaces between the
cable insulation and the components used in the ter-
mination and jointing accessories. These space charges
can remain after the DC voltage has been switched off,
causing localized high electrical stress in the insulation
system when the cable is energized with AC, which
would in turn initiate partial discharges and subsequent
cable system failure.

In the cable factory, XLPE cables and individual ac-
cessories are tested using AC with a typical frequency
of 50 or 60Hz and test equipment with parallel (pri-
mary) or series (secondary) reactive compensation.

HV and EHV XLPE cable systems are typically
tested on-site using AC with a frequency in the range
10�300Hz. A mobile resonance test is performed
with series reactance (an example of this is given in
Fig. 10.102 in Sect. 10.7.1).

To test long AC cables, we need to compensate for
the charging current, which is directly related to the fre-
quency and the test voltage as follows

Ic D 2f CV ;

where Ic is the charging current in A, f is the test fre-
quency in Hz, C is the cable capacitance in F, and V is
the test voltage in V.

To compensate for this very high charging current,
we need to use high reactive HV compensation (exciter)
coils, which are very heavy because they contain large
amounts of copper and steel. This makes on-site testing
very difficult and expensive. One solution is to lower
the AC frequency. The standard IEC 62067 prescribes
a lowest frequency of 20Hz, and this has been used for
many years to test HV and EHV circuits. A more recent
document, CIGRE TB 490 (published by WG B1.27),
recommends a minimum of 10Hz [10.39].

Over the past five years, there has been a dramatic
increase in partial discharge testing of new installations
around the world, although many utilities still do not
perform PD tests. CIGRE TB 728, recently published
by WG B1.28 [10.40], provides useful guidance for
non-experts in on-site PD measurement. This document
collates information on PD testing and presents guide-
lines and recommendations.

However, testing at this lower frequency is costly
due to the equipment required, the space needed for
that equipment, and the transport costs involved. Hence,
there is currently a global debate on whether to lower
the frequency even further, to 0:1Hz, or whether to
adopt the oscillating wave system (OWS) or the damped
AC (DAC) system, both of which are currently used to
test MV cables. These systems are much smaller, less
expensive, and easier to transport. However, there are
some important issues that need to be considered for
HV and EHV AC systems.

First, research clearly shows that during withstand
testing, breakdown is directly related to the energization
time at a given frequency, so much longer testing times
or higher test voltages will be needed if the 0:1Hz test
is adopted.

This is not a problem for MV cable systems, as they
can accept higher test voltage levels, but it could present
an issue for HV and EHV systems that are specifically
designed for operational and system voltages.

Second, there is concern that space charge could re-
main in the system if the voltage is not reversed within
a very short time interval, meaning that the results of
withstand testing with a DAC system could be ques-
tionable.

Since this important subject is quite complex,
CIGRE WG B1.38 is currently preparing a technical
brochure to provide guidance on tests of AC and DC
cable systems using new technologies after laying. This
document is expected to be completed in early 2021.

10.5.12 Practical Implementation
of System Design

Choosing Between AC and DC Voltage
Given the trend for longer AC and DC cables, it is im-
portant to fully understand the benefits and limitations
of both systems. The choice of AC or DC is very much
dependent on the load transfer requirements and the
grid, whether a land or submarine link is needed, and
other requirements. Each project needs to be considered
on a case-by-case basis, and it should be noted that a DC
link is always possible if it is not practical for economic
or technical reasons to provide an AC link.

In many situations, an AC solution should be less
expensive and lead to lower losses for a radial connec-
tion. It is important to carry out an analysis of the power
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system losses, total installed capital costs (Fig. 10.2),
and operating costs.

Although only two cables are required for DC com-
pared with three for AC, the construction costs, which
are often the major factor in the urban environment,
may be almost the same for both. The costs for DC
conversion are still relatively high, and the losses—
albeit substantially lower than they used to be, due to
the introduction of modern VSC systems—are still sig-
nificant. However, if power flows are required in both
directions and the route length may need to be increased
at a later stage, the selection of modern DC technologies
may be justified [10.6, 14].

Having decided that an AC link is the optimum
solution, the next step is to consider the transmission
voltage, cable design, and general installation method.

Reactive Compensation
This section provides only a brief overview of system
design issues relating to the implementation of reactive
compensation on long AC links. For a more complete
understanding of the technical issues associated with
reactive compensation, the reader is referred to CIGRE
TB 556 from WG C4.502 [10.27].

Underground cables produce reactive power accord-
ing to

Qcable D 2 fCV2 ;

where Qcable is the reactive power in var, f is the power
frequency in Hz, C is the cable capacitance in F, and V
is the line voltage in V.

The reactive power is proportional to the square of
the voltage and the cable capacitance. Since the cable ca-
pacitance is proportional to the cable length, the reactive
power increases linearly with the cable length. Reactive
power has two side effects. The first is that it causes the
steady-state voltage to rise in the grid and the cable it-
self.While the grid load and ordinary transformers in the
network consume some reactive power, they do not con-
sume enough to compensate for long cable links. The
second effect is that it introduces a current into the ca-
ble, limiting the transfer of active power. As said above,
at a critical cable length, the cable current rating is com-
pletely consumed by the capacitive current,meaning that
no active power flows through the cable.

To operate the grid and the cable itself within the re-
quired limits while also preserving the effectiveness of
the cable connection (or to optimize the current rating),
it may be necessary to apply reactive power compensa-
tion (Figs. 10.49 and 10.52).

Reactive compensation is an optimization process
involving many factors such as the voltage level, con-
ductor cross-section, losses, amount of compensation

Fig. 10.52 Reactive compensator for a 30 km 345 kV
PPLP pipe-type cable in the USA (adapted from [10.14])

(partial or full), type of load on the cable (induc-
tive load, generator/wind farm), compensation method
(generators, reactors, power electronics), compensation
location (effectiveness and available space), level of
built-in redundancy, and costs. More detailed informa-
tion can be found in [10.14].

Cable Sheath Bonding
Induced sheath voltages must also be considered when
designing underground cable links. The induced sheath
voltage depends on the cable length, phase current,
mean diameter of the metallic sheath, phase spacing,
power frequency, and the arrangement of the phases
(e.g., trefoil or flat). The aim of sheath bonding is
to protect the cable sheath/joint shield break against
transient overvoltages. During the transient/subtran-
sient, the surge wave energy resonates along the line at
high frequency. These high-frequency overvoltages can
cause joint failure and sheath damage.

CIGRE TB 283 [10.30] (published in 2005 and
edited by WG B1.18) provides details of current prac-
tices around the world concerning the bonding of high-
voltage cables and how to calculate the induced volt-
age/current according to the grounding system used.

Most countries have a national standard that gov-
erns the maximum standing voltages allowed at the
power frequency, as this is an important safety issue,
particularly for maintenance crews. They are typically
in the range 50�400V. If the upper limit of this range
(400V) is acceptable, the number of cable junctions can
be reduced, lowering the cost of the project.

Calculations of induced cable sheath voltages (work-
ing frequencies and transients) must be performed at the
design stage to guide the selection of the appropriate pro-
tection/grounding system for the power circuit. Meth-
ods of calculating induced voltages are given in [10.30].
A power line model of the electrical circuit can also be
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utilized to estimate continuous/transient induced volt-
ages, or special software can be employed.

The standard surge voltage level of the protective
jacket/sheath is given by IEC 60229. The cable junc-
tion and the concentric bonding lead cable that connect
the cable metallic screen to the sheath voltage limiter
(SVL) cabinet must also be designed to withstand surge
overvoltages.

SVLs are used to protect sheath sectionalizing in-
sulation (a discontinuity electrical node in surge wave
propagation) during transient phenomena. SVLs are in-
stalled in sealed boxes either underground, in tunnels, or
in the air, depending on the locations of the cable joints
as well as the terminations. A physical barrier is usually
installed in transition compounds linking overhead lines
to underground cables to avoid any contactwith theSVL.
Without the protection provided by the SVL, the occur-
rence of transient phenomena could lead to failure and
damage to the junction/protection sheath. The job of the
SVL is to chop peak overvoltages and reduce the number
of transient overvoltage signals that occur during tran-
sient phenomena. WG B1.50 has recently published a
Technical Brochure providing guidance on the design,
testing, operation, and monitoring of SVLs [10.41].

As noted in a previous section (see Figs. 10.24–
10.26), the following bonding arrangements are gener-
ally used in high-voltage cable systems:

� Cross-bonding� Single-point bonding� Solid bonding.

The cross-bonding system is the method most com-
monly used for long onshore/land links. Cross-bonding
the metallic cable sheaths causes the induced sheath
voltages to cancel out. This reduces circulating cur-
rents, resulting in reduced sheath losses and higher
cable circuit ratings.

The single-point bonding system is generally used
in substations when the cable route is relatively short
and it is uneconomical to use the cross-bondingmethod.

Solid bonding is the simplest bonding method. It re-
quires the metallic cable sheath/screen to be connected
to earth at both ends of the circuit. The solid-bonding
method results in higher sheath losses than obtained
with other bonding methods due to higher circulating
currents in the metallic sheath/screen, resulting in re-
duced cable circuit ratings. Solid bonding is used in
situations where a reduced power-transfer capability is
not a major concern.When this arrangement is used, the
cable circuit design is simpler, allowing the utility to di-
vert the cable circuit when required without impacting
on cable circuit ratings. Solid bonding is generally used
for three-core MV cable circuits and for single-core ca-
ble circuits where sectionalized joints are not readily
available.

For submarine power cable links, the only feasible
grounding system is a two-point solid-bonding scheme,
which ensures watertight protection of the cables.

The grounding system of a long HVAC power link
may consist of a cascading combination of several types
of grounding schemes, for instance two-point bonding
C cross-bonding C single-point bonding.

10.6 Cable Designs

The insulation of lapped cables consists of a number of
thin paper tapes wound around the conductor. The con-
ductor is generally circular. Depending on the type of
cable, the insulation is impregnated with a nondraining,
high-viscosity insulating mass (i.e., mass-impregnated
cables) or with low-viscosity oil.

As previously noted, the surface of the conductor
is somewhat irregular due to the interstices between
the single wires. To stop electrical stress concentra-
tions from forming at such irregularities, several layers
of semiconductive carbon black paper tape are applied
onto the conductor surface. For high-voltage cables, it is
essential to generate an undistorted radial electric field
inside the insulation. Therefore, semiconductive carbon
black paper tapes are also applied over the insulation,
normally in combination with metal-coated paper tapes.

In order to achieve an AC withstand characteristic
with a sufficiently long duration, it is necessary to stop

ionization from occurring inside the insulation. Ioniza-
tion can take place in gas-filled voids; such voids can
form in the insulation due to the different expansion
and contraction rates of the cable components during
load cycles.

A solution to this problem was discovered in 1917
by Emanuelli, who proposed a cable containing a hol-
low conductor that kept the paper insulation under
positive pressure regardless of the temperature of the
cable by connecting the cable to tanks filled with very
fluid mineral oil, which were placed all along the ca-
ble route. Although such a fluid oil cable had never
been installed or tested before, Emanuelli became con-
vinced that it could be used at higher voltages, so he
tested it by connecting the fluid oil cable to a 132 kV
line. In 1926, he accepted an order for an oil fluid
cable that could accommodate this voltage from New
York, then another order from Chicago. A year later,



10.6 Cable Designs 807
Section

10.6

he constructed a 70 kV three-phase cable of this type in
Milan.

In 1932, he connected a test cable to the 220 kV
network at Cislago in Italy. The results of these tests
were highly satisfactory and prompted four French ca-
ble manufacturing units to construct the first 220 kV
link in Paris 220 kV. This link, commissioned in March
1936, was 18:5 km long.

Themaximumvoltage gradient in the insulationwas
9:5 kV=mm,whereas the field in amass-impregnated pa-
per cable was about 5 kV=mm. The work of Emanuelli
provided the basis for achieving the highest voltage lev-
els used in underground power transmission. Several
types of cables that use different mechanisms to over-
come the ionization problem and to achieve so-called
thermally stable cables have been developed.

10.6.1 Mass-Impregnated Cables

The historical perspective given in [10.1] details the
evolution of power cables from the birth of the industry
to themid-1980s and the arrival ofUHVextruded cables.
From the earliest history of power cables, twomain types
of materials have been used to insulate cables:

� Vulcanized material� Impregnated material.

Mass-impregnated (MI) paper insulation for 10 kV ca-
bles appeared in 1890 and was continuously improved.
Over the years, mineral compounds have replaced
vegetable-derived substances as the impregnating ma-

Fig. 10.53 Cross-section of a mass-impregnated cable
(adapted from [10.6])

terial, carbon-black paper screens have been adopted
for conductors and insulation, and new grades of paper
have been introduced, as have thin papers, to increase
the impulse strength of the insulation. By 1960, wax-
filled compounds were being used in insulation, as they
are less fluid and more electrically stable than oil resin
compounds.

The fundamentals of the mass-impregnation tech-
nique have remained the same, and variants of it have
been used in the vast majority of the cables employed
by public and private power networks across a wide
range of voltages, from low to 60�70 kV and excep-
tionally 90 kV.

Indeed, mass-impregnated cables were used in
HVDC applications as far back as 1906, after which
HV and EHV levels were gradually attained for these
cables, mostly in submarine links, e.g., to the isle
of Gotland in 1954 (˙100 kV), from France to Eng-
land in 1961 (˙100 kV), to Vancouver Island in 1969
(˙300 kV), and the Skagerrak Strait link in 1976/1977
(˙250 kV).

Figure 10.53 shows an example of a mass-
impregnated cable used for submarine applications.
This type of cable can be used at EHVDC levels.

10.6.2 Self-Contained Fluid-Filled Cables

In 2016, CIGREWG B1.37 published TB 652, which is
a guide to operating self-contained fluid-filled (SCFF)
cable systems [10.42]. The information given in [10.42]
(which is summarized below) can guide the reader to-
wards a better understanding of the differences between
SCFF and extruded cable systems.

Examples of SCFF Cables
Figures 10.54–10.59 show several examples of SCFF
cables with various conductors and shields.

Fig. 10.54 500 kV
SCFF cable with
a compacted
circular conductor
and a corrugated
aluminum sheath
(CAS) (adapted
from [10.42])
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Fig. 10.55 400 kV
SCFF cable with
a Milliken copper
conductor and
a corrugated alu-
minum sheath (note
the helical duct
support) (adapted
from [10.42])

Fig. 10.56 500 kV
SCFF cable with
a 1600mm2 copper
keystone conduc-
tor and a lead
sheath (adapted
from [10.42])

Central fluid duct

Conductor

Conductor binder and screen

Insulation (fluid-impregnated paper)

Insulation screen

Metallic tape binder and/or 
semiconducting hygroscopic binder

Metallic sheath (aluminum or lead alloy)

Outer sheath or serving

Fig. 10.59 A typical cross-section
of a single-core SCFF cable, show-
ing its component parts (adapted
from [10.42])

Fig. 10.57
Example of a 500 kV
single-core SCFF
submarine ca-
ble (adapted
from [10.42])

Fig. 10.58
Example of a 90 kV
three-core SCFF
cable; note the
heavily coated
armor wires that are
typical of submarine
cables (adapted
from [10.42])
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SCFF Cable Fundamentals
Self-contained fluid-filled cables (SCFF) are cables in
which the conductor insulation is composed of multiple
layers of paper impregnated with a low-viscosity dielec-
tric fluid encased in a metallic sheath (usually a lead al-
loy or aluminum). For single-core cables, there is gener-
ally a central hollow core that allows the dielectric fluid
to move freely along the cable. A three-core SCFF ca-
ble usually has a separate helical duct (or ducts) that is
bound up in the fillers, with the cores inside its metal
sheath. However, some three-core cables are constructed
without fillers and the space between the insulated cores
allows the fluid to flow freely within the metal sheath.

Heat and vacuum treatment during the manufactur-
ing process removes air and moisture from the papers.
The papers are then impregnated with a low-viscosity
fluid to prevent the formation of voids and the associ-
ated ionization when energized. The fluid is contained
at low pressure within a metal sheath in the form of cor-
rugated aluminum or lead alloy (suitably reinforced).
An extruded plastic oversheath provides corrosion pro-
tection for the sheath. The fluid must be maintained
at positive pressure at all times. During operation, the
cable fluid expands into sealed storage tanks as the con-
ductor temperature increases and flows back into the
cable as the conductor cools.

Three-core SCFF cables are typically limited to
voltages of 150 kV or less and conductor cross-sections
of 630mm2 or less due to manufacturing, cable size,
drum handling, and installation limitations.

Submarine cables normally require the application
of further mechanical protection in the form of round
or flat wire armor that is completely surrounded by syn-
thetic bedding and serving.

Polypropylene paper laminate (PPL), sometimes
also referred to as PPP or PPLP, depending on the coun-
try of origin, was developed to reduce dielectric losses
and increase the impulse strength of the cable insula-
tion. PPL consists of a film of polypropylene coated on
both sides with a layer of paper. It is lapped onto the
conductor in the same way as for paper-insulated ca-
ble. It is similarly hermetically sealed and impregnated
with cable fluid maintained at a positive pressure. How-
ever, its technical advantages are offset by higher costs,
and it is generally only used as an alternative to paper-
insulated SCFF cables at extra-high voltages.

Low-pressure cable sheaths are normally made to
sustain internal pressures of 5:25 bar with transients of
8 bar. However, pressures of up to 15 bar can also be
sustained by some sheaths. For these designs, the acces-
sories must be chosen appropriately, and the cable rein-
forcement design must be verified. Such high-pressure
systemsmay be used for submarine systems or for high-
pressure fluid-filled (HPFF) pipe-type cables.

Hydraulic Aspects
The appropriate hydraulic design of a SCFF cable sys-
tem is critical to its reliable operation, and the design
used depends largely upon the vertical profile of the
cable installation. This is conveniently described graph-
ically by expressing pressure in terms of meters of fluid
(Figs. 10.61–10.63). The vertical profile of the cable
and the fluid pressure (static or transient) can be de-
picted on the same diagram, with the pressure at any
point in the system given by the difference between the
pressure line of interest and the cable profile.

This hydraulic system design takes into account the
cable route and elevation (or vertical profile) as well as
the thermal expansion and contraction of the cable fluid
caused by temperature variations in the cable system.
It ensures that any overpressures caused by temperature
transients do not cause mechanical damage to any part
of the system, including the cable, accessories, and the
feeding system. It is normal for longer routes or routes
through undulating terrain to be divided into a num-
ber of hydraulically separate sections using stop joints
that maintain electrical continuity but isolate adjacent
hydraulic sections. The design must also ensure that
pressures do not fall below well-defined values so that
positive pressures are maintained at all times.

Fluid Volume Variations. Temperature variations
cause changes in the cable fluid volume. Minimum vol-
ume occurs at the minimum temperature (i.e., during
winter) with the cable unenergized. Maximum vol-
ume occurs at the maximum temperature (usually in
summer) under maximum load or during emergency
(overload) conditions. Cable fluid reservoirs (usually
pressure tanks) positioned at the cable end(s) and pos-
sibly at intermediate positions along the cable must
accommodate the static fluid volume variations. These
reservoirs (also known as feeding pressure systems) can
be divided into constant-pressure and variable-pressure
systems.

Gravity Fluid Tanks. Constant-pressure systems are
characterized by a feeding system consisting of gravity
tanks: tanks that do not have internal gas cells and are
designed to absorb pressure variations. Since this type
of feeding system was the first to come into service,
very old SCFF cable systems (in which the original
fluid was mineral oil and short cable routes with flat
profiles are used) generally belong in this category.
Since the tank pressure cannot vary, the tank must be in-
stalled such that the tank is at a higher position than the
highest system point. The tank must be able to contain
all fluid expansion from the cable and the accessories
under the hottest conditions and return the fluid to the
system by gravity under the coolest conditions whilst
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maintaining a positive pressure. Small changes in pres-
sure due to changes in fluid levels in the tank are usually
ignored.

Prepressurized Fluid Tanks. The SCFF cables in ser-
vice today are most likely to use prepressurized tanks
as their fluid reservoirs. These tanks contain a number
of sealed, flexible, expanding cells that contain pres-
surized gas, usually carbon dioxide or nitrogen. The
expansion of the cable fluid is compensated by the
compression of these cells. The tank capacity and the
pressure setting must be such that the minimum static
pressure is higher than the highest system point and
the maximum static pressure does not cause unaccept-
able pressure values for the cable and accessories at
the lowest system point. The relationship between the
fluid volume and the corresponding pressure of a ca-
ble fluid reservoir of a specified type is obtained from
either a suitable experimental curve or by performing
calculations based on the perfect gas law.

Figure 10.60 shows predicted and experimentally
determined pressure–volume curves for a typical 120L
variable-pressure fluid tank. The middle curve is the
experimentally determined one, obtained at ambient
temperature; the other two curves were derived from
the middle curve, via the perfect gas law, for the ex-
treme (seasonal) ambient temperatures expected at the
location of the system studied. Positions 1 and 2 in
Fig. 10.60 show that a 50L expansion due to a change in
temperature from �20 to C50 ıC will result in a static
pressure change from 0:5 kg=cm2 (5:8m of fluid) to
2:2 kg=cm2 (25:3m of fluid).
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Fig. 10.60 Pressure–volume curves obtained at different
ambient temperatures for a typical 120 L variable-pressure
tank; the middle curve was determined experimentally,
whereas the outer curves were predicted using the middle
curve and the perfect gas law (adapted from [10.42])

The variation in cable fluid volume can also be cal-
culated using the perfect gas law according to

�V D
�

T1
P1

� T2
P2

�

P0V0

T0
;

where�V is the change in fluid volume in L, P1 and P2

are the absolute values of the maximum and minimum
pressure in kg=cm2, T1 and T2 are the absolute values of
the maximum and minimum ambient temperature in K,
and P0, V0, and T0 are the initial pressure, volume, and
temperature of the gas inside the cells of the oil tank in
kg=cm2, L, and K, respectively.

Provided the value of P0V0=T0 is known for the
type of oil reservoir under consideration, this formula
provides a relatively easy way to evaluate the relation
between fluid volume, pressure, and temperature.

Static Pressure Considerations. Gradual variations
in temperature result in pressure changes that equal-
ize throughout the cable system. In this case, gravity
tanks experience only very small changes in pressure
due the volumevariations caused by changes in tempera-
ture. However, the pressure in prepressurized feed tanks
changes significantly with the volume variations caused
by temperature changes. The minimum static pressure
in such a tank usually occurs in winter with the cable
deenergized (no dielectric losses), whereas the maxi-
mum static pressure of such a tank tends to occur in sum-
mer with the cable under maximum load conditions.

These two extreme static pressure conditions must
be considered in conjunction with the route profile to
ensure that there is no risk of excessive static pressures
or underpressures in the cable, forcing that part of the
cable to negative pressure.

Figure 10.61 shows route and pressure profiles for
a SCFF cable under static pressure conditions. In this
example, the minimum cable pressure occurs at the
feeding end termination, while the maximum static
pressure occurs 650m along the cable, where the route
profile is at its lowest elevation.

Transient Pressure Considerations. Sudden load
(and sometimes voltage) variations cause pressure tran-
sients in the system. Under extreme operating condi-
tions, the maximum transient pressure must not cause
excessive pressures in the cable system whilst the mini-
mum transient pressure must remain positive and above
the cable’s elevation profile at all points along the cir-
cuit route. Longer-length cable routes and those laid in
terrain with severe variations in elevation tend to ex-
perience higher transient pressures. It should also be
noted that lower-viscosity fluids experience lower tran-
sient pressures.
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Fig. 10.61 Route and pressure profiles
for a SCFF cable under static pressure
conditions (adapted from [10.42])

Heating Transients. The maximum positive transient
pressure occurs in winter, during energization (dielec-
tric losses are added), or when the maximum load
is applied suddenly (or in a sufficiently short period
of time). Under these conditions, the temperatures of
the conductor and other cable layers increase but not
as quickly as the temperature of the cable fluid does.
The initial temperature rise is the steepest and causes
a large transient increase in the volume of the liquid,
which then flows through the cable towards the pressure
tanks at static pressure. The fluid encounters hydraulic
resistance, which is also highest initially, due to the in-
creased viscosity of the fluid at the lower temperature.
The cable experiences a pressure transient during this
phase.

The general expression for the pressure variation
with respect to the static pressure at the feeding end is

�p D
�

ABLu� ABu2

2

�

� 10�4 ;

where �p is the pressure difference in kg=cm2, A is
the volume expansion per unit time and unit length in
.m3=s/=m, m3=.sm/, or m2=s, B is the friction coeffi-
cient of the oil duct per unit length of cable in kg s=m6,
L is the length of the hydraulic cable section in m, and
u is the distance along the cable from the feeding end
in m.

In particular, the maximum pressure difference be-
tween the extremities of a cable fed from only one end
is

P D ABL2

2
� 10�4 :

In other words, halving the feed length by feeding fluid
from both ends causes the pressure to drop by three-
fourths.

Since the pressure at the tank is set to the static pres-
sure, the pressure at the other end of the line (or at the
center of it if the cable is fed from both ends) must
inevitably be higher, and is taken into account in the
system design.

Figure 10.62 shows an example of the maximum
positive pressure transient for a hydraulic section fed
from one end only. In this example, the maximum pres-
sure (calculated and observed experimentally) occurs at
1900m.

Cooling Transients. Large negative pressure tran-
sients can cause some sections of the system to drop
below the minimum design pressure or even to enter
the negative pressure regime (partial vacuum).

Cooling transients are more complex to evaluate.
The most negative cooling transient occurs when the
system is energized with maximum load and suddenly
deenergized after a particular critical time on the order
of a few hours.

Figure 10.63 shows pressure profiles for a SCFF
cable under various cooling transient conditions. The
cooling transient from a hot condition is unlikely to
cause an underpressure due to the high initial static
pressure in the tank. There is no cooling transient at
the minimum static pressure as the cable is already
at its coolest. As the cable system starts to transition
from cold to hot (when energized with maximum load),
the potential cooling transient increases. There comes
a critical time when the combination of the increasing
potential cooling transient and only a moderate increase
in static pressure results in the largest possible negative
pressure transient. In this example, minimum pressure
occurs 1350m along the cable.

Multiple Hydraulic Sections. When a circuit is long
or its elevation varies significantly along the route, stop



Section
10.6

812 10 Underground Cables

Route profile (m)
Pressure (m of fluid)
70

60

50

40

30

20

10

0

Maximum heating transient

Feed
tank

Maximum
pressure
in cable
(61.5 m)

Cable profile

Position along cable route (m)
2000180016001400120010008006004002000

Minimum static pressure

Fig. 10.62 Route and pressure profiles
for a SCFF cable under maximum
heating transient conditions (adapted
from [10.42])
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Fig. 10.63 Route and pressure
profiles for a SCFF cable under
cooling transient conditions (adapted
from [10.42])

joints are installed that separate the cable route into hy-
draulic sections while maintaining electrical continuity.
This allows the cable system to operate within its de-
sign limitations. The stop joints may be connected to
tanks that provide feed points to each hydraulic sec-
tion, or separate feed points can be installed at joints
along the hydraulic sections to suit the route profile.
This mitigates the risk of excessive static and transient
pressures.

Figure 10.64 shows route and pressure profiles of
a SCFF cable system with stop and feed joints (the
route profile is identical to those in previous figures).
The transient pressures are depicted using dashed lines.
Detailed annotation has been omitted from the diagram
to reduce clutter.

A stop joint has been added (arbitrarily) at 500m.
The feed tank at 0m caters for fluid volume variations
in the section from 0 to 500m. Since this tank feeds
a shorter section, the maximum static pressure of the
tank is lower than before. Reducing the section length

also reduces the maximum transient pressure. This pres-
sure difference is 1=16 of the original example. The
maximum cable pressure at 500m is 35:5m of fluid un-
der maximum static pressure conditions. The transient
pressure is less (32:3m of fluid).

A feed tank has been added at the end of the circuit
(at 2000m), and a feed joint has been added (arbitrar-
ily) at 1350m. The tanks at these two feed points cater
for fluid volume variations in the section from 500 to
2000m. This also results in a lower maximum tank
static pressure than before. The maximum cable pres-
sure at 650m is 32:5m of fluid under maximum static
pressure conditions. The maximum transient pressure
occurs at 550m (30m of fluid), but is less than the
maximum cable pressure. The minimum cable pressure
occurs at 1350m and equals the minimum tank static
pressure. The very low transient pressures in the section
from 1350 to 2000m are due to an effective fluid section
length of only 325m (two end tanks feeding a 650m
section).
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Fig. 10.64 Route and pressure profiles
of a SCFF cable system with stop
and feed joints installed (adapted
from [10.42])

Submarine Cables. Submarine cables have a simi-
lar design to underground cables from an electrical
perspective, but they are specially designed from a me-
chanical perspective to handle the large axial stresses
that occur during installation and the hydraulic chal-
lenges encountered by submarine cables.

Both aluminum and copper conductors have been
used. Various lead alloys have been used for submarine
cable sheaths. Submarine cables have strong longitudi-
nal armor, and different armor designs are applied. The
simplest consists of one layer of round steel wires that
introduces a torque in the cable when axial tension is
applied.

The hydraulic aspects must be considered in
a slightly different way to those for land-based cables.
Submarine cables often have much longer circuits than
those considered for land installations, as the hydraulic
circuit cannot be interrupted along the route. This has
resulted in single-core cables with large oil ducts, up to
40mm in diameter, and the use of extra-low-viscosity
fluid (3�5 cSt at 20 ıC.)

Submarine fluid-filled cables have been in service
for more than 60 years. Cables from the 1950s are still
in use. Submarine cables were originally used to cross
water courses that were too wide to cross with overhead
lines.

Cable lengths were originally limited by manufac-
turing equipment. However, this limitation was over-
come with the introduction of factory joints. The need
for longer and larger cables also resulted in the con-
struction of submarine cable factories that are close to
the sea and have their own loading facilities to minimize
problems with transporting very long lengths from the
factory to the laying vessel.

Traditionally, cables were laid directly on the sea
bottom without additional protection. At shore land-
ings (the splash zone; typically down to water depths

of 10m), the cables were protected in different ways to
minimize or eliminate wear and tear and to suppress
corrosion issues, especially with the armor. Types of
protection used included trenching where there were
trenchable conditions, or the addition of mechanical
structures when trenching was not possible. However,
since the 1990s it has become increasingly common to
protect the entire cable length, preferably by trenching.
If trenching is not possible, other protection methods
are used, such as rock dumping or mattress coverings of
various kinds. More detailed information on this topic
and relevant references are given in a later section.

The fluid feeding system for a submarine cable can
consist of pressure tanks for short and shallow cross-
ings, similar to land-based cables. Longer and deeper
crossings use pumping plants installed at one or both
ends of the crossing. Submarine cables carrying volt-
ages up to and including 170 kV are often manufactured
as three-core cables, while SCFF cables used for higher
voltages always are single-core cables. With the devel-
opment of conductors with large oil ducts and the use of
extra-low-viscosity fluid, cable lengths of up to 60 km
between pumping plants have been installed.

Some cable installations have additional corrosion
protection systems. This can be a passive system, such
as adding anodes to selected parts of the cable. Active
systems, such as suppressed current systems, are also
added to some cables.

Feeding Pressure Systems for Submarine Cables.
Submarine cables normally have circuit lengths that are
much longer than those considered for land installations
as it is not possible to interrupt the hydraulic circuit
along the route. This may require the hydraulic sec-
tion to be long and deep, necessitating special feeding
systems such as pumping plants. Pumping plants for
submarine SCFF cables were introduced around 1980,
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Fig. 10.65 Schematic of a typical
pumping plant (adapted from [10.42])

when the technology used for HPFF pipe-type cables
was adapted to the low-viscosity cable fluids used in
SCFF cables. Depending on the feeding pressure re-
quired, designs may use a pumping plant installed in
one pumping station with a crossover device at the op-
posite end or pumping stations at both ends.

In terms of transient pressure variations, in addition
to the checks performed for land applications, the ap-
parent profile of the route must be taken into account
due to the difference in the densities of oil and water
and applied to the water depth at any point. This gener-
ates a further pressure profile, which should not present
negative pressures at any point along the route.

The mechanical considerations already discussed
for land cable applications are even more important for
submarine applications due to the higher system work-
ing pressures involved.

A further design requirement for a submarine SCFF
cable is to maintain a positive fluid flow out of the cable
in order to prevent water ingress until the damage can
be sealed and cable repair can be implemented.

Submarine SCFF cables differ from land SCFF sys-
tems in which each phase of the circuit is hydraulically
separated from the others to avoid fluid loss from the
two undamaged phases. In submarine systems, the nor-
mal practice is to interconnect the hydraulic circuit
of the entire system, which allows to compensate the
flow of a leak by pumping fluid through the remaining
healthy cables. For a cable system with one pumping
station and one crossover device/manifold, when a fault
occurs at the cable end close to the crossover device
location, the pumping plant feeds the leak from one

end, through the two undamaged cables and through the
crossover device at the opposite end.

For three-phase cables, it is advisable to have feeds
at both ends.

Submarine Cable Pumping Plants. A submarine
pumping plant consists of a large vacuum-sealed fluid
storage tank, vacuum pumps, fluid pumps, valves, and
measuring devices. A representative schematic of such
a plant (showing project-specific capacities) is depicted
in Fig. 10.65. The plant also incorporates a regulation
system that maintains the fluid pressure in each cable
between preset values based on fluid flow calculations.
The system includes alarms that are activated by abnor-
mal conditions; they can be set for values of high or
low pressure or a particular fluid level in the tank that
indicates the presence of a fluid leak.

A series of flow-limiting valves are installed at the
pumping plants and at the crossover devices to limit
fluid loss resulting from a cable fault. This system is
designed to ensure enough fluid flows out of the cable
duct to prevent water ingress at the point farthest from
the feed point.

A typical fluid-feeding system design for a subma-
rine cable takes into account the worst feeding condi-
tions, which normally corresponds to a cable cut at the
end furthest from a feeding point, considering the oil
viscosity and the cable load.

At the maximum operating temperature, a large
volume of cable fluid moves from the cable into the
pumping plant tanks. When a cable failure occurs, the
heating transient ceases and the cooling transient starts.
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Fig. 10.66 Schematic of a typical very long submarine connection (adapted from [10.42])

The cable cools rapidly at low ambient temperatures,
causing a large volume of fluid to move from the storage
tanks into the cable to compensate for the contraction of
the fluid within the cable as well as potential fluid loss
from the point of failure. At low ambient temperatures,
the tank fluid viscosity is relatively high, so the hy-
draulic resistance is also high for the cable fluid, which
is now forced towards the fault location.

The design of the cable fluid feeding system for
a submarine SCFF cable with pumping plants must
take the worst-case feeding condition into account. This
occurs when the circuit is energized to full load and
a failure causing a severe leak occurs at the point on
the line furthest from the pumping plant during the
heating transient. In this scenario, the fluid initially ex-
pands from the cables into the tank(s) during the heating
phase (the conductor and fluid are still to reach their
maximum operating temperatures) and the fluid exits
the cable at the leak location during the cooling phase.
Since this fault time is similar to the energization time,
the fluid is still cold and consequently its viscosity is
high, requiring a sufficiently high pressure to feed the
fault location. This condition determines the value of
the pressure necessary to feed the cable with a positive
pressure with respect to the water pressure at the most
remote fault point.

For a cable system with a pumping plant at each
end, the worst-case feeding condition will correspond to
a severed cable close to one pumping plant. For a cable
system with one pumping plant and a crossover device,
it will be a severed cable close to the pumping plant

with a fluid feed through one or two healthy cables to
the crossover device and returning through the section
of cable connected to the crossover.

Figure 10.66 shows a schematic for a typical very
long submarine connection with pumping plants at each
end of the submarine crossing.

10.6.3 Extruded Cables

As mentioned above, increasing operating and mainte-
nance costs for fluid-filled cables prompted the search
for other insulating materials. Polyethylene (PE) was
tested, but its maximum operating temperature was
found to be too low. A much more suitable material was
eventually identified: crosslinked polyethylene (XLPE),
which is now one of the most common and well-
established insulation materials in modern extruded
high-voltage cable design. Since the 1970s, fluid-filled
cables have gradually been replaced with extruded di-
electric cables (Fig. 10.67).

Even today, the popularity of XLPE cables for both
land and submarine applications continues to grow
rapidly. A major reason for the success of XLPE as
an insulating material is its excellent electrical, me-
chanical, and thermal properties. Its most advantageous
features are its low dielectric loss and dissipation fac-
tor and its high electrical breakdown strength, mod-
ulus of elasticity, and tensile strength. Low operating
and maintenance costs combined with good system
availability lead to low lifetime costs for XLPE cable
systems.
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Fig. 10.67 HV XLPE cable with a corrugated aluminum
sheath (adapted from [10.14])

It should be noted that significant technological im-
provements have been made to the XLPE itself, as well
as the methods used to manufacture it, since its intro-
duction in the mid-1960s. The influence of manufactur-
ing quality and raw material purity on the properties of
the resulting XLPE was soon discovered, so triple ex-
trusion and dry curing techniques were introduced into
XLPE manufacturing. These processes are performed
in a sealed environment, ensuring a very high level of
cleanliness and therefore quality of the XLPE insula-
tion.

In the triple extrusion process, the inner semicon-
ductive screen, the XLPE insulation, and the insulation
screen are all extruded simultaneously. The insulat-
ing material is then vulcanized under pure nitrogen.
XLPE is a polymeric insulation material based on pure
polyethylene (PE). In the vulcanization process, the
peroxides in the XLPE form free radicals at elevated
temperature and pressure, and these free radicals react
with hydrogen in the polyethylene chains. This triggers
the chains to react with each other, forming an intricate
and complex crosslinked (i.e., crossbonded) network of
polyethylene chains.

Although XLPE is derived from PE, PE and XLPE
are very different both mechanically and chemically,
and the characteristics of XLPE make it far better suited
for electrical applications than PE. Indeed, XLPE was
developed because of its very useful electrical proper-
ties, especially its low loss levels, which are due to its
low dielectric constant and negligible dissipation factor.

XLPE is a suitable insulating material for con-
ductor temperatures up to 90 ıC, which is the nor-
mal maximum operating temperature for XLPE cables.
XLPE cables can, however, withstand up to 250 ıC un-
der short-circuit conditions. Consequently, these cables
have both a high overload potential and a high safety
margin.

New Trends in the Design of Extruded Cables
In the 1980s, power cables generally had a lead sheath
or a corrugated aluminum sheath, as described above.
However, laminated coverings were beginning to attract
interest as a means to obtain lighter and cheaper ca-
bles. The first studies of aluminum laminated screens
were carried out in the late 1980s. Such screens are now
also considered to be advantageous for environmental
reasons. TB 446, published by WG B1.25, provides
guidelines for the use and testing of advanced laminate
designs [10.43].

New Trends in Laminated Coverings. A metal lam-
inated covering consists of several layers of plain (not
corrugated) metal and plastic materials bonded together
to achieve a special set of properties: bending ability,
radial water tightness, electrical functions.

It can be used to carry the capacitive current, and the
circulating and short-circuit currents. Three main cable
designs have been identified:

� Combined design� Separate design� Separate semi-conductive design.

Combined Design. Laminates combining plastic with
copper or another metal are also used. Such a combined
design (CD) utilizes the combined properties of these
two components. CDs comprise:

� XLPE insulation� Semiconductive bedding (water swellable if re-
quired)� Thick metal foil, either welded or glued, that is
coated and bonded to the outer sheath (usually
HDPE) and carries the full short-circuit current.

Additional wires can also be added to match the short-
circuit requirement. The metal foil is mainly aluminum;
copper can be used as well. However, when copper
wires are used in combination with a welded aluminum
foil, it is recommended that a nonmetal tape should
be placed between them to avoid possible corrosion.
A photograph of a CD cable is shown in Fig. 10.68.

Separate Design. This design concept was introduced
in the 1980s, when the need for a radial moisture bar-
rier in cables with only a wire screen and a PE and
PVC jacket became apparent—water trees could form
in the insulation of those cables, causing cable faults.
The idea of using a laminated moisture barrier was not,
however, a new one; this approach was already being
used in telecommunication cables.

This separate design (SD) concept utilizes separated
mechanical and electrical properties. Bending ability
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Fig. 10.68 500 kV
cable with
a combined de-
sign (adapted
from [10.43])

and water-tightness are mechanical properties ensured
by the thin metal foil bonded to the outer sheath. While
the wires within ensure the electrical functionality. Such
a design includes:

� XLPE insulation� Copper or aluminum wires� Water swelling tapes to block the screen area� Coated laminated metal foil, e.g., 0:2mm Al with
a 0:05mm coating on one side� An oversheath (usually MDPE or HDPE).

The metal used is generally aluminum, although copper
or other metal laminated foils can also be used. A pho-
tograph of a SD cable is shown in Fig. 10.69.

Separate Semiconductive Design. The separate
semiconductive design (SscD) was introduced in Japan
in the 1980s for the same reason as SD was introduced.

In the SscD, electrical and water tightness proper-
ties are separated using semiconductive plastic-coated
foil. Such a design comprises:

Fig. 10.69 400 kV
cable with a sepa-
rate design (adapted
from [10.43])

Fig. 10.70 275 kV
cable using a sepa-
rate semiconductive
design (adapted
from [10.43])

� XLPE insulation� Round copper wire screen with nonswelling semi-
conductive tape below� Thin Pb or Al foil (typically 0:05mm thick) that
has glue on one side and is coated with (typically)
0:05mm thick semiconductive plastic on the other
side (the screen side)� An oversheath (usually PVC).

The first SscD cables used lead laminated foil. Nowa-
days aluminum laminate is used too. A photograph of
a SscD cable is shown in Fig. 10.70.

Concluding Remarks on Laminated Covering De-
signs. Compared to extruded sheaths, the use of lami-
nated coverings (especially aluminum laminated cover-
ings) decreases the weight and diameter of the cable,
allows for improved pulling techniques, and permits
longer delivery lengths on a drum, which, in turn, de-
creases the number of joints required in a circuit link.
Thus, the use of laminated coverings can significantly
reduce the cost of the cable system.

Since the late 1990s, cables with an aluminum
laminate screen bonded to a PE oversheath have pro-
gressively superseded those with a lead sheath or a PVC
oversheath in many countries.

10.6.4 Accessories for Extruded Cables

A CIGRE Green Book dedicated to accessories for
HV extruded cables will be published very soon (see
Sect. 10.B). The reader is kindly invited to use that book
or the following Technical Brochures to obtain more in-
formation in this regard:
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� CIGRE WG 21.06: TB 89 Accessories for HV Ex-
truded Cables [10.44].� CIGREWG 21.06: TB 177 Accessories for HV Ca-
bles with Extruded Insulation [10.45].� CIGRE WG B1.06: TB 303 Revision of Qualifi-
cation Procedures for HV and EHV AC Extruded
Underground Cable Systems [10.46].� CIGRE WG B1.24: TB 415 Test Procedures for
HV Transition Joints for Rated Voltages 30 kV to
500 kV [10.47].� CIGREWG B1.22: TB 476 Cable Accessory Work-
manship on Extruded High Voltage Cables [10.48].� CIGRE WG B1.29: TB 560 Guidelines for Main-
taining the Integrity of XLPE Cable Acces-
sories [10.49].� CIGRE JWG B1/B3.33: TB 605 Feasibility of
a Common Dry Type Plug-in Interface for GIS and
Power Cables Above 52 kV [10.50].� CIGRE WG B1.42: TB 622 Recommendations for
Testing DC Transition Joints for Power Transmis-
sion at Rated Voltages Up to 500 kV [10.51].

Work is also in progress within SC B1 to address issues
relating to working under induced voltages or currents.
WG B1.44 has very recently published TB 801 to ad-
dress this issue [10.52].

In TB 758 [10.53], published by WG B1.46, one
chapter describes the main cable conductor designs
and explains that not all connectors are suitable for
all conductor designs. Another chapter provides a short
introduction to connection theory. It explains that con-
nectors in accessories may be exposed to significant
thermal and mechanical stresses and presents in-depth
information on the installation of various connector
types as well as proposals for development tests.

All of these topics will be included in the forthcom-
ing CIGRE Green Book on accessories, together with
the contents of TB 622 [10.51].

Below, we provide some examples of the items in-
cluded in TB 89 [10.44] and TB 177 [10.45], published
by CIGRE WG 21.06.

Joints
As noted in TB 89, a joint is the insulated and fully
protected connection between two or more cables. It is
also termed a splice. The following types exist:

� Straight joints� Transition joints� Screen interruption joints� Y branch joints.

In [10.44], and in the CIGRE book [10.54], each of the
joint designs is illustrated with a diagram to show the

type of insulation. To aid clarity, other important design
details are omitted. The design requirements common
to each type of joint are:

(a) A high-current connection between conductors
(b) Joint insulation that meets the same performance

standard as the cable
(c) A high-current connection to permit the flow of

short-circuit current between the two cable sheaths
or screen wires

(d) A metallic joint shell or screen wire connection
that is electrically insulated from the earth poten-
tial to match the insulating integrity of the cable
oversheath

(e) Protection of the joint and cable insulation against
water ingress

(f) Protection against corrosion of the joint metal
work.

The majority of the HV extruded cables intended for
voltages of greater than 60 kV have a single core, so
straight joints of the single-core type are illustrated.
Three-core joints employ the same types of insulation
and are grouped together in one housing.

A straight joint, also termed a straight splice, con-
nects two cables of the same type. Such joints include:

� Taped joints� Prefabricated joints� Field-molded joints� Heat-shrink sleeve joints� Back-to-back joints.

Prefabricated joints are now the most popular type of
joint by far. Hundreds of these joints are in service at
the highest voltage levels (500 kV AC) worldwide.

Prefabricated straight joints employ insulation that
has been preformed and tested in the factory. The mold-
ing of elastomeric insulation (e.g., silicone rubber, EPR,
EPDM) and the casting of thermoset resin insulation are
usually used to manufacture these joints.

Composite Type. In this case, two factory-premolded
elastomeric stress cones are inserted into a central in-
sulator of cast thermoset resin, as shown in Fig. 10.71.
Pressure is maintained at the stress cone to central in-
sulator interface and at the cable core interface using
a compression device that usually consists of metal
springs.

Premolded One-Piece Type. Here, a single pre-
molded elastomeric sleeve forms the insulation, as
shown in Fig. 10.72. This sleeve includes insulation,
a connector screen, stress control profile screens, insula-
tion screens, and, where applicable, screen interruption.
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Central insulator (cast thermoset resin)
HV electrode

Ferrule
Joint shell

Plumb
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Fig. 10.71 Prefabricated composite
joint (adapted from [10.44])
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Fig. 10.72 Premolded one-piece joint
(adapted from [10.44])

HV electrode

Ferrule Joint shell
Plumb

Elastomeric molding (2)
Elastomeric molding (1)

Stress control
profile screen

Insulation screen Insulation

Fig. 10.73 Premolded two-piece joint
(adapted from [10.44])

Interfacial pressure at the sleeve to cable core interface
is maintained by the elastic memory of the sleeve.

Premolded Two-Piece Type. This is a two-piece joint
(Fig. 10.73) that is similar to the one-piece type but
with elastomeric insulation comprising a large-diameter
premolded sleeve that is stretched to fit on top of
a smaller-diameter elastomeric adaptor molding.

Premolded Three-Piece Type. The three-piece joint
has insulation comprising a large-diameter, cylindrical,
elastomeric molding that is stretched to fit onto two
elastomeric adaptor moldings.

Terminations
A termination, also termed a pothead, is a connection
between a cable and other electrical equipment, as de-
scribed in [10.44]. Types of termination include:

� Metal-enclosed GIS terminations� Oil-immersed transformer terminations� Outdoor terminations

� Indoor terminations� Temporary terminations.

Each of the termination designs presented in [10.44] is
illustrated with a diagram to show the type of insulation
used. For maximize clarity, other important design de-
tails are omitted. The design requirements common to
each type of termination are:

(a) A high-current connection from the cable conduc-
tor to an external busbar

(b) Insulation to the same performance standard as the
cable

(c) Provision of support to the cable
(d) Ability to withstand cable thermomechanical loads

and external forces such as wind, ice, and busbar
loading

(e) A high-current connection to permit the flow of
short-circuit current from the cable metallic sheath
or shieldwires via abonding lead to the systemearth

(f) A connection to the cable metallic sheath or earth
wires that is electrically insulated from the earth
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potential to match the insulating integrity of the ca-
ble oversheath

(g) Protection for the cable insulation and sheath
against the ingress of atmospheric water and the
ingress of pressurized dielectric liquid or gas from
adjacent metal-clad busbar trunking.

Some termination designs are filled with either a dielec-
tric liquid or pressurized SF6 gas to provide insulation.
Such designsmust be able to withstand the effects of the
thermal expansion of the insulant. The incompressible
nature of a dielectric liquid requires that an expansion
volume be provided. The expansion volume can be an
air- or gas-filled space that is usually at the high-voltage
end of the insulator, or it can be (i) an external header
tank, (ii) an external pressurized feed tank, or (iii) a gas-
containing internal flexible accumulator that is usually
at the low-voltage end of the termination.

When an internal air volume is used, the termina-
tions can only be installed vertically. If they need to

Busbar

Trunking

Gas

Busbar adaptor

Conductor stalk

Embedded HV electrode

Insulator

Insulating 
elastomer

Semi-
conductive 
elastomer

Elastomeric
molded
stress cone

Embedded LV electrode

Insulated flange

Compression device

Lower metalwork

Polymeric extruded cable

Plumb

Fig. 10.74 Prefabricated composite dry metal-enclosed
GIS termination (adapted from [10.44])

be installed inclined, horizontal, or inverted, it is usual
to fill the termination completely with insulating liquid
and to provide either external compensation or an inter-
nal flexible accumulator containing gas. An expansion
volume is not necessary for gaseous insulation because
of its compressible nature, but either the termination
must be designed to withstand the increased pressure
or an external gas cylinder must be connected to limit
the pressure to an acceptable level.

As an example, one of the most popular termination
types is the dry-type GIS termination.

Prefabricated Composite Dry Metal-Enclosed GIS
Terminations. For this termination, a premolded elas-
tomeric stress cone is inserted into a cast thermoset
insulator (Fig. 10.74). Pressure is maintained at the
stress cone to insulator interface and at the stress cone to
cable core interface via metal springs. It is not necessary
to fill the insulator with either gas or insulating liquid,
thereby dispensing with the need to provide pressure
monitoring and compensation equipment and/or a ther-
mal expansion reservoir.

JWG B1/B3.33 has published TB 605 regarding the
feasibility of a common dry-type plug-in interface for
GIS and power cables above 52 kV [10.50]. Following
the recommendations of TB 605, JWG B1/B3.49 has
published TB 784, which gives a description of a stan-
dard termination for a voltage of 145 kV [10.55].

Transition Joints
A transition joint connects two cables of different types;
for example, a polymeric extruded cable to a self-
contained fluid-filled cable. Transition joints are some-
times employed to connect cables of the same type
if they have different conductor sizes, in which case
they are designed to withstand imbalanced conduc-
tor thermomechanical forces. Types of transition joint
include:

� Polymeric extruded cable to mass-impregnated ca-
ble transition joints� Polymeric extruded cable to oil-filled paper cable
transition joints� Polymeric extruded cable to gas-pressurized paper
cable transition joints.

As an example (which can also be found in [10.44]),
Fig. 10.75 shows a type of transition joint that can be
used at HV/EHV levels.

Recommendations for testing transition joints have
been published by:

� CIGRE WG B1.24 in TB 415 for AC cables up to
500 kV [10.47]� CIGRE WG B1.42 in TB 622 for DC cables up to
500 kV [10.51].
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Fig. 10.75 A polymeric extruded
cable to oil- or gas-filled paper cable
transition joint (single-core, fed type)
(adapted from [10.44])

10.6.5 Accessory Workmanship

CIGRE TB 476 on cable accessory workmanship for
extruded high-voltage cables was published in October
2011 [10.48].

TB 476 covers workmanship associated with the
jointing and terminating of AC land cables, incorporat-
ing extruded dielectrics for the voltage range from 30 kV
(Um D 36 kV) to 500 kV (Um D 550 kV). This brochure
complements TB 177 [10.45]. Although a short chap-
ter in TB 476 covers general risks and skills, the bulk
of the document focuses on the specific technical risks
and the skills needed to mitigate those risks during each
phase of the installation. This TB is not an instruction
manual; it provides guidance on the aspects that must
be carefully considered when evaluating the execution
of the work to be performed. High-voltage cable acces-
sories aremanufactured using high-qualitymaterials and
very sophisticated production equipment.Recent techni-
cal and technological developments in the design, man-
ufacturing, and testing of this equipement have made it
possible to obtain premolded joints and stress cones for
terminations up to 500 kV and cold shrink joints up to
400 kV. One of the conclusions of TB 476 is that inter-
nal failure rates of accessories—particularly for XLPE
cables—are higher than those of other components, and
are thus of great concern due the major impact of such
a failure. Therefore, the focus on quality control during
jointing operations must be maintained.

Many utilities have adopted the system approach,
in which the cables as well as the major accessories
are purchased from the same supplier. Some utilities
request that the link should also be installed by the sup-
plier or by a contractor under the supplier’s supervision
in a turnkey fashion. The main advantage of this ap-
proach is that the full responsibility for the materials
and workmanship is clearly the supplier’s. On the other
hand, some customers have adopted the component ap-
proach, in which cables and accessories are purchased
from different suppliers and installation is entrusted to
a third party. In all cases, the installation must be car-

ried out by qualified jointers who follow the jointing
instructions provided by the accessory supplier.

International standards such as those from the IEC
and IEEE provide guidelines on the interface between
the cables and accessories. However, it is strongly
recommended that the compatibility of the different
components of the link should be verified by the rel-
evant engineer. It is vitally important for the interface
between the cables and the accessories to be managed
such that the potential technical risk (e.g., from ca-
bles and premolded accessories that have incompatible
diameters or other incompatible dimensions or charac-
teristics) is minimized.

One of the international trends in cable technol-
ogy has been to reduce the cable insulation thickness,
which increases the electrical stress. This trend has
been driven by greater knowledge and better quality
of the insulating material as well as improvements to
the extrusion process. Cables and accessory compo-
nents are made under well-defined factory conditions,
and their quality and reliability are assured by adhering
to well-defined specifications. However, because the ac-
cessories are assembled on-site, even though this job
is carried out by skilled and well-trained jointers, it is
often performed under more delicate and less strictly
controlled conditions than in the factory. This means
that correct assembly is evenmore important, as—given
the increased electrical stress caused by the reduced
insulation thickness—bad workmanship will sooner or
later lead to accessory breakdown.

It should be noted that most of the new HV ca-
ble links currently being considered will use XLPE-
insulated cables.

TB 476 captures the state of the art in jointing and
is considered to define best practices internationally.
However, it should be acknowledged that other prac-
tices that are not explicitly covered in this brochure
are not necessarily bad practices. Great care should be
exercised and the approach should be agreed upon in
advance when departing from practices recommended
in TB 476 [10.48].
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Fig. 10.76 Example of a single-core
cable design (adapted from [10.39])

While TB 476 does not directly refer to failures or
the consequences of failures, it is a comprehensive doc-
ument on the assembly of cable accessories. If used
properly, it can provide vital advice on how to avoid
failures due to bad workmanship.

10.6.6 Submarine Extruded Cables

Current Technologies
for Extruded Submarine Cables

An increasing number of submarine cables are be-
ing installed due to the development of offshore wind
farms and offshore oil platforms as well as the need
to interconnect islands and to bridge power systems
across harbors, rivers, lakes, gulfs, seas, and inlets. The
CIGRE recommendations for testing HV and EHV sub-
marine cables are published in TB 490 prepared by
WG B1.27 [10.39] and completed for mechanical as-
pects in TB 623 prepared by WG B1.43 [10.56].

Profiles

Conductor shield
Insulation

Insulation shield

Conductor

Metallic sheath

Outer sheath
(polypropylene yarn)

Optical fiber
Armor

Inner plastic sheath

Tapes for assembling

Fig. 10.77 Example of a three-core
cable design (adapted from [10.39])

Submarine cables can have either a single core
(Fig. 10.76) or three cores (Fig. 10.77). The advan-
tages and disadvantages of each design are listed in
Table 10.7.

Water Tightness. Submarine cables can have either
a wet or a dry design. A wet design allows water to
migrate into the cable insulation and the conductor. Dry
designs are normally used for the HV and EHV sub-
marine cables considered in this section (as described
in TB 490 [10.39]) to achieve the requested service
life. Water blocking or water tightness in both the ra-
dial and longitudinal directions is crucial. WG B1.55
has recently published TB 722 [10.57], which provides
recommendations for additional testing of submarine
cables rated from 6kV (Um D 7:2 kV) to 60 kV (Um D
72:5 kV), to address extruded MV and HV AC cables
with reduced expected service lives.

Water tightness is the ability of a dry cable design
to resist water penetration at the maximum submer-
sion depth of the submarine cable. Water tightness is
important for both normal operation and during cable
failures, when the physical integrity of the cable is com-
promised. A weakness in either the conductor or the
metallic sheath will reduce the water tightness of the
cable.

If a cable fails during its in-service life, water pen-
etration along the cable—either within the conductor
or under the metal sheath—must be limited. This will
minimize the length of cable that needs to be replaced
during repair. Water tightness is improved by select-
ing the appropriate conductor design, water blocking
method used for the conductor, and type of water block-
ing utilized under the metal sheath.

Water typically penetrates less than 30m along the
cable, although this can vary considerably depending on
the design of the cable.
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Table 10.7 Advantages and disadvantages of single-core and three-core cables

Single-core design Three-core design
Pros
– Lighter weight
– Smaller diameter
– Longer lengths
– Possibly requires fewer joints to be fitted at factory or on-site
– Higher current rating
– Improved security, can add a fourth cable
– Voltage rating can be 500 kV or higher
– Reduced repair costs and spares

Pros
– Balanced magnetic field
– Minimum sheath circulating currents and voltages
– Lower installation costs
– One trench on seabed
– Lower protection costs
– Includes optional FOC (fiber optic cable)

Cons
– Higher magnetic field
– Greater installation costs
– Individual seabed trenching increases costs
– Higher protection costs
– Sheath current must be considered

Cons
– Lower current rating
– Heavier
– Large diameter
– Decreased security of cable system
– All three phases must be repaired after a fault

Single-core design Three-core design
Pros
– Lighter weight
– Smaller diameter
– Longer lengths
– Possibly requires fewer joints to be fitted at factory or on-site
– Higher current rating
– Improved security, can add a fourth cable
– Voltage rating can be 500 kV or higher
– Reduced repair costs and spares

Pros
– Balanced magnetic field
– Minimum sheath circulating currents and voltages
– Lower installation costs
– One trench on seabed
– Lower protection costs
– Includes optional FOC (fiber optic cable)

Cons
– Higher magnetic field
– Greater installation costs
– Individual seabed trenching increases costs
– Higher protection costs
– Sheath current must be considered

Cons
– Lower current rating
– Heavier
– Large diameter
– Decreased security of cable system
– All three phases must be repaired after a fault

Conductors. The design of the conductor influences
the water penetration rate or the degree of water block-
ing of the conductor. Conductor designs can be regular,
compressed, compact, solid, or Milliken (also known
as type M) stranded conductors, or they can be key-
stone shaped. A regular stranded conductor consists of
circular strands with interstices or spaces between the
strands. Compressed conductors have reduced or flat-
tened strands in the outer layer, but the interstices or
spaces between the remaining strands remain the same
as those for a regular conductor. A compact conduc-
tor with reduced spacing between strands is formed by
squeezing each conductor layer in a die. A solid con-
ductor will not allow any water penetration, but using
such a conductor will lead to a very stiff cable with
higher AC losses. For HV and EHV cables, type M
conductors (Fig. 10.19) are widely used for conduc-
tors larger than 800�1200mm2 to limit AC losses and
achieve more cable flexibility. Semiconducting tapes
are normally used between the segments, but there are
still interstices unless layer compaction is included in
the design. Strand blocking and water-swellable pow-
ders, swellable yarns, or tapes are added to guarantee
that the conductor is water blocked. Strand blocking
utilizes either a compound that is installed during the
stranding or laying-up of the conductor or a pumped
compound that is forced into the conductor interstices
after the cable has been manufactured. Water-swellable
powders and tapes (with different efficiencies in pure
water and salty water) are installed in the conductor
during manufacture by adding a powder or applying
a fabric tape within the conductor.

Insulation System. Most submarine HVAC cables
with extruded insulation systems utilize crosslinked
polyethylene (XLPE) as insulation. The insulation sys-
tem consists of an inner conducting screen, an insu-

lation layer, and an outer semiconducting screen. The
semiconducting inner and outer screens contain carbon
black as an active conducting filler. The properties of
the semiconducting screen compounds and the qual-
ity of the associated extrusion process are important
influences on HV and EHV cable performance. For ex-
ample, the properties of these compounds are affected
by the percentage of carbon added, the carbon particu-
late size with respect to the base polymer, the dispersion
of the carbon through the base polymer, and the ex-
trusion properties of the compounds. In some cases,
a volume resistivity stability test may be performed if
these properties are a critical influence on cable perfor-
mance.

The crosslinking of polyethylene (in particular low-
density polyethylene, LDPE) is an irreversible process
(i.e., the XLPE cannot be remelted) that results in the
formation of a three-dimensional network that makes
the insulationmore thermally stable. This process is im-
plemented after extrusion.

Whilst cables with extruded insulation have found
widespread use in electricity distribution systems and
for the transmission of lower voltages, extruded materi-
als have only recently become the insulation of choice
for underground cables used in EHV transmission cir-
cuits. The first submarine cable to use extruded XLPE
as an insulation system was introduced in 1973 and
used for 84 kV, while the first submarine XLPE cable
for 420 kV was installed in 2006.

Another extruded insulation system that may be
used is EPR (ethylene propylene rubber), but the appli-
cability of this insulation is mainly limited to systems
with Um 
 150 kV. EPR differs from XLPE in that
it includes fillers to increase mechanical strength and
chemical stability. Although EPR is often considered
to have better electrical characteristics in the presence
of water, its disadvantages are lower electrical design
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stress and higher dielectric loss, implying that is mainly
useful at lower voltages.

Metal Screen/Sheath. The most commonly used
metal screen/sheath consists of an extruded lead alloy
sheath covered by an extruded anticorrosion polymeric
sheath or a semiconducting tape. However, other metal
sheath materials are under consideration or being im-
plemented as alternatives to lead alloy sheaths.

The thickness of the metal sheath is dictated by me-
chanical and electrical criteria.

The metal sheath needs to exhibit a high level of me-
chanical performance: consistency, bendability during
manufacture and installation, and resistance to fatigue
during operational thermal cycling.

The suitability of lead alloys sheaths from the per-
spective of fatigue resistance has been demonstrated
by decades of experience with HV and EHV subma-
rine cables containing laminated insulation and, more
recently, extruded insulation land cables and HV ex-
truded insulation submarine cables. The CENELEC
standard EN 50307-2002 on lead and lead alloy sheaths
and sleeves of electric cables highlights the depth of
knowledge of and experience gained in the metallurgi-
cal control of lead alloy morphology.

Setting practical criteria for calculating the max-
imum permissible strain on the lead sheath is very
difficult because it is complicated to model the behavior
of the cable during load cycling. This complexity is due
to differences in the fatigue resistance coefficients.

The metal sheath must also have a minimum cross-
sectional area to allow for the passage of short-circuit
currents without exceeding the maximum permissible
temperature at the end of the short circuit (IEC 61443).
Additional wires could be used in single-core cables to
increase their short-circuit current capabilities. When
semiconductive layers are used on each core of a three-
core cable, the distribution of the short-circuit current
among the three parallel paths must be taken into ac-
count.

Continuity of the lead sheath over factory joints is
achieved by applying a lead sleeve with a larger diam-
eter over the joint, drawing the sleeve to the underlayer
diameter, and then wiping it onto the lead sheath of the
cable.

The polymeric anticorrosion oversheath is either in-
sulating or semiconducting in nature and is usually poly-
olefin based. When an insulating oversheath is used, an
overvoltage will occur between the metal sheath and the
surroundingmetal armor during cable system transients.
To avoid dielectric breakdown of the insulating over-
sheath, a semiconductive oversheath is often used. Al-
ternatively, earthing connections have to be inserted be-
tween themetal sheath and the armor at regular distances

along the cable. Particular attention must be paid to the
water tightness between the metal sheath and the armor
at the earthing connections. Possible corrosion should
be taken into account. The cross-sectional area, together
with the contact resistances, will direct the flow of ca-
pacitive current towards the armor and the sea. Possible
overheating by short-circuit currents through these con-
nections is also a sizing parameter.

Radial water tightness is currently provided only
by the metal sheath. Longitudinal water tightness
is therefore only provided under the metal sheath.
This is achieved using semiconductive water-swellable
tapes that are either helically lapped or longitudinally
wrapped around the core.

To ensure circularity when laying-up the cores
of a three-core cable (onto which the armor will be
applied), its outer spaces are filled with non-water-
swellable PP yarns or plastic fillers. A copper tape may
be applied as an equalizing counter-helix.

Armor. For submarine cable, metal wire armor is nor-
mally applied to provide enough tensile strength during
the installation. When a cable is installed in the sea,
it must withstand the pulling tension T D W � dCH,
where W is the weight of the cable weight in the wa-
ter, d is the depth of the water, and H is the bottom
tension. The tensile strength of a cable is generally
verified by mechanical tests performed in accordance
with CIGRE recommendations for the mechanical test-
ing of submarine cables [10.56, 58]. For example, the
recommendations require the cable to withstand the
test condition of T D 1:3W � dCH for a water depth
of < 500m. Therefore, the armor must be designed to
meet this condition.

Copper, steel, or stainless steel wires are normally
used as armor. The material chosen depends on various
conditions such as the installation method used, opera-
tion and cost.

In single-phase submarine cables, the steel armor
causes high iron loss, so nonferrous materials such as
copper or stainless steel are used, or a return copper
conductor is added in conjunction with steel wires to
reduce the magnetic flux in the steel wire armor. The
reason for this approach is that the magnetic field from
the current in the conductor creates eddy currents, lead-
ing to heat losses in the armor and other metal parts of
the cable under the screen. If the armor was made of
a magnetic material such as steel, additional losses due
to magnetization would be significant.

For three-core cables, the magnetic field from
a symmetrically loaded cable will be significantly
lower. The armor, however, is positioned close to the ca-
ble cores, where the magnetic field cannot be ignored.
Three-core submarine cables typically utilize steel wire
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Table 10.8 Typical values of the permissible tensile stress
for various materials used in armor wires

Material Copper Steel Stainless steel
Max. stress
(MPa)

60�90 90�600 250�450
Material Copper Steel Stainless steel
Max. stress
(MPa)

60�90 90�600 250�450

armor for cost savings. If the transfer capacity of the ca-
ble systemmust be maximized at a certain voltage level,
it is possible to replace the steel armor wires with stain-
less steel wires. Recent measurements of the steel losses
for three-core armored cables have shown that the rel-
evant formulae in IEC 60287 yield higher values than
those actually measured. Therefore, the methods used
to calculate magnetic losses in the steel armor of three-
core cables may need to be reassessed. The magnetic
properties of the materials are important when consid-
ering losses. From a mechanical perspective, due to its
relatively low permissible tensile stress, copper cannot
be applied in case the pulling tension due to the very
heavy weight of the cable and/or installation in very
deep waters is too high. In this case, steel or stainless
steel is applied. In more severe cases, a double layer of
armor is applied to increase the pulling strength and an-
titorsion properties of the cable. Typical values of the
permissible tensile stress for copper, steel, and stainless
steel are shown in Table 10.8.

Figure 10.78 shows schematics of typical cables
with a single or double layer of armor wires.

Outer Protection. Regardless of whether it has
a single-core or three-core design, a submarine cable
must have outer protection. Apart from its mechanical
function, the outer protection for land-based cables may
also have an electrical function. For submarine cables,
the outer protection normally has a mechanical function

a) b)

Fig. 10.78a,b
Schematics of the
cross-sections of ca-
bles with single (a)
and double (b)
layers of armor
wires (adapted
from [10.39])

but it is also there to keep the anticorrosion material
(e.g., bitumen) in place. The outer protection may con-
sist of either a plastic sheath or, more commonly, one or
more layers of yarn over the underlying armor layer(s).
One or more threads of yarn may be applied, each with
a different color, to make it easier to locate the cable
visually after installation. The yarn also stabilizes the
armor mechanically so that the risk of birdcaging dur-
ing cable handling is reduced.

Current Technologies.
General Considerations for Factory Joints. The fac-
tory joint is manufactured prior to the armoring opera-
tion so that the section of cable containing the joint can
be continuously armored without any discontinuity or
appreciable distortion of the armor wires in the vicinity
of the joint. The main aims of a factory joint are that it
should not impose any restrictions on further cable han-
dling or installation operations, and that it should not
cause variations in the mechanical and electrical perfor-
mance of the cable (Fig. 10.79). This generally implies
that factory joints need to be fully flexible and to have
the same bending radius, pulling force limit, and coiling
performance (if applicable) as the original cable.

If the joint imposes some limitations on handling,
these limitations must be declared, so that special pre-
cautions can be taken during the handling and installa-
tion of the joint.

The defined length of a factory joint is the removed
length of the metal sheath/outer semiconductive screen
(X1 in Fig. 10.80) plus 1m at each side of that length
(i.e., the defined length of the joint is X1 C 2m). For
three-core cables, the length of the factory joint is the
distance from the beginning of the first core joint to the
end of the last core joint plus 1m at each end of the core
joint.
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Semiconductive screens Conductor joint

Fig. 10.79 Diagram of a factory joint with the same dimen-
sions as the cable (not to scale; adapted from [10.39])

Welt of metallic
sheath

JointCable Cable

1 m 1 mX1

Extension of joint

Fig. 10.80 Defining the length of a factory joint (adapted
from [10.39])

Factory joints are required for the following rea-
sons:

� The maximum continuous extrusion length is lim-
ited (due to, e.g., filter cleaning and scorch forma-
tion).� There is a limitation on the cable length that can be
stored (e.g., on process platforms).� Limitation of degassing equipment and process incl.
size of degassing chamber and the power required to
heat the cable.� Limitation in the laying-up baskets content for
three-core cables.� There is a limitation on the power of the AC testing
equipment.� The cable core could be damaged during handling
if factory joints are not used.

In general, the higher the voltage and the larger the ca-
ble size, the shorter the individual cable lengths and
(therefore) the greater the number of joints that need
to be included for a given delivery length.

However, the number of factory joints included in
a cable should be limited. Together with improved pro-
cess compatibility and an advanced testing protocol,
this will ensure that the best cable quality is available
for the intended application.

In any case, a factory joint should have a robust
structure and a highly reliable design and assembly pro-
cedure, which should lead to the same design life for the
factor joint as for the remaining cable system.

Typical Procedure for Factory Jointing. The same
procedure applies for single-core or multicore cables,
although the joints for the latter are created before lay-
ing up the cores.

The two cable ends are suitably prepared.
The conductor is jointed by means of a compression

ferrule or by welding. It is better if the conductor joint
has the same diameter as the original cable.

The cable core (inner semiconductive layer, insula-
tion, and outer semiconductive layer) is reconstructed
using tapes before a curing step is performed. This pro-
cess can be carried out in separate phases.

Water-swellable tapes, metal tapes, and/or protec-
tive layers are restored.

Lead sheath reconstruction is performed with an ex-
truded lead sleeve that is inserted at one end before the
conductors are jointed.

The plastic sheath is reconstructed via taping, heat-
shrinkable tubing, or by local extrusion or molding.

Alternative techniques for factory jointing may be
developed in the future.

General Considerations for Repair Joints. A repair
joint is applied to the complete cable, usually onboard
on a repair vessel or barge. Therefore, the repair vessel
or barge should be suitably equipped and have sufficient
space to perform the required operation onboard. Repair
joints can be divided into three main categories depend-
ing upon their handling characteristics:

Type A1: Fully flexible joint
Type A2: Flexible joint with some mechanical restric-

tions
Type B: Rigid joint.

Like a factory joint, a repair joint should have a robust
structure and a highly reliable design and assembly pro-
cedure that give it the same design life as the rest of the
cable system.

It may not be necessary to install the repair joint at
the maximum water depth. If the maximum allowable
water depth for the repair joint is less than the maximum
allowable water depth of the cable, a suitable repair pro-
cedure should be performed, including an appropriate
length of spare cable to span the deepest point of the
route.

Similarly, when the maximum tensile force of the
repair joint is lower than the allowable tensile force for
the cable, any limitation/restriction that this may rep-
resent in terms of repair procedures or environmental
conditions (e.g., maximum sea wave height, currents,
or wind speed during the repair operation) should be
specified.
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It should also be noted that it is necessary to have
repair joints on hand for most long submarine cable
systems. Appropriate storage conditions for these joints
should be provided. Requirements for other spare parts
such as cable and the shelf lives of joint components
should also be taken into account.

Typical Procedure for Repair Jointing. There are
a variety of repair jointing procedures for different ca-
ble constructions that are based on the manufacturer’s
or installer’s know-how and experience.

Fully flexible repair joints commonly have a sim-
ilar design to factory joints, especially those used
for medium-depth/deep-water applications, while rigid
joints often use premolded or preassembled bodies.

Flexible joints with some mechanical restriction
apply to both designs (A1 and A2), though they com-
monly use premolded or preassembled bodies.

Particular attention should be given to the jointing
of the armor to ensure that there is no slack in the ar-
mor wires, as this overstresses the inner cores during
handling.

The defined length of a repair joint is the length of
armor removed (X2 in Fig. 10.81) plus 1m at each end
of that length (i.e., the defined length of a repair joint is
X2 C 2m in total).

Armor wire joints

JointCable Cable

1 m 1 mX2

Extension of joint

Fig. 10.81 Defining the length of a repair joint (adapted
from [10.39])

Flexible joint

R

T

Fig. 10.82 Fully flexible joint bent over a sheave (T is the
tensile force in N=m and R is the bending radius in m; fig-
ure adapted from [10.39])

Type A1: Fully flexible joint. This joint can be bent
to a minimum bending radius R (m) under a tensile
force T (N=m) of the same magnitude as the tensile
force that can be applied to the cable itself (Fig. 10.82).

Type A2: Flexible joint with some mechanical re-
strictions. This type of joint can be bent (to the same or
a larger bending radius than the minimum bending ra-
dius of the cable) over the sheave with low or no tension
(minimal tension could mean tens of meters of cable
weight); see Fig. 10.83.

After bending, the joint can be pulled with a tensile
force T that is the same as the maximum tensile force
that can be applied to the cable itself (Fig. 10.84).

Type B: Rigid joint. This cannot be bent or passed
through the laying equipment. It must be handled and
deployed in a special way, using a crane or similar
equipment. In this case, the mechanical stress on the
joint/cable depends on the joint design/handling. In
any case, the bending radius of the cable should be

R

T

Flexible joint
with tension
restriction
during bending

Release of
tension during
bending

Fig. 10.83 Flexible joint with some mechanical restric-
tions that is pulled over the sheave by a lower tension than
that in the cable (adapted from [10.39])

T

Fig. 10.84 Flexible joint after it has been pulled over the
sheave (adapted from [10.39])

T

TT

Cable Cable

Fig. 10.85 Rigid joint lowered by a crane and joint-laying
equipment (adapted from [10.39])
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Fig. 10.86
Example of
a rigid re-
pair joint with
bending stiff-
eners (adapted
from [10.39])

above the specified minimum value during joint han-
dling/deployment (Figs. 10.85 and 10.86).

The cable and joint assembly may also be subjected
to partial torsion during laying.

Sea/Land Transition Joints. A transition joint be-
tween a submarine cable and a land cable in a specific
project is normally a rigid joint consisting of prefab-
ricated joint bodies, similar to a rigid repair joint for
a submarine cable. The testing of a sea/land transition
joint should follow the appropriate standard and recom-
mendations for land cables.

The mechanical demands on a sea/land transition
joint can differ from case to case. If the submarine ca-
ble is jetted into a level seabed and the sea/land joint is
placed on the shore, the armor may only need to be ter-
minated, while the situation is different for steep slopes
and there may be a need to fix the submarine cable by
the armor. This issue needs to be addressed on a project-
by-project basis.

If the armor needs to be fixed to hold the weight
of the cable, various designs can be considered. One
possibility is to terminate the armor in a steel fixture
that is rigidly connected to an anchoring block made of
concrete. This block or plate may be used as the floor
of the joint system.

In any case, the conductor joint needs to have the
same mechanical properties as the connecting land ca-
bles.

10.6.7 New Installation Trends

In the past, when it came to crossing difficult ter-
rain, rivers, roads, and train tracks, overhead lines were
the only solution. Today, however, we have directional
drilling techniques with the ability to drill for up to
2:5 km. Whilst there has always been the option to use
multipurpose tunnels, newer construction techniques
that utilize drilling machines or precast assemblies have
made such structures more cost-effective. Similarly,
where there are open areas, the use of mechanized
cable-laying systems (similar to those used to install
pipelines) is becoming increasingly practical. Also, the

ability to install submarine cables has advanced con-
siderably during the last 20 years. The net result of all
these factors is that the overall cost of long-length AC
cable links has dropped, as noted in TB 680 published
by WG B1.47 [10.14].

Associated Equipment
Electric fields in high-voltage terminations and joints
must be controlled so that the electrical strength of the
insulation of the surrounding material is not put at risk.
There are different methods for achieving this (e.g., ge-
ometric, refractive, or resistive field control), depending
on the voltage level. Geometric field control is gener-
ally achieved with premolded stress cones and splicing
blocks.

The outer part of a cable termination may consist
of a porcelain or composite insulator with sheds, de-
pending on the environment. The internal field control
component is normally a premolded stress cone, and the
internal space may be dry or filled with insulating oil.
There are different types of terminations, such as those
for outdoor installations or indoor GIS installations.

There are several different types of joint for land and
submarine applications. Many joints have a premolded
one-piece body (Fig. 10.72), and joints are available
with or without screen interruption depending on the
sheath bondingmethods used for the system. These pre-
fabricated parts and materials for accessories comprise
stress cones for field control, insulators, and housings.
The materials used are EPR or EPDM, silicone, epoxy,
porcelain, paper and special insulating fluids. These ter-
minations and joints must be installed by very skilled
and well-trained personnel.

Joints and Terminations
Prefabrication lowers the risk of installation-induced
failure bymaking the process of installation easier, lead-
ing to better system reliability. The reliability and perfor-
mance of aHV/EHVcable circuit depends on the quality
of the cable and the accessories as well as the quality of
the installation of the system components on-site.

The cables are produced in the factory in a con-
trolled process that uses selected clean material of the
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highest quality, and are submitted to rigorous routine
tests before delivery.

It is important that the same quality standards are
applied to all components of the accessories when they
are manufactured and (in particular) when they are as-
sembled on-site [10.45, 48].

Modern HV/EHV cable accessories are manufac-
tured using high-quality materials and sophisticated
production equipment. Recent technical and technolog-
ical developments in design, manufacturing, and testing
have made it possible to obtain premolded joints and
stress cones for terminations rated up to 550 kV, as
well as cold shrink joints for voltages up to 420 kV. To
ensure that the internal failure rate of accessories for
XLPE cables is no higher than that for other system
equipment, it is vital to impose strict quality control
when manufacturing and assembling HV accessories.
It is also very important to manage the interface be-
tween the cables and the accessories in order to reduce
the technical risk. The HV/EHV cables and acces-
sories used for important HV cable circuits have usually
passed a system type test. This is the topic of CIGRE
TB 476 [10.48].

System Approach Versus Component Approach. As
said before, in each of these options, it is strongly
recommended that the compatibility of the different
components of the link should be verified by appropri-
ate testing and/or calculations.

TB 303 [10.46] proposes some practical tools such
as functional analysis to deal with possible changes in
components of an approved HV or EHV cable system.

Main Accessories Needed for a HV/EHV Cable Circuit.
Air-Insulated Terminations (Outdoor Termina-
tions). Air-insulated terminations are generally used
outdoors to terminate the HV/EHV cables in air-
insulated substations or on poles. They can have porce-
lain or composite insulators (Fig. 10.87) and can be
fluid-filled or unfilled (dry). The design adopted may
depend on the local environment with respect to the
required BIL, maintenance requirements, pollution, re-
liability, and altitude. Composite insulators are increas-
ingly used for extra-high voltages. The technical and
economic advantages of these insulators are significant
and originate from their low weight, ease of handling,
safety during explosions, intrinsic hydrophobic char-
acteristics, and reliability during exceptional events
such as earthquakes, system faults, and vandalism.
WG B1.54 is currently at work studying the behavior
of cable systems under large disturbances (earthquakes,
storms, floods, fires, landslides, and climate change).
WG B1.51 has published TB 720 on fire-related issues
for cables installed in air to address this important is-
sue [10.16].

Fig. 10.87
Typical HV ter-
mination with
a composite-type
insulator (adapted
from [10.49])

GIS and Oil-Immersed Terminations (Transformer
Terminations). EHV and HV cables can also be ter-
minated directly on SF6-insulated switchgear (GIS)
(Fig. 10.88) and transformers to eliminate air-insulated
interfaces.

GIS and oil-immersed terminations (transformer
terminations) are constructed very similarly. The elec-
trical stress control for GIS and oil-immersed termi-
nations follows the same approach usually employed
for outdoor sealing ends, i.e., it uses a premolded elas-
tomeric stress relief cone.

Proven dry versions of HV/EHV GIS and trans-
former terminations are available (Fig. 10.74). They
have definite advantages compared to fluid-filled types
such as no risk of a leak, no need for maintenance,
simplified installation (plug-in types), and safety in
the case of failure. IEC 62271-209 defines the inter-
face between the HV/EHV cable and the switchgear.
As mentioned earlier, CIGRE JWG B1/B3.49 has pub-
lished TB 784 [10.55], to propose a standard 145 kV
GIS Termination as proposed in TB 605 [10.50].

Fig. 10.88 Typical EHV GIS termination installed in
a horizontal position (adapted from [10.49])
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Fig. 10.89 Typical unburied joint installed in a cable
chamber/manhole (adapted from [10.49])

Joints. Modern HV/EHV voltage joints usually have
a premolded elastomeric joint body with an additional
covering to protect against moisture and mechanical
damage. The additional covering could be a heat shrink
tube or metal housing with additional insulation hous-
ings/coffins. The joint protection should be chosen
according to the type of cable sheath used and, in par-
ticular, the location of the joint. Unburied joints may be
used in tunnels, on bridges, or in underground chambers
or similar enclosures (Fig. 10.89).

The design of the cable joint needs to take the sheath
bonding method into account and must be able to with-
stand sheath voltages under fault conditions. Accessory
suppliers offer various types of joints and their asso-
ciated hardware for various sheath bonding systems,
including:

� Shield break or cross-bonding joints� Earthing joints� Straight joints.

Accessory suppliers recommend various methods for
achieving proper positioning of the premolded or cold
shrink joint body and offer special joint installation
tools.

The magnitudes of the forces and motions gener-
ated by the cable in the joints (and terminations) must
be taken into consideration by the system designer. This
includes the civil work aspects of the HV/EHV circuit.
The accessories must be positioned and supported. Sim-
ilarly, the cable must be laid and fixed such that the
cable accessories are not exposed to inappropriate me-
chanical stress [10.13, 24].

Equipment for Earthing, Bonding, and Screen Dis-
connection. Most HV cable accessory suppliers as
well as various specialized companies offer equipment
that facilitate efficient and reliable earthing, bonding,
and disconnection of cable screens, depending on the
design of the circuit.

Surge Arrestors to Protect Cable and Accessories.
Whilst it is important to install surge arrestors at lo-
cations where an overhead line enters a substation in
order to protect the substation equipment from the ef-
fects of lightning, there are differing opinions regarding
the need to use surge arrestors to protect cables con-
nected to overhead lines.

When a long cable circuit is directly connected to
the substation in an outdoor switchyard, surge arrestors
are typically used to protect the substation equipment
from a phase-to-earth overvoltage, just as for an over-
head line. A similar arrangement is also provided when
there is a short section of cable inserted into an over-
head line circuit (siphon). It is, however, questionable
how effective this will be on a long cable link given that
the high impedance of the cable may reduce this tran-
sient effect.

Sheath Voltage Limiters. Surge protection devices
known as sheath voltage limiters (SVLs) are used in
link boxes and at termination structures to protect cable
sheaths from phase-to-earth faults. When EHV cables
are connected to GIS terminations within a substa-
tion, special surge protection is provided directly at the
GIS.

10.7 Installation Techniques

As noted before, this topic is covered by TB 194,
as published by WG 21.17 [10.13]. Methods that
can be used to more accurately account for the
thermomechanical forces associated with large con-
ductor cross-sections are proposed in TB 669 from
WG B1.34 [10.24]. Consequently, it was decided that
TB 194 should be updated (by WG B1.61). This update
will also consider work published in TB 714 [10.15]

by WG B1.41 and in TB 770 (on trenchless technolo-
gies) [10.59] by WG B1.48.

As explained in TB 714, the backfill used to re-
instate the trench around a buried cable is a critical
engineering component of the cable system because it
(in conjunction with the surrounding material) allows
the heat produced during the operation of the cable to be
conducted to the ground surface, where it is dissipated
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into the atmosphere. Therefore, the thermal properties
of these materials, which are assumed during the de-
sign of the cable system, are just as important to the
correct operation of the system as the selection of the
appropriate thermal design. This design is generally
derived using detailed calculations that often involve
using a computer to perform finite element analysis,
as explained in the section of this chapter on rating
calculations (Fig. 10.38), whereas the backfill may be
installed by manual laborers with no knowledge of the
performance requirements of a backfill, other than per-
haps the fairly obvious need to support whatever is
above (such as a road surface).

Similarly, TB 770 on trenchless technologies
[10.59] addresses the factors to be considered when de-
ciding which trenchless technology—HDD, pipe jack-
ing/microtunneling, pipe ramming, or plowing—is best
suited to the installation of the circuit of interest. A gen-
eral summary of the advantages and disavantages of
these four trenchless techniques is provided below.
Together with TB 714, TB 770 is an important com-
plement to TB 640 [10.28].

10.7.1 Selection of the Best Cable Design
According to the Installation Method

It is important to select the cable design and accessories
that will provide the best possible service life. For land
installations, the use of long lengths of cable is recom-
mended to reduce jointing costs and improve reliability
of supply. This will require a robust cable design in or-
der to avoid any damage during installation. It should
be noted that while civil costs have been reduced by the
introduction of new construction methods, traffic man-
agement costs can be significant, implying that the use
of ducted sections and tunneling in city areas may be
the optimal approach.

10.7.2 Routes and Rights of Way

When it comes to the installation of OHLs, circuit trans-
mission line designers prefer open fields, whereas those
in charge of cable installation prefer roads and railway
easements in order to reduce transportation costs and
avoid issues with gaining easements on public and pri-
vate land. Today, even the refurbishment of an OHL
with old easements is very expensive and restrictive, as
most rural land is subject to environmental protection
issues of some kind.

Trenches can be excavated by conventional means
with excavators, but trenching machines with rock saws
and directional boring techniques are becoming increas-
ingly popular. In some countries, the direct plowing of
cables in road reserves and public land is performed.

10.7.3 Route Planning: Traffic Management
and Security

Traffic management and security requirements should
be fully understood and managed during cable instal-
lation works. Where there is the potential for cable
installation work to disrupt access to private drive-
ways, such disruptions should only be permitted af-
ter notifying the occupants of the affected properties.
All disruptions should be planned with a clear under-
standing of, and due regard for, specific requirements
of the occupant, and should be kept to an absolute
minimum.

There should be minimal impact on pedestrian ac-
cess. Areas of conflict such as pram crossings at road
intersections should be managed with steel plates to
cover the trench, and suitable barriers, temporary fenc-
ing, and para webbing should be installed to protect and
delineate the public and traffic. The security arrange-
ments should remain in place on-site until all cables
between joint bays are fully secured or covered by spe-
cialized backfill.

10.7.4 Installation Methods and Definitions

There are three basic methods of installing cables:

� Rigid constrained� Semiflexible constrained� Flexible constrained.

Direct Burial and Plowing:
Rigid Constrained Installation

For directly buried sections, the cable trench should re-
main open for the complete section between joint bays
until the cable is installed (Fig. 10.90). On completion

Fig. 10.90 Cables installed in an open cut trench and di-
rectly buried (adapted from [10.14])
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of the excavation works, the trench should be appropri-
ately shored, dewatered, and cleaned prior to the start
of the cable installation works. The base of the trench
needs to be inspected to ensure it is firm, relatively
smooth, and free of rocks, rubble, or sharp objects. The
trench bottom then needs to be filled with approved bed-
ding of suitable thermal resistivity as per the design
requirements (see CIGRE TB 714 [10.15] for further
information). After the cable has been installed, the
trench should be backfilled and then the cables should
be tested to ensure that they were not damaged during
installation and backfilling before final reinstatement is
carried out.

Ducts (Conduits and HDD):
Semiflexible Constrained Installation

The use of conduits and directional drilling is becoming
commonplace in underground cable installations. How-
ever, drainage can be an important issue both during and
after construction. When an unsealed duct is created
(Fig. 10.91), water tends to use the duct for drainage.
This is not an issue on flat land, but when the duct is
very long, e.g., > 5 km, there is generally a change in
elevation or the water table level along the route. Ulti-
mately, the outcome is that the land is flooded, leading
to loss of property, property damage, and/or loss of
crops. So, when using ducting, special care needs to
be taken to ensure that the joints are watertight (fusion

Fig. 10.91 Duct installation (adapted from [10.14])

welds) and that the duct is adequately sealed at both
ends.

Performing Civil Works.

� First, the trench is dug. Then the bottom and side
faces must be trimmed so that the trench presents
uniform dimensions. Depending on the soil quality,
the side faces of the trench may need to be timbered
with wooden props.� Cable spacers are placed at regular intervals (usu-
ally every meter) along with the ducts for the power
cables and two smaller ducts at both sides of the tre-
foil. These smaller ducts are for the earth continuity
wire, but they are often placed in cross-bonding
connections too.� A first layer of concrete (Fig. 10.92) is poured on
the trench; this must cover the two bottom ducts of
each circuit but not the top one.� This concrete layer must be thoroughly compacted
to remove air bubbles, as the presence of air bub-
bles would lead to higher thermal resistivity of the
concrete. This operation can be carried out with
a cement vibrating machine.� The upper duct and the ground continuity wire ducts
of each circuit are then installed, as are smaller
ducts for communication cables if they are required
by the design.� A second layer of concrete is poured to cover the
upper ducts. If ducts for communication cables are
required on top of the circuit, a third layer of con-
crete will be needed after installing them. As with
the previous layers, the concrete must be vibrated to
eliminate voids and entrapped air (Figs. 10.93 and
10.94).

Fig. 10.92 Double-circuit trench after the first layer of
concrete has been poured in (adapted from [10.14])
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Fig. 10.93 Photograph showing the uppermost ducts (red)
of two circuits (the other four ducts are under the first layer
of concrete) (adapted from [10.14])

Fig. 10.94 Photograph showing communication cable
ducts on top of HV circuits as well as the third (final) layer
of concrete (adapted from [10.14])

The last layer of concrete is screened to obtain a flat
surface. The joint bays are sometimes made of precast
concrete sections, but they are often manufactured on-
site. They can be unfilled or filled with sand, but in
either case the earthing or cross-bonding box is installed
in an unfilled separate chamber for maintenance pur-
poses.

When calculations of the pulling force suggest that
it could be difficult to lay the cables at certain points
along the line, small sections of the trench are not filled
with concrete so that supplementary pulling machines
can be used.

Once the concrete is fully hardened, the remaining
space in the trench is covered with soil.

Before the cables are pulled into the conduits,
a proving mandrel must be pulled through each duct to
check its integrity and circularity.

Advantages of this type of installation compared
with directly buried cables:

� The civil works do not need to be executed in syn-
chronization with the cable-laying works; they can
be done well in advance, at the most convenient
time, at each point along the cable route. This is
highly convenient for residential and industrial ar-
eas, where the digging and trench preparation can
be rather disruptive.� Given the potential for damage due to erroneous
digging, the concrete volume around the cables
provides strong mechanical protection for the HV
line.� The cables are surrounded by a volume of material
with a low thermal resistivity, the value of which
is known precisely. Also, concrete is not subject to
moisture migration (drying-out effect), which guar-
antees a higher transmission rating for the line.

Disadvantages of this type of installation compared
with directly buried cables:

� The cost of the civil works is higher.� Fault repairs to the line are more expensive and take
longer because it is more difficult to access the dam-
aged part of the cable.� The minimum bending radius in the cable route is
significantly higher, which can be a problem in ur-
ban projects. A different type of installation can be
used at specific points where the cable route cannot
be adapted to the minimum bending radius of the
ducts.� Even with HDPE ducts, pulling forces during cable
laying are notably higher than those needed to in-
stall directly buried cables with the help of rollers.
This adds another layer of difficulty for complex ca-
ble routes.

When open cut excavation is not possible for practical
reasons (e.g., for deep crossings, river crossings, and
busy highways), two types of underbores are widely
used for cable installation.

Horizontal Directional Drilling. Horizontal direc-
tional drilling (HDD) is a steerable trenchless method
of installing underground conduits and cables in a shal-
low arc along a prescribed bore path using a surface-
launched drilling rig. This method has minimal impact
on the surrounding area and is used when trench-
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Fig. 10.95 Directional bore across an intersection (adapted from [10.14])

Fig. 10.96 HDD machine (adapted from [10.14])

ing or excavating is not practical. It is suitable for
a variety of soil conditions and jobs including road,
landscape, and river crossings, depending on whether
the required equipment and experienced contractors
are available locally. Different types of heads are used
during the pilot-hole process to suit different soil
conditions.

The elevations of the bore vary from the shallow
open-pit level to the required depth of the crossing and
back to ground level at the other end. A directional
drilling machine drills the bore, and the cable con-
duit is drawn back through the bore. The depth of the
bore can be monitored and adjusted to the specifications
of the bore profile drawing during the drilling process
(Figs. 10.95 and 10.96).

Sleeve Bore/Microtunneling. Sleeve bore or micro-
tunneling is a technique used to construct small tun-
nels. In most cases, a remotely operated microtunnel
boring machine (MTBM) is used. MTBMs are very
similar to tunnel boring machines (TBMs) but smaller
(Fig. 10.97).

In most microtunneling operations, the machine is
launched through an entry eye and cable conduits are
pushed behind the machine—a process that is often
called pipe jacking. As the machine advances, more
tunnel liner or conduit is pushed from the starting shaft

Fig. 10.97 Microtunneling (adapted from [10.14])

through the entry eye (Fig. 10.98). Voids between the
sleeve and conduits are filled with grout.

The photograph presented in Fig. 10.99 depicts reg-
ular HDD with four tubes in one hole. The fourth tube
is a spare tube for HV cable.

The photograph in Fig. 10.100 shows HDD for
a 380 kV cable circuit with six individual drillings (two
cables per phase to reach maximum capacity) that are
filled with water and provide water circulation as an op-
tion.
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Fig. 10.98 Sleeve bore (adapted from [10.14])

Fig. 10.99 Regular HDD with four tubes in one hole
(adapted from [10.14])

TB 680 [10.14] provides several examples of HV
line installation around the world.

An example (from Spain) of underground high-
voltage cable lines installed in ducts embedded in
a concrete volume is given in TB 680. These ducts
are usually made of high-density polyethylene (HDPE).
They have two layers—a corrugated outer layer and
a smooth inner layer. HDPE presents good resistance to
the chemical agents present in soil and has a lower fric-
tion coefficient than polyvinyl chloride (PVC), which
facilitates cable laying. Duct spacers are used along
the line (Fig. 10.101). These devices have several func-
tions:

� During laying works, they guarantee a safe thick-
ness of concrete between the ducts, thus preventing
the steel wire rope used for cable pulling from
breaking the duct and entering the adjacent duct in
the curved sections of the line.

Fig. 10.100 HDD for a 380 kV cable circuit with six indi-
vidual drillings (adapted from [10.14])

Fig. 10.101 Spacer used when installing cables in ducts
(adapted from [10.14])

� They separate the cables, which reduces the prox-
imity effect in the conductors and facilitates heat
dissipation, thus increasing the capacity of the line.� They have gauge pins, which are used to ensure that
the nominal width and height of the concrete vol-
ume are respected.

Figure 10.101 shows that the spacers are usually
shaped to accommodate not only the HV cable ducts
but also the earth continuity conductor (ECC) ducts
and communication cable ducts [10.14]. Figure 10.102
shows a schematic of a typical single-circuit HV cable
trench [10.14].

When this type of installation is employed, it is not
possible to perform an outer sheath test to check the re-
sistance between the ground and the cable screen. The
best solution to this problem is to include a coextruded
semiconductive layer over the outer sheath of the ca-
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Fig. 10.102 Schematicofa typicalHVcable trench(adapted
from [10.14])
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Fig. 10.103 Infrastructural facilities that utility companies
are permitted by law to construct under roads in Japan
(adapted from [10.14])

ble. A graphite coating can also be used but is very
likely to be wiped away during cable laying (though it
can help to reduce the friction quotient during this pro-
cess).

In another example (from Japan) provided in
TB 680, the following practices are reported:

� Utility companies prefer to use the duct method
because it is easier to replace the cable if cable
breakdown occurs.� Utility companies have the right to construct in-
frastructural facilities such as power cables, water
and sewage pipes, gas pipes, telecommunication

Fig. 10.104 Microtunneling in Japan (adapted from
[10.14])

Fig. 10.105 Reinforced concrete sleeve (adapted from
[10.14])

lines, and subway lines under roads by law in
Japan (Fig. 10.103). Therefore, permission to install
underground transmission lines is almost always
granted from the road administrator.� The microtunneling technique is used to cross
rivers, railways, and roads with heavy traffic when
excavation is difficult or impractical. Microtunnel-
ing using a reinforced concrete sleeve is employed
to construct small tunnels (Fig. 10.104). After the
tunnel has been constructed, pipes are installed in
the sleeve (Fig. 10.105).

In Air: Flexible Constrained Installation
Underground cables are designed to be flexible, as this
makes it easier to find an appropriate route via a tunnel
or bridge to cross waterways, highways, railways, and
other infrastructure (Figs. 10.106, 10.107).

There are two different situations for flexible con-
strained installation:
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Fig. 10.106
Example of flexible
constrained, snaked,
and cleated cable
installation arrange-
ments (adapted
from [10.14])

� Dedicated infrastructure is used (this situation is re-
stricted to specific cables)� Multipurpose infrastructure is used.

In both scenarios the cables are snaked (i.e., they
meander sinusoidally) and are cleated to the support
structures. TB 194 [10.13], the reference document of
CIGRE SC B1 on installation techniques, reviews the
theory behind the use of two different approaches to the
installation of flexible systems in air: the Western ap-
proach and the Japanese approach. Both techniques are
detailed in TB 194 [10.13] and TB 669 [10.24].

The Western Approach. Flexible cable supports are
systems that allow the cable to expand in length and to
deflect laterally to accommodate this expansion when
the cable is heated, as well as to return to the original
formation on cooling. In order to control the move-
ment of the cable within predetermined limits, the cable
is usually initially installed in an approximately sinu-
soidal formation with cleats at appropriate intervals
such that expansion will lead to an increase in the am-
plitude of the sine wave.

Because the flexible system accommodates cable
expansion, it does not present the high values of thrust
that occur in a rigidly restrained system.

There are two possibilities for flexible systems that
use the Western approach. The first is a cleated cable
that moves in the vertical plane. Here, the cable is held
in widely spaced cleats (Fig. 10.12), and the cable sags
between the cleats. This sag increases as the tempera-
ture rises.

The other possibility is a cleated cable that moves
in the horizontal plane. In this type of installation, the
cable is arranged in a sinusoidal formation in the hori-
zontal plane, with cleats fixed at the points of flexure
along the sinusoidal wave. One option is swivelling
cleats that are capable of rotating about a vertical axis

Fig. 10.107 Example of flexible installation with snaked
cables (adapted from [10.14])

as the cable moves, but the use of fixed cleats that are
approximately as long as the cable diameter and have
a rubber lining 3�5mm thick is favored. These cleats
must be installed at an appropriate angle.

The movement of the cable due to thermal cycling
will be strongly influenced by the friction between the
outside surface of the cable and the support between
the cleats. It is essential to support the cable such that it
only moves across a low-friction support in the horizon-
tal plane and to allow adequate air movement around
the cable to avoid derating.

The Japanese Approach. In the Japanese approach,
the design of the snaking applied to the cable is
specified. Details are given in TB 194 [10.13] and
TB 669 [10.24], and some relevant photographs are pro-
vided in TB 403 [10.18].

As explained in TB 403 [10.18], tunnels are very
expensive to build and are therefore only used in con-
gested city centers. In this respect, it can be economi-
cally attractive to combine an underground cable with
other preexisting structures. Such multipurpose tunnels
can be attractive, but additional aspects must be con-
sidered, such as ventilation, fire protection, division of
liability between owners, and security (tunnel access
privileges). Laying HV cables in the close proximity
of other cables or pipelines can only be done after an
intensive survey. Thermal and electrical effects of the
cables on each other and safety aspects during normal
operation and maintenance must be investigated.

Very few long-length AC cable circuits are installed
completely in tunnels due to the high cost of doing so,
but this approach is becoming more common in big
cities. Many of them are installed in Japan.

In Japan, power cables for underground transmis-
sion lines are generally installed in ducts or tunnels.
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Fig. 10.108 Cable installation by motor-driven rollers in
a tunnel (adapted from [10.14])

It is therefore necessary to reduce the number of
accessories to limit construction costs and construc-
tion periods when tunnels are used. This implies that
the length of cable between two accessories needs
to be as long as possible. As a result, the cable is
sometimes transported by sea or river rather than on
land. For example, the maximum cable span length
was recently increased to approximately 1800m for
500 kV cables and approximately 2500m for 275 kV
cables.

New methods have been developed to conduct cable
installation works efficiently in a tunnel. Synchronized
motor-driven rollers that are set up on the floor of the
tunnel are used to install the cable (Fig. 10.108). Sen-
sors positioned along the cable installation route can

Fig. 10.109 Cable installation by a hauling machine
(adapted from [10.14])

be used to ensure that the rotating motor-driven rollers
are stopped if there is any abnormal behavior during in-
stallation. The velocity difference between each roller
is controlled to avoid cable buckling and cable sheath
damage. Motor-driven rollers are light and easy to in-
stall, but many rollers are needed to move the cable be-
cause of the small driving force per roller. On the other
hand, it is difficult to use motorized rollers when the
tunnel is steep, as significant driving force is needed to
move the cable.

In this case, hauling machines (Fig. 10.109) are
required. The rotation of a caterpillar belt moves the
cable. Due to the large gripping force of the caterpillar,
the hauling machines must be synchronized.

10.8 Testing

10.8.1 Fluid-Filled and
Mass-Impregnated Cables

The international standards for testing FF and MI ca-
bles are well established. Recommended test voltage
levels are currently limited to 600 kV for DC applica-
tions, although higher voltages are under consideration.
WG B1.66, recently launched by SC B1, is currently
looking into the possibility of producing recommenda-
tions for testing at the 800 kV DC level.

10.8.2 Extruded Cables

Role of Testing and Condition Monitoring
in Extruded Cable Systems

The role of testing and condition monitoring in HV
extruded cable systems is outlined by WG B1.29 in
TB 569 [10.49].

Testing. The role of testing during all stages of sys-
tem design, set up, and in-service is clearly important
to both the supplier and end user, as it can be used to
prove that a cable system meets the expectations of the
customer. In addition, once a cable system is in service,
it may be beneficial to carry out in-service testing to
assess the condition of the system and its components.
This section examines the types of testing and condi-
tion monitoring that may be carried out when assessing
a cable system. It is not intended to be an exhaustive
account of cable testing but to provide guidance on the
areas that should be considered. The level of testing re-
quired for a cable system should be decided upon by the
customer, based on risk and performance requirements.

International standards for underground cable sys-
tems generally define design rules and testing proce-
dures to assess a cable system and ensure it meets
the requirements for reliable operation during its de-
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sign life. These generally focus on preventing failure
rather than actions that can be taken to mitigate the
consequences of a fault. Some national standards or
individual utility specifications have introduced fault
simulation testing and specify requirements for the per-
formance of the system under these conditions (e.g.,
an internal arc test is carried out by some utilities to
evaluate the consequence of an internal fault; this is
among the requirements of IEC 62271 for switchgear
testing).

It should be noted that a cable system includes
the cable, terminations, joints, internal terminations,
joint components, filling media, connectors, screen con-
nections, bonding, and so on, so great care must be
exercised during testing to ensure that all of the compo-
nents are properly represented and identified in testing
regimes.

Development Testing. Development testing is carried
out by the cable accessory supplier during the design
of a new accessory. The results of these tests may in-
dicate (to the manufacturer, and, where required, the
customer) any changes and improvements that can be
made to a cable accessory. Examples of development
tests include environmental tests such as the salt/fog,
rain, and pollution tests carried out on composite in-
sulators, which are not covered by international cable
standards. These tests are performed by manufacturers
to evaluate the long-term performance of their prod-
ucts and are carried out to test specifications defined
in-house. IEC 61462 edition 1.0 covers the test pro-
cedures used for composite insulators in AC overhead
lines with nominal voltages exceeding 1000V.

The results of development testing are generally not
specified by customers, but they may inform a decision
on the suitability of a cable termination or joint for use
in a particular application or location; for example, the
suitability of terminations for use in areas with high lev-
els of pollution.

Development tests are performed by the manufac-
turer during the development of a new accessory to
check its long-term performance and to assess safety
margins. These tests include:

� Analyses of electrical, mechanical, and material
compatibility� Electrical tests to breakdown and mechanical and
thermal tests of prototypes� Wet and pollution tests of outdoor terminations� Electrical and thermal tests of connectors� Mechanical tests of premolded components (on the
insulators and connectors)� Fire and disruptive failure performance, including
internal power arc testing of terminations.

Insulators. IEC 61462 on composite hollow pressur-
ized and unpressurized insulators for use in electrical
equipment with rated voltages of greater than 1000V
specifies both design and type test requirements for
self-supporting composite insulators. The tests in this
IEC standard are designed to provide information on
material selection, manufacturing processes, material
thickness and adhesion, and end-fitting material selec-
tion and attachment.

To complete the development of a new accessory,
construction drawings should be prepared for all com-
ponents, and a full-size prototype will need to be
manufactured and subjected to tests. If the prototype
includes specific components such as premolded parts
and composite and epoxy resin insulators, it is nec-
essary to develop the technology to produce these
components.

The tests should show the limits on the performance
of the accessory and guarantee an appropriate safety
margin with respect to the test values stated in the rele-
vant IEC standard.

The tests carried out must ensure that the entire fam-
ily of accessories are able to withstand the stresses that
they may be subjected to during their operational life-
times.

The termination may be exposed to a saline so-
lution with a concentration that depends on the level
of pollution it will experience. It is then subjected to
an AC voltage test under these conditions. For com-
posite insulators with a polymeric coating that tends
to suffer from surface aging, the pollution test is per-
formed after aging the coating for 1000 h in saline fog
(Fig. 10.110) or a multi-stress ageing test of 5000 h (see
IEC 62217).

Connectors. Development testing of connectors
(Fig. 10.111) may also be performed. Thermal cycling
of the connectors and contacts used in the accessories is

Fig. 10.110 Salt-fog test of an insulator (adapted from
[10.49])
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Fig. 10.111 Tests of connectors (adapted from [10.49])

carried out at medium voltage according to IEC 61238-
1. During the test, the changes in the temperature and
electric resistance over time are recorded. Short-circuit
current tests are also performed on the connectors. Very
recently, WG B1.46 published TB 758 on test regimes
for HV and EHV cable connectors [10.53] to address
this issue.

Filling Fluids. Equipment manufacturers must verify
the compatibility of an oil or fluid with a housing ma-
terial and associated assembly processes and should
perform health and safety assessments before the oil or
fluid is used within that housing material. This is es-
pecially true when new types of fluids or other fillers
are considered. Some manufacturers have developed
their own qualification procedures, with test condi-
tions specified in terms of temperature, duration, safety,
and final acceptance criteria. These are added to the
other tests that must be carried out in the development
phase.

Prequalification Tests. Prequalification tests are
long-term tests that are carried out to assess the per-
formance of a cable system and to replicate in-service
duty. The test arrangement should be representative
of the conditions where the cables are installed (e.g.,
fixed and flexible sections with both joints and termi-
nations should be tested in order to closely replicate
the cable system). These tests are intended to verify
the thermomechanical and electrical behavior of the ca-
ble and accessories. In some local standards, it is also
a requirement to monitor and record the pressure of
any insulating media used in order to assess the ro-
bustness of any sealing arrangements. After testing, all

accessories are examined to check for any changes or
deterioration that might affect their performance.

Prequalification testing is only specified in
IEC 62067 and 60840 for cable systems above 150 kV,
for systems where the conductor screen stress is
designed to be greater than 8 kV=mm, or for systems
where the insulation screen stress is designed to be
greater than 4 kV=mm.

Type Tests. Type tests are carried out on the com-
plete cable system (Fig. 10.112) and are required for
all voltages and design stresses. These tests are a min-
imum requirement to show that specific cables and

Fig. 10.112 Type-test loop for a 400 kV system (adapted
from [10.49])
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accessories are fit for a specific purpose. The type tests
specified in IEC 60840 and IEC 62067 focus mainly
on the short-term voltage withstand performance of
the cable system. They consider AC, overvoltage, and
lightning transients along with material aging effects.
Following the completion of these tests, the cable sys-
tem must be shown to be free of partial discharges
or to only experience discharges that are below a cer-
tain specified level. If partial discharges are present
(even if they are below the level specified), it may be
prudent to identify the cause of this discharge. Once
the tests are completed, it is important to disassem-
ble all accessories and closely inspect them for any
signs of electrical activity or physical changes that may
not have caused an electrical discharge but may still
cause mechanical or operational problems. Interpreta-
tion of the test results will be based on previous experi-
ence with development, prequalification, and other type
tests.

Short-Circuit Tests. WG B1.29 identified that short-
circuit behavior was not addressed by any of the IEC
standards relating to HV cable systems. Several utilities
have independently taken the step of specifying an ad-
ditional type test to check the behavior of terminations
(especially those containing insulating fluid) when they
are subjected to short circuits. Two short-circuit scenar-
ios need to be considered in this context:

� A low-energy external fault. In this case the fault
current passes though the conductor. The fault is ex-
ternal to the accessory.� A high-energy internal fault. In this case the fault is
the result of component failure or arcing inside the
accessory.

Depending on the design and installation, consideration
should be given to whether it is necessary to perform
one or both of the above tests to cover the worst-case
condition.

Sample Tests. Sample test requirements are outlined
in IEC 60840 and 62067. These tests are to be carried
out on a specified number of components and complete
accessories during a production run. When the main
insulation of the accessory cannot be routinely tested,
IEC 60840 states that a partial discharge test and an AC
voltage test should be carried out on the fully assembled
accessory. The characteristics of individual components
should be verified in accordance with the specifications
of the accessory manufacturer through either test re-
ports from the supplier of the component or internal
tests. Components should also be inspected against their

drawings, and there should be no deviation outside of
the declared tolerances.

Routine Tests. Routine tests are carried out on some
supplied accessory components. These tests should
form part of a robust quality control regime and pro-
vide confidence in the quality of the accessory. Among
these tests, the main insulation of prefabricated acces-
sory designs is required to undergo AC voltage and
partial discharge tests. Finally, each component should
be visually inspected for defects.

Insulators filled with oil, gas, or any other material
should also undergo a pressure test before delivery.

Tests of Filling Materials. Filling materials such as
polybutene or synthetic oil are selected based on their
material parameters and characteristics and are ap-
proved during the development, prequalification, and
type tests. Specification IEC 60836 covers silicon oil.

It is recommended that a fingerprint of the filling
material should be determined after delivery, as this fin-
gerprint might be useful during condition assessment
programs or failure analysis.

Well-established material fingerprint techniques in-
clude:

� AC electric strength� Dielectric dissipation factor� Fourier-transform infrared spectroscopy (FTIR)� Thermogravimetric analysis (TGA).

Commissioning Tests. Commissioning tests are car-
ried out on the assembled cables, joints, terminations,
bonding, and earthing once the installation is com-
pleted. These final tests performed on the cable system
prior to energization provide a final check that the
system has been correctly designed and installed. The
requirements for commissioning tests vary depending
on the type of circuit installed and the consequences of
failure.

Very few tests can prove the longevity of cables,
joints, and terminations. However, it is recommended
that an AC insulation test should be carried out with par-
tial discharge monitoring (if possible) of all joints and
terminations. Ideally, this should be implemented using
a resonant test voltage generator (Fig. 10.113), as the
cable system can then be energized off-line and at low
energy, minimizing the risk of a disruptive accessory
failure during the test. The tests may provide an early
warning of potential failure points before a subsequent
breakdown of the complete cable system in service leads
to bigger problems. Commissioning tests should be per-
formed according to the relevant IEC standard.
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Fig. 10.113 On-site commissioning test performed with
three mobile test sets simultaneously due to the cable
length (adapted from [10.49])

Fig. 10.114
Discharge tracks on
the PE outer serving
of the cable due to
a defect (adapted
from [10.49])

It is possible to carry out an AC test by energiz-
ing the termination with the system voltage (a soak test)
and to use on-line partial discharge monitoring. This is
not ideal, as noise from the system can mask discharge
activity within the accessory. In addition, if a break-
down does occur it will lead to a disruptive failure of the
joint or termination (as the full system short-circuit cur-
rent is available to flow through the failed accessory),
which may lead to an outage and power disruption.
Such a failure presents a safety risk on-site and intro-
duces a significant delay into the commissioning of the
circuit while the affected components are replaced.

A DC oversheath test should also be carried out to
ensure that the cable system and its accessories are in-
sulated from earth. In Fig. 10.114, the discharge tracks
are a consequence of fault location pulses.

Condition Monitoring. In TB 420, which provides
generic guidelines for lifetime condition assessments
of HV assets and related knowledge rules, it is recom-
mended that a database of information on each piece
of equipment should be established as the equipment
ages [10.60]. Useful information on the aging process
during the full service life includes loading, mainte-
nance test results, fault history, general ambient and

environmental conditions, and details of any site inci-
dents.

A structured methodology to analyze and prevent
in-service failures is recommended in order to effec-
tively manage the aging of HV cable accessories. One
suggestion for such a methodology is given in [10.60,
clause 4.2]. The final step in this methodology is to
gather the outputs from this process into a management
strategy that can be used for:

� Preventative maintenance� Decisions regarding equipment change-out� Improving the specification, design, or manufacture
of new equipment.

Regarding preventative maintenance, there are many
possible approaches to monitoring the condition of ter-
minations and unburied joints. These vary from visual
inspection to on-line monitoring and regular testing
while out of service.

Figure 10.115 gives an example of a conditionmon-
itoring technique (X-ray imaging).

The monitoring to be carried out depends on:

� The importance of the circuit� The history of the circuit and its accessories� The potential repair time� The potential cost of the outage� The potential cost of the damage� The effect on reputation� The potential damage from the failure� The effectiveness of the monitoring system adopted� The availability of monitoring tools and trained per-
sonnel� The cost of monitoring.

Fig. 10.115 Example of a condition monitoring technique
(X-ray imaging) (adapted from [10.49])
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Figure 10.115 shows an X-ray image of a outdoor
cable termination used to check any internal displace-
ment of the top connector.

A list of condition monitoring tools is detailed in
TB 559 [10.21]. To assist in the selection of a moni-
toring tool, each tool is described under a number of
headings, including:

� Experience: each condition monitoring tool is cate-
gorized as either a well-established (W) tool or one
that is under development (D).� Effectiveness: some diagnostic monitoring tools are
considered (based on cost, time required, and re-
sults) to be more effective (i.e., useful: U) than
others (less useful: L) at finding damage or degra-
dation that will eventually lead to system failure.� Level of expertise required: low or high, depend-
ing on whether the tool can be used by a general

operator or only by a trained technician/engineer,
respectively.� Cost.

Testing Extruded Cables for DC Application
The basic principles of DC extruded cable system test-
ing are similar to those discussed above.

In April 2012, CIGRE WG B1.32 published
TB 496, which provides recommendations for testing
DC extruded cable systems for power transmission at
rated voltages up to 500kV [10.61].

This very important document is the basis for test-
ing of extruded cable systems that have been recently
installed or are in the process of installation.

With the huge increase in projects with high system
voltages, SC B1 has decided to launch a new Working
Group, B1.62, to prepare recommendations for rated
voltages up to 800kV.

10.9 Maintenance

This section gives some general guidelines.
Detailed guidelines can be found in TB 279 pub-

lished by WG B1.04 (all types of cables) [10.62], in
TB 358 published byWG B1.09 [10.63], and in TB 652
(fluid-filled cables) published by WG B1.37 [10.42].
SC B1 has directed WG B1.60 to update TB 279, and
an update to TB 358 [10.63] is also being considered.

10.9.1 Land Cables

Maintenance Guidelines
Most HVAC lines should have a specifically designed
maintenance program, including periodic tests of the
outer sheaths and inspections of the link boxes and
SVLs (sheath voltage limiters). These tests and inspec-
tions should be scheduled in advance to ensure that all
of the necessary permissions and authorizations can be
obtained on time and that all of the points in the system
that must be visited are accessible.

Terminations. The terminations and their structural
supports should be examined visually, along with the
condition of the clamps that support the cable ends, and
appropriate maintenance work should be implemented.

The quality of the connection contacts can be
checked using an infrared camera that can detect
hotspots.

If the arrestor has a surge counter, the data from it
should be checked regularly as part of the condition re-
liability maintenance (CRM) program.

Outer Sheath Test. An outer sheath test should be per-
formed two years after the system was commissioned
and then at least once every five years. However, more
frequent testing of systems located where the ground
has high levels of humidity or systems in which the
outer sheath is made up of PVC may be considered. In
this case, the voltage test level needs to be carefully se-
lected to avoid damaging the outer sheath, especially
when the system has been in operation for many years.
This test should also be performed after any major re-
pair of the cable system.

Access to the link boxes is required to test the outer
sheath. It is possible to test one of several major sections
of the line in a single operation, depending on the type
of equipment and the section length.

To save time, the SVLs can be kept in place dur-
ing the outer sheath test if desired. In this case, the
voltage of the test must be adjusted to a level that the
SVLs can withstand. This should be considered during
the line design stage when the SVLs are selected. If the
link boxes have been filled with epoxy resin (to prevent
water ingress and electric arcs), the test will need to be
performed with the SVLs fully assembled.

Link Boxes and Sheath Voltage Limiters. If the link
boxes are not filled with any substance, visual inspec-
tion is the simplest way to check their watertightness.
Checking the SVLs visually will also help to detect
major failures in these components. Inspections of link
boxes and their SVLs should be performed on a regu-
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lar basis, after any short circuit in the cable system, and
after a major system failure.

Additionally, each SVL should either be substituted
or tested every ten years to check their condition by an-
alyzing their I–V characteristic curve. This test can be
performed on-site with portable equipment or in a lab-
oratory.

Outdoor link boxes should also be inspected on a reg-
ular basis (e.g., every 2�5 years) as theymay be exposed
towide temperature fluctuations and sometimes to direct
sunlight, leading to significant variations in the internal
pressure of the box, which may affect their watertight-
ness. In this case, frequent inspections are advisable.

The use of specific sensors to protect the circuit
from vandalism and detect the penetration of water into
link boxes should also be considered.

Monitoring the Cable Route.

Flexible Constrained Systems. In tunnels or other lo-
cations in which cables are installed in the open air, the
mechanical fixations of the system should be examined
every five years as well as after short circuits or severe
climate conditions.

Underground Systems. To achieve good reliability,
fast repair times, and long service lives, it is necessary
to implement monitoring procedures for all of the fac-
tors that may harm the cable system. The main issue to
check for is any change to the local environmental condi-
tions since the system was commissioned. To minimize
risk, routine checks of the state of the system must be
performed and complete documentation of these checks
must be maintained and available; for example:

� Check if there are changes in the surrounding prop-
erties that may have an influence on the cable
system.� Note any change of drainage as this will impact on
the current carrying capacity of the cable system� Nearby building activities may jeopardize the secu-
rity of the cable.� Change of ground vegetation, newly build roads or
the like may have a long-term impact on the soil
parameters resulting in a change of current carrying
capacity.� Check all the signs along the cable route.� Check if the cable route documentation has been up-
dated by activities that are subject to approval.� Check spare parts, if any, and in particular those
components with limited shelf life.� Check and update the list of land owners alongside
the cable route who must be asked for permission to
enter their land in case of a cable failure.

� Communicate to local authorities the persons to be
contacted if activities are being undertaken near the
cable route.

The cable route cannot be checked from the desktop
only. A visual inspection is necessary, supported by
clear and coherent documentation. In rural areas, it may
be possible to inspect the route with the aid of drones.

If the line incorporates a distributed temperature
sensing (DTS) system, any localized temperature rise
or hotspot it detects should be investigated. If the in-
stallation is not equipped with such a system, routine
supervision of the line must be implemented.

The use of internet-based geographic information
systems to monitor conditions along the cable route
should approached with caution unless there is clear
information about the frequency with which the aerial
photographs are updated and the dates that the maps
were created.

Close attention must be paid to any alterations along
the cable route, such as changes in the ground level due
to civil works and significant growth of vegetation (as
the roots can dry out the soil).

Fault Location. Fault location in AC and DC land and
submarine links is addressed in detail by CIGRE WG
B1.52 in TB 773 [10.64]. It is important to obtain the
necessary permits to get access to the cable system.

Cable Fault Location Procedure. The cable fault lo-
cation should be considered as a procedure covering the
following steps:

� Notification of the fault by utility� Disconnecting and earthing of the cable circuit by
utility� Preliminary discussions to identify the fault by all
concerned parties� Carry out fault location by utility/special contrac-
tors� Identify fault location� Excavate fault location area to access the cable fault� Physically locate the fault� Civil construction works & preparation of the joint
bay� Carry out repair works� Cable testing and energise.

Cable Fault Location Methods. Cable faults are gen-
erally located through fault resistance measurements. If
there is a low fault resistance or it can be reduced us-
ing a high-voltage DC source, the Murray loop bridge
method is often adopted. In other circumstances, time-
domain reflectometry (TDR) is often used; in this case,
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Table 10.9 Cable fault location methods

Method Fault characteristics
Impulse reflection method
(TDR)

Low-resistance faults,
determination of cable end,
cable cut, joint location
with impedance change

Secondary/multiple impulse
method (SIM/MIM, � 80�90%
of all faults)

High-resistance faults,
low-resistance faults

Impulse current method
(ICM, for long cables)

High-resistance faults,
low-resistance faults

Decay method (breakdown
voltage higher than 32 kV)

Low-resistance faults

Burn-down techniques, modi-
fication of fault characteristics
(e.g., influence ofwater in joints)

High-resistance faults,
low-resistance faults

Bridge measurement Low-resistance faults,
cable sheath fault

Method Fault characteristics
Impulse reflection method
(TDR)

Low-resistance faults,
determination of cable end,
cable cut, joint location
with impedance change

Secondary/multiple impulse
method (SIM/MIM, � 80�90%
of all faults)

High-resistance faults,
low-resistance faults

Impulse current method
(ICM, for long cables)

High-resistance faults,
low-resistance faults

Decay method (breakdown
voltage higher than 32 kV)

Low-resistance faults

Burn-down techniques, modi-
fication of fault characteristics
(e.g., influence ofwater in joints)

High-resistance faults,
low-resistance faults

Bridge measurement Low-resistance faults,
cable sheath fault

it is highly desirable to compare the new trace with the
latest TDR trace of the healthy system. To precisely
locate the cable fault, it is necessary to confirm its posi-
tion along the cable using further (TDR) measurements,
a surge generator and acoustic location (search coils), or
any other HV fault location method.

Table 10.9 gives an overview of conventional cable
fault location methods.

If there is an integrated optical fiber in the cable
damaged by the fault, OTDR can potentially provide an
accurate fault location. If the fiber is not damaged, an
acoustic method may be feasible.

Surge generator cable fault locators (thumpers) pro-
vide prelocation and pinpoint cable fault location. The
ICM (impulse current method) is preferred for ex-
tensive underground cable fault location and for pin-
pointing cable faults in water-damaged cable joints.
A surge generator fault locator (cable thumping) per-
mits very rapid and precise location of cable faults and
thus reduces the amount of excavation required. Surge
generators have a time-controlled surge output: they
periodically produce a discharge in the cable in order
to acoustically locate the flashover at the fault using
a ground microphone and receiver.

When a high current is used to detect an outer sheath
fault, the cable sheath can get damaged in another loca-
tion. Consequently, after finding and repairing a fault,
the outer sheath must be tested again to check its in-
tegrity. When a cable is installed in a duct (dry), it may
be difficult to pinpoint the fault location due to the in-
sulating properties of the duct.

Currently available technology allows any system
fault to be detected with high accuracy. Very often,
faults happen in fixed positions (joints, terminations),
so if a fault is detected in the vicinity of these acces-
sories, they should be inspected visually first of all.

When an apparently spontaneous fault in the insula-
tion happens, it is often due to the actions of an external
or third party, which may be apparent upon arrival at the
location of the fault. If the fault is found to be due to ex-
ternal damage, it may be necessary to check the records
of the local authorities for previously issued permits.

Accessory Failures. Most reported accessory failures
are caused by aging or improper installation. Acces-
sory failures are expected to increase with increasing
demand for heavier loading operations and high load
fault currents, which contribute to aging by imposing
thermal stresses.

Accessories undergo either mechanical or thermal
failure. Sometimes the accessories have not been in-
stalled properly, resulting in mechanical failure. Ther-
mal failure is the result of high resistance heating or
individual strands failing, with the same consequences.

These situations can either melt components or
cause the joint to lose its connection. Failures generally
show evidence of both mechanical and thermal fail-
ure. Guidelines in this regard are given in TB 560 from
WG B1.29 [10.49].

Access to Route Information
It is essential to document the cable route and right of
way (ROW) to facilitate monitoring and fault location.
The following aspects of the cable route must be docu-
mented in detail during cable installation:

� Joints and joint pits� Terminations� Cable loops� Grounding systems, link boxes, and earth cables� Fiber optic cables� Laying details such as direct burial, cable ducts,
duct laying, and backfill� Crossings of, e.g., cables, pipes, and roads.

As-built cable route drawings are vitally important
for long-length HV underground cable systems. These
drawings show the finished condition of the work fol-
lowing construction and acceptance, and are a crucial
requirement for any HV underground cable project.

Typical Durations of Repair Works
When planning the circuit, the utility should consider
the total time required for the outages needed to carry
out repair works.

The duration of repair works should be specifically
defined for each project. The time needed to obtain the
necessary authorizations and permits must be consid-
ered, which will depend on both the installation type
and the local regulations.
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The time needed to install high-voltage joints and
terminations will depend on the voltage level and the
type of insulation used in the cables. Estimates provided
by manufacturers are generally based on one jointing
team consisting of two jointers and one assistant work-
ing 8 h per day. It should be noted that repairs are
seldom performed on a 24-h basis, and several teams
are often employed to reduce the time taken to get the
circuit back in service.

10.9.2 Submarine Cables

Maintenance Guidelines
Submarine HVAC lines can be surveyed using a re-
motely operated vehicle (ROV). Equipment for moni-
toring the laying depth of the cable is available. It is
strongly recommended that this operation should be
done once a year in areas with high morphological dy-
namics to prevent the cable from being uncovered. This
operation can be performed less frequently in areas with
more a stable seabed.

As in any other offshore operation, a ship with ap-
propriate equipment is required, and the operation can
only be performed under suitable weather conditions.

Complete geographic information system docu-
mentation of the cable route must be provided for every
HV submarine line. This is used as a reference to detect
any changes to the cable using the data collected by the
ROV.

An anchoring map must be provided to any ship op-
erating in the vicinity of a HV submarine cable. This
must be a requirement before any vessel (even a recre-
ational boat) is allowed to approach the cable.

Origin and Nature of Cable Failures
Repairing submarine cables is an expensive and time-
consuming operation as they are very long, remotely
located, and difficult to access. Depending on the time
taken to locate the fault, the extent of the damage, the
time needed to mobilize a suitably equipped ship and
crew, and legal discussions about liability, a repair can
take weeks, months, or even years. Because of the ex-
tensive test program performed on submarine cables
when they are manufactured and before they are deliv-
ered, internal failures due to issues with the cable itself
are rare. Most failures of submarine cables have natural
causes; they are often due to human activities. TB 398
published by WG B1.21 deals with third-party damage
to underground and submarine cables [10.17]. Further-
more, damage to submarine cables can occur at various
times during the lifetime of the cable, i.e., before or af-
ter commissioning.

Examples of damage that can occur before commis-
sioning are:

� Overpulling or overbending of the cable due to
a loss of the digital position (DP) of the boat in-
stalling the cable� Anchoring damage due to the mooring of the laying
barge� Damage during burial caused by the trenching/bury-
ing equipment� Damage caused when the cable is passed from the
transportation vessel to the installation vessel� Emergency cable cutting due to extreme sea condi-
tions.

After commissioning the cable, natural events that may
lead to cable damage include:

� Fatigue at free-hanging sections due to tidal and
wave motions� Abrasion caused by moving material on the seabed� Underwater landslides or sea-bottom movement in-
duced by seismic events.

However, most of the events that damage cables are due
to human maritime activities, including:

� Fishing activities (e.g., trawling and the use of ex-
plosives in shallow waters)� Anchoring� Dumping of material� Shipwrecking� Dredging� Other submarine installations.

The failure of a submarine cable can have severe con-
sequences both economically and operationally. Thus,
a reliable repair should be performed in the shortest
possible time. There are no standard cable repair pro-
cedures for a submarine cable, although guidelines are
available. The owner of the cable system must compile
a comprehensive fault location and repair procedure for
each cable section according to those guidelines.

Parameters such as the laying depth, cable length,
and cable size vary with the cable considered, making
each repair operation different from any other. How-
ever, a general strategy can be defined. When a cable
fault occurs, the following steps should be performed:

� Fault detection and location� Repair operation planning� Securing a suitable vessel for the repair, as well as
suitable equipment and a qualified crew� Mobilization of the vessel, equipment, and crew� Loading the repair joints and spare cable� Cable recovery or removal of the damaged section
of the cable
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� Cable repair onboard the vessel� Relowering the cable/protecting the cable.

Fault Detection and Location
As already stated above, the issue of fault location in
AC and DC land and submarine links is addressed in
detail by CIGRE WG B1.52 in TB 773 [10.64].

The fault detection and location steps are impor-
tant ones in the repair process. The position of the
fault along the cable will strongly influence the ex-
tent of the repairs required and the means to implement
them. It also influences the type of vessel and equip-
ment required. The long length of the line makes it more
difficult to pinpoint the exact location of the fault, but
it is nonetheless crucial to precisely locate the fault, as
cutting the cable at the wrong point can increase both
the costs and the duration of the fault repair.

Several methods can be employed to locate the
fault, some being more accurate than others. Combin-
ing different tests often gives the most accurate results.

For three-core cables, the problem is generally
a failure of the insulation on one core, so the first step
is to identify the faulty core. Insulation resistance mea-
surements will allow the faulty core to be identified.

Almost all of the submarine three-core cables in-
stalled today include at least one fiber-optic element
between the power cores. This fiber-optic element is
a good indicator of a fault. Indeed, if the armor and
possibly the metallic screen of the power cable are
damaged, the optical fiber element will probably also
be destroyed. Thus, when possible, performing optical
time-domain reflectometry (OTDR) from both ends will
highlight a discontinuity or a stressed optical fiber and
yield the approximate location of the fault.

A failure can also be located by performing time-
domain reflectometry (TDR) in the faulty core. This can
be done from only one end, but it should be performed
from both ends if possible as this will give significantly
more accurate measurements. The best results from
TDR are obtained for breaks or low-resistance faults.
It is very important to get a TDR trace performed upon
commissioning and during the regular routine mainte-
nance program.

Another method of locating a fault is to use Murray
loop bridge measurements. This can be done if one of
the other cores in the cable is not faulty. This method
is simple and often allows the fault to be pinpointed to
within 1% of the cable length provided that the temper-
ature variation along the route is accounted for.

Even though all of the methods described above
give good results, the application of a more accurate
method is then recommended in order to identify the

precise location of the fault and thus avoid unnecessary
cable wastage. One such location method is to inject
a tone current into the faulty core and pass a vessel or
ROV equipped with search coils over/along the cable.
The search coils will detect the change in magnetic field
across the fault. Methods that use emerging technolo-
gies such as frequency-domain reflectometry (FDR) are
also options.

Planning the Repair Operation
Once the fault has been located, other information such
as the depth or the sea current at the fault locationmust be
obtained before the repair operations can be planned. It is
also necessary to assess the condition of the sea bottom
at the fault location and perform a survey of that area.

The repair method that should be employed depends
on several parameters, such as the water depth, the
weather, current, and soil conditions, the type of joint
involved, and the results of an unexploded ordnance
(UXO) survey. Analysis of this information will lead
to the selection of the most suitable vessel, equipment,
and crew for the operation. Furthermore, uncertainty
over the weather conditions should be considered. It
can be challenging to find a suitable window to per-
form an offshore repair in winter or the storm sea-
son.

All aspects and parameters of the operation should
be carefully planned to achieve the most efficient oper-
ation and avoid expensive mistakes offshore.

The choice of vessel will depend on the location of
the fault and the type of repair to be done, but some
characteristics of the vessel should be considered. The
vessel should be able to remain in a stable position even
in rough weather. Thus, the vessel is required to have
a good and stable digital positioning system. The deck
size of the vessel should be at least 1000m2 to be able to
install all of the equipment and to allow sufficient area
for the jointing. For instance, a flexible joint can be up
to 25m long.

Personnel are needed to maneuver all of the equip-
ment and perform the repair. Representatives of the
supplier, the owner of the cable, and the insurance com-
pany should also be present during the repair operation.
Thus, the vessel should be equipped with sufficient cab-
ins to host all of the people that must be onboard during
the repair operation.

Another important aspect of the planning process
is the legal discussion between the client and the insur-
ance company. It is very important to define the liability
(and its limits) of each party from the beginning. This
discussion can take a long time—up to two years in cer-
tain cases.
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The Repair Operation
Once the repair has been planned, the vessel, equipment,
and the crew will be mobilized. Once it has arrived, the
equipment needs to be installed on the vessel and the lay-
out needs to be certified by the appropriate body. This
mobilization phase usually takes 10�15 days.

The vessel is then ready to sail to the fault location.
Two repair joints and part or all of the spare cable will
be used in the repair operation.

Typical Duration of Repair Work
As mentioned above, repair operations for submarine
cables can vary from case to case. The duration of the
repair operation is dependent on many parameters, and
any estimate of the duration of this operation is gen-
erally inaccurate and misleading, so it is important to
carefully consider whether such an estimate should be
supplied.

Even when a good repair plan is in place in terms
of spare parts management and equipment and jointing
team availability, the time required for a repair opera-
tion is extremely unpredictable due to various factors

including availability of vessels and crew, time of the
year, weather, and environmental restrictions.

Concluding Remarks on the Maintenance
of Submarine Cables

Due to the long lengths, remote locations, and diffi-
culties involved in accessing submarine cables, repair
operations for such cables are expensive and time-
consuming. Depending on the time needed to locate
the fault, the extent of the damage, the time taken to
mobilize a suitably equipped ship and crew, and the
length of legal discussions regarding liability, a re-
pair can take weeks, months, or even years. Because
of the extensive test program performed on subma-
rine cables when they are manufactured and before
they are delivered, internal failures due to the cable
itself are rare. Most failures in submarine cables are
caused by third-party damage, a topic that is addressed
by WG B1.21 in TB 398 [10.17]. Furthermore, dam-
age can occur to a submarine cable at a different
points in its lifetime, i.e., before or after commission-
ing.

10.10 Upgrading and Uprating

The upgrading and uprating of HV cable systems is ad-
dressed in TB 606, published by WG B1.11 [10.65].

The life expectancy of an underground cable system
is usually more than thirty years. This makes it difficult
to predict changes in the cable environment or how the
operating conditions will evolve over time. Increases in
demand raise major issues. Replacing a power link or
installing an additional circuit incurs a significant in-
vestment cost. Some congested areas even prevent the
operator from carrying out such an extension. The dif-
ficulties involved in obtaining planning permission for
new sites also favor extending the lifetimes of existing
facilities, often with the additional goal of transmit-
ting higher power with higher reliability to minimize
the duration of asset unavailability. The challenge is to
upgrade the existing cable system with reasonable and
relevant solutions.

Upgrading is generally the process of improv-
ing equipment performance by replacing (working)
components in order to meet new operating require-
ments (although other solutions are also discussed in
TB 606 [10.65]). This allows the transmitted power,
service life, environmental impact, and safety to be im-
proved.

Uprating is the process of applying a physical solu-
tion that allows the system to be operated at a current
level above its rated current, or the process of applying
a method or a calculation that allows improved assess-
ment of the performance of the system. In TB 606, up-
rating is treated as a special type of upgrading [10.65].

A simple step-by-step methodology with flowcharts
is proposed in TB 606 to guide the engineer through the
upgrading process. The steps involved, from the defini-
tion of the target for upgrading to the assessment of the
existing situation, the identification of relevant issues,
the selection of potential upgrading techniques, the eval-
uation of their impacts, and the decision-making step,
are described.

An assessment of the actual condition and perfor-
mance of the cable system is the first step in any
upgrading process. In a thorough evaluation, a list of
the parameters with the greatest influence on the spe-
cific aspect of the system to be upgraded (usually the
transmitted power) is provided, as well as a list of the
many other aspects of the link that could be impacted
by the upgrading process.

Increasing the transmitted power is the usual aim
of any upgrading process. Possible parameters to ex-



10.10 Upgrading and Uprating 849
Section

10.10

Step 1
Define target for upgraded situation

Step 2
Assessment of existing situation
Identification of problem areas

For each identified problem area:

Step 3
Selection of potential upgrading techniques

Step 4
Evaluation of impacts
and decision-making

             Evaluation of impacts
• Impact of other technical parameters
• Impacts on environmental parameters
• Impact on safety
• Economic evaluation

Qualification process
if required

Implement upgrade No upgrade possible

No

No

Yes Yes

Is the selected
technique acceptable?

Is there another
solution?

Fig. 10.116
Step-by-step
methodology
for upgrading
a cable (adapted
from [10.65])

plore include the voltage level, the current rating, and
the phase difference between the voltage and the cur-
rent for AC systems. A fourth possible solution may
also be considered: the conversion of the system from
AC to DC. A panel of various solutions for increasing
the current rating are considered: altering the current
capacity (via new overload conditions, new calculation
procedures, temperature monitoring), reducing losses,
and improving heat transfer (using, e.g., ventilated tun-
nels, special backfill [10.15], hotspot smoothing, heat
pipes, forced cooling, or reconductoring).

Other aspects of the performance of the cable may
be upgraded, such as environmental and safety aspects.
As an example, transition compounds may require up-
grading (in terms of, e.g., audible noise, electromag-
netic fields, and fluid leaks). Regarding safety issues,
interesting solutions to reduce the risk of fire or an ex-
plosion (see also TB 560 published by B1.29 [10.49])
may be implemented. Fault containment should also be

considered in order to limit the consequences of a fault
for the environment and people nearby.

Once upgrading solutions have been identified, it
is highly recommended that the impact of the upgrade
on other system functions should be explored, because
changing the existing cable system may interfere with
other technical or environmental parameters.

To illustrate possible applications, one chapter of
TB 606 provides interesting case studies on upgrading,
ranging from a simple reassessment of the current ca-
pacity of a link to a more complicated case involving
forced cooling and retrofitting of new cable in existing
pipes. Other examples can be found in the bibliography
of TB 606 [10.65].

10.10.1 Proposed Methodology

Engineers design underground cable systems with great
care. Since the life expectancy of such a system is often
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more than thirty years, the potential evolution of the op-
erating conditions of the power link is accounted for in
its specification. The spread of urban areas, the establish-
ment of industrial estates, or changes in the expectations
of customers may lead to the need to increase the power
transmitted. Some operating rules require circuit redun-
dancy in order to compensate for the loss of a deficient
line. In this case, the remaining systems must be able to
transmit extra power in an emergency to ensure the reli-
ability and availability of the overall network.

Sometimes the existing power network will become
insufficient or inadequate. Replacing a link or installing
an additional circuit may involve a substantial invest-
ment cost. A reasonable solution may be to improve the
existing line or its environment. According to electrical
engineering laws, the voltage level and/or the load cur-
rent must be increased to boost the power transmitted.

It is important to understand that the process of up-
grading an existing system involves an assessment of
the feasibility of redesigning the cable system that ac-
counts for higher stress levels. This redesign may, for
example, include replacing components, modifying the
cable environment, or installing monitoring devices.

To identify the most appropriate solution, TB 606
proposes a step-by-step methodology for upgrading

a cable that is illustrated by the chart shown in
Fig. 10.116 [10.65].

Techniques for increasing the transmitted power in-
clude:

� Increasing the voltage level� Increasing the current rating by reassessing the cur-
rent capacity� Increasing the current rating by assessing lower
losses� Increasing the current rating by improving heat
transfer� Increasing the current rating through forced cooling� Reconductoring� Improving the phase difference between the voltage
and the current (compensation).

Another solution is to increase the performance by
changing from AC to DC with:

� Intrinsic characteristics� Suitability of the existing cable and its components
for DC operation� Transmittable real power� Retrofitting of steel pipe when necessary.

10.11 Life-Cycle Assessment

WG B1.36 recently published TB 689 [10.66], which
discusses the life-cycle assessment (LCA) of under-
groundcables.

Electricity losses have been found to be the most
important factor in the life cycle of an underground
cable. In order to reduce these losses, the electrical re-
sistance of the cable must be lowered, which can be
achieved by increasing the crosssection of the conduc-
tor. LCA results can therefore be used in debates about
the need to reduce electrical losses.

Based on the conclusions of a LCA, it may also be
possible to propose materials and processes that result
in a lower environmental impact in manufacturing, in-
stallation, and in the end-of-life phase of a cable.

The manufacturing phase may be improved by
introducing the use of recycled materials as input
materials. This potential improvement should first be
evaluated through a sensitivity analysis. For technical
reasons that largely relate to recycled material per-
formance, cable manufacturers may only use primary

metals and plastics. However, new technologies that use
a thermoplastic insulating material that exhibits similar
thermomechanical behavior to crosslinkable materi-
als have recently been developed. Studies to improve
the performance of recycled materials should also be
carried out. There may be an opportunity to recover
cables that have reached the ends of their lives and
recycle some of the materials in them to reduce the
costs of producing new cables, given that primary
materials are becoming increasingly rare and expen-
sive.

The scope of a LCA is from the cradle to the grave.
The different steps in the life cycle of a cable that are
taken into account are as follows:

� The extraction, refining, and transportation of raw
materials, including minerals for metals (aluminum
and/or copper) and petrochemicals for polymers� The manufacture of intermediate materials, such as
plastic granules, wire rods, cables, and accessories
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Fig. 10.117 Stages in the life cycle of an underground cable
(adapted from [10.66])

� The transportation of the cables and accessories
from the construction site to the line installation
site� The construction and installation of the line� The operation of the line� The end-of-life phase.

This does not take into account the production, main-
tenance, and decommissioning processes for facilities
and capital goods (such as buildings, machines, and
roads) associated with cable manufacture, installation,
and operation. This is because these facilities and capi-
tal goods are assumed to have a negligible environmen-
tal impact.

Figures 10.117 and 10.118 illustrate the life cycle
of an underground cable. It is assumed that each cable
will be pulled out of the ground after 40 years of oper-
ation due to regulatory requirements or for economical
motives.

A practical example of a LCA for a 90 kV line is
given in TB 689 [10.66].

Fig. 10.118 Detailed summary of the life cycle of an un-
derground cable (adapted from [10.66]) I
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10.12 Superconducting Cables

Advances in superconducting cable technology [10.67]
and in-grid applications of these cables have necessi-
tated the development of an industry testing guideline
on the design and performance requirements of su-
perconducting cable systems: TB 538, prepared by
WG B1.31 [10.68]. This guideline focuses on the re-
quirements for AC high-temperature superconducting
(HTS) cables based on cold dielectric designs. Low-
temperature superconducting (LTS) materials, warm
dielectric designs, and DC designs are not currently
considered in the guideline.

HTS materials and applications of them have at-
tracted considerable interest since the discovery of
these materials in 1986. These superconducting ma-
terials can be cooled with liquid nitrogen (at 77K D
�196 ıC)—a relatively inexpensive, inert fluid that is
easy to manage industrially. Despite this long period
of development, HTS cables are still very much a new
technology for the power utility industry. The cables
covered in TB 538 can be categorized into three gen-
eral designs:

1. Single-core designs (Fig. 10.119). These have one
electrical phase per cryogenic envelope. Each phase
incorporates a phase conductor, a dielectric, and
a concentric neutral conductor. Three single-core
cables are required for typical three-phase power
system applications. Designs commonly use HTS
wires for the concentric neutral layer and may or
may not include copper wires to shunt short-circuit
currents and protect the HTS wires.

2. Three-core designs (Fig. 10.120). These have three
single-phase cable cores inside a common cryo-
genic envelope. This is also called a triad design.

Fig. 10.119
Single-core HTS
cable (adapted
from [10.68])

Each core typically consists of a phase conduc-
tor, a dielectric, and a concentric neutral conductor
made of HTS wires. The neutral conductor may or
may not include copper wires to shunt short-circuit
currents and reduce heat generation.

3. Triaxial designs (Fig. 10.121). Here, three electrical
phases are arranged concentrically around a com-
mon core inside a common cryogenic envelope.
The dielectric between the phases must withstand
the phase-to-phase voltage rather than the typical
phase-to-ground voltage. A concentric neutral con-
ductor (HTS or copper) is typically located on the
outside of the cable core. This design is used for
medium voltages and optimizes the CAPEX (one
superconducting screen, one cryostat for the whole
system, and one cable to install).

10.12.1 Experience with
Superconducting Cables

In-grid demonstration projects have shown that super-
conducting technology works and is technically viable.
A list of in-grid demonstrations worldwide is shown
in Table 10.10. Other demonstration projects around the
world that were installed at test facilities or industrial
sites are listed in Table 10.11. Additional development

Fig. 10.120
Three-core HTS
cable (adapted
from [10.68])

Fig. 10.121 Triaxial cable (adapted from [10.68])
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Table 10.10 Power grids that include HTS cables (data from 2012)

Country and utility In-service date Voltage
(kV)

Designed power level
(MVA)

Length
(m)

Design

Denmark 2001 24 – 30 Warm dielectric, single-corea

China, China Southern Power Grid 2004 35 120 33:5 Warm dielectric, single-corea

USA, National Grid 2006 34:5 48 350 Three-core
USA, AEP 2006 13:2 69 200 Triaxial
USA, LIPA 2008 138 574 600 Single-core
South Korea, KEPCO 2011 22:9 50 500 Three-core
Japan, TEPCO 2012 66 200 250 Three-core

Country and utility In-service date Voltage
(kV)

Designed power level
(MVA)

Length
(m)

Design

Denmark 2001 24 – 30 Warm dielectric, single-corea

China, China Southern Power Grid 2004 35 120 33:5 Warm dielectric, single-corea

USA, National Grid 2006 34:5 48 350 Three-core
USA, AEP 2006 13:2 69 200 Triaxial
USA, LIPA 2008 138 574 600 Single-core
South Korea, KEPCO 2011 22:9 50 500 Three-core
Japan, TEPCO 2012 66 200 250 Three-core

a This design utilizes a conventional extruded dielectric material that is extruded over the cryostat and operated at ambient temperature

Table 10.11 Laboratory-tested and industrially applied HTS cables (data from 2012)

Country Date of testing/
application

Voltage
(kV)

Designed power level
(MVA)

Length
(m)

Design

Japan, Super-GM 2005 77 133 500 Single-core
US, Carrollton 2000�2006 12:4 27 30 Single-core
South Korea, KEPRI 2007 22 48 100 Three-core
Mexico 2007 23 80 100 Three-core
Germany/Spain 2008 10 17 30 Single-core
Germany/Spain 2010 24 133 30 Single-core
Russia 2010 20 104 200 Single-core
South Korea 2011 154 1000 100 Single-core

Country Date of testing/
application

Voltage
(kV)

Designed power level
(MVA)

Length
(m)

Design

Japan, Super-GM 2005 77 133 500 Single-core
US, Carrollton 2000�2006 12:4 27 30 Single-core
South Korea, KEPRI 2007 22 48 100 Three-core
Mexico 2007 23 80 100 Three-core
Germany/Spain 2008 10 17 30 Single-core
Germany/Spain 2010 24 133 30 Single-core
Russia 2010 20 104 200 Single-core
South Korea 2011 154 1000 100 Single-core

and advances are needed in the area of cryogenic refrig-
eration and in improving the reliability of those systems.

Investments made around the world by various na-
tional government agencies and private industry have
facilitated rapid advances in HTS cable, accessory,
and cooling technologies. This trend is expected to
continue, leading to further improvements in perfor-
mance, efficiency, and ratings in the near future. These
advances in HTS cable technology, combined with
improvements in the manufacture of materials and com-
ponents, will enhance the cost-benefit ratio of HTS
cable implementation.

The HTS cables in development today are primar-
ily envisioned as a solution to grid constraints in dense
urban areas. Following the successful demonstration of
the technology and economics needed to support imple-
mentation, HTS cables will remain a niche market for
the short to mid-term (5�10 years), implying that the
number of projects worldwide and the volume of HTS
cables installed will remain limited.

10.12.2 Cryogenic System Issues

As mentioned earlier, WG B1.31 published TB 538,
which gives recommendations for HTS cable test-
ing [10.68]. Annex B of [10.68] provides informa-
tion on cryogenic system technology that serves as
an overview of the technology and the functional pa-
rameters associated with HTS cable operation. It also
guides the user in key issues for system specifications.

Actual testing requirements and specific performance
requirements of cryogenic refrigeration systems are not
included.

The specific requirements for the operation and re-
liability of cryogenic cooling systems vary depending
on the overall system design and performance expecta-
tions of the HTS cable. For example, the fault-limiting
performance depends on different thermal operating pa-
rameters of the system. The operational tolerances of
parameters such as temperature variation, pressure vari-
ation, heat load capacity, and buffer volume (installed to
accommodate the expansion of the liquid when warmed
above normal operating temperature) can all vary ac-
cording to the manufacturer’s system design philosophy
and performance specifications.

TB 538 does briefly address the cryogenic as-
pects of safety and pressure containment. The piping
and cooling system equipment used with HTS cables
are commonly classified as high-pressure piping and
pressure vessels in the relevant country’s laws and spec-
ifications. As such, TB 538 does not propose specific
requirements for HTS cables, but its does highlight crit-
ical issues for the reader.

10.12.3 Future Work

There are several key areas that must be addressed in fu-
ture work on HTS cable testing. These issues represent
challenges to the development and commercialization
of the technology and will need to be resolved to
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achieve the widespread market adoption of HTS ca-
bles for a range of applications. For AC cables, these
areas of future work include routine/factory testing of
completed cable lengths, aging tests of cryostats, and
requirements for increased voltage levels.

There is currently no accepted methodology for the
factory testing of full lengths of cable after manufac-
turing. Sample testing is performed at various stages
during the manufacturing process and after completion.
However, it is impractical to perform high-voltage and
high-current tests on a full length of cables. The need
to cool the cable to cryogenic temperatures and impreg-
nate the dielectric tapes with the cryogen makes tests
on full reels of finished cable impractical. Sometimes
the cable reel at the factory does not include the cryo-
stat. In all cases, the thermal contraction of the cable
on the reel presents extreme difficulties. Methodologies
to enable the factory testing of full lengths of cable in
a similar way to conventional cables must be developed
to facilitate the widespread adoption of HTS cables by
the utility industry.

The cryostat used for HTS cables is typically
a double-layer vacuum-jacketed corrugated pipe. Expe-

rience regarding the life expectancy of vacuum-jacketed
cryostats is limited, although some cryostats of this type
have been used for extended periods in similar applica-
tions at scientific and research labs such as CERN.

TB 538 focuses on HTS cables with Um D 170 kV
(U D 150 kV). However, 275 kV AC HTS cables are
currently being developed at the time of writing. Testing
guidelines will therefore need to be adapted to higher
voltage limits in coming years to match research and
development efforts around the world.

Some users may request long-term prequalification
tests for HTS cable systems, similar to those defined in
IEC 62067 or IEC 60840 for XLPE cables, due to the
limited experience of HTS cables operating in a grid.
The need for a prequalification test and/or its details
will need to be discussed, taking into account the opin-
ions of users and manufacturers, by future CIGRE or
IEC working groups.

A CD on test methods and requirements for high-
temperature superconducting power cables and their ac-
cessories with rated voltages from 6 kV (Um D 7:2 kV)
up to 500 kV (Um D 550 kV), based on TB 538 [10.68],
has been prepared by TC 90 and TC 20 of the IEC.

10.13 Gas-Insulated Lines

A gas-insulated line is a special type of electric trans-
mission line, i.e., it transmits electric active power
(and, in the time domain, electric energy) over a given
distance. Gas-insulated lines go by various acronyms.
The IEC acronym is GIL, while older acronyms in-
clude GITL (gas-insulated transmission line) and CGIC
(compressed gas-insulated cable). Regardless of the
acronym used, a gas-insulated line consists of a tubu-
lar enclosure made of high-conductivity aluminum or
aluminum alloy in which each tubular phase conduc-
tor (aluminum) is held in a central position by epoxy
resin insulators. As described in TB 639 (on factors
that impact on the decision to invest in either GILs or
cables for AC transmission) [10.7], there are two dif-

40–55 cm

15–20 cm 5–10 mm
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80–130 cm 80–130 cm

10–20 mm
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Fig. 10.122 Indicative dimensions
of a flat single-phase GIL (rated
voltage 420�550 kV); the typical
weight of one pipe without gas is
30�60 kg=m and the typical diameter
is 400�550mm (adapted from [10.7])

ferent kinds of GILs: single-phase (Fig. 10.122) and
three-phase (Fig. 10.123) GILs. An example of the in-
ternal structure of a GIL is given in Fig. 10.124. The
GIL configuration with three conductors in one enclo-
sure suffers from phase-to-phase faults and significant
interaction forces between the conductors, so it is gen-
erally not used in real-world installations. GILs are not
used at the LV and MV levels.

GILs were developed directly from SF6-insulated
substations (or gas-insulated substations, GISs). How-
ever, a GIL differs from a GIS in that the GIL has no
switching or breaking functions. In the past, when GILs
were called CGICs, they were considered a special type
of insulated cable.
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50–70 cm

9–10 cm

6–8 mm

13 mm

Fig. 10.123
Three-phase GIL
used in GIS at
the lower high-
voltage range up
to 170 kV (adapted
from [10.7])

First-generation GILs were built from standard GIS
components using pure SF6 as the insulating gas and
straight enclosures. In the year 2000, a second gen-
eration of GILs was introduced that could be used to
transmit power over longer distances and had a reduced
environmental footprint. These GILs utilize an insu-
lating gas mixture (such as SF6=N2) and a minimum
bending radius of enclosures was introduced (typically
400m).

It is well known that isolated phase bus ducts have
structures similar to those of GILs, but are often used
at MV levels to connect generators to step-up trans-
formers in power plants. These MV isolated phase bus
ducts are insulated with air at atmospheric pressure and
are manufactured to have the same general structure
as GILs but have larger diameters (since the dielec-
tric strength of air is one-third that of the gas most
commonly used in GILs, SF6, at a given pressure) and
increased spacing. The use of SF6 in GILs requires the
application of welded joint technology to reduce pos-
sible gas losses to a minimum. It is also recommended
that N2=SF6 gas mixtures should be employed on long
transmission lines to reduce the amount of SF6 used.
GILs can be supplied as sections that have been assem-

Epoxy cone-type
insulator

Epoxy cone-type
insulator

Inner
conductor

Outer
enclosure

Enclosure

Phase conductor

Particle trap

Fig. 10.124 Internal structure of a GIL (adapted from [10.7])

bled and tested in the factory. The factory-assembled
GILs are shipped in sections up to 18m long and are ei-
ther bolted together with flanges (sealed with O-rings)
or welded together in the field. GILs can also be sup-
plied as elements that need to be assembled on-site.
For this solution, conductor and enclosure lengths along
with support insulators are transported to the instal-
lation site, where they are assembled in situ. Various
elements, including a straight unit, an angled unit (such
units can be angled by up to 90ı), a compensation unit,
and a disconnecting unit, are depicted diagrammatically
in Fig. 10.125. The shipping lengths of GIL elements
may vary from 6 to 18m depending on the installation
and technology used. The maximum shipping length
must be transportable to the installation site.

The assembled sections are joined together via
plug-in contacts, and the enclosures are linked by on-
site welding or bolted flanges. The quality of the enclo-
sure welds is a crucial influence on line reliability, so
a special computer-controlled orbital welding machine
is used and every welded part undergoes ultrasonic
testing to ensure the highest quality. This welding pro-
cedure is known to have a high degree of reliability
and quality based on experience of its use in nuclear
power plants. For bolted flange technology, tightness
is ensured by the use of gaskets or seals. These seals
can be different shapes, althoughO-rings are commonly
used. The high degree of tightness is achieved by se-
lecting the appropriate gasket (materials and shape) as
well as by using the right installation procedures. The
tools, equipment, and skilled labor needed to connect
the flange-bolted GILs on-site are simpler than those
needed for welded GIL technology. This simpler instal-
lation also permits many more bolted sections of GIL
than welded GIL sections to be installed per day. In ad-
dition, when site maintenance or repairs are performed,
the bolted technology is simpler to implement than the
welded one. It should be noted that the flange-bolted
solution would be very difficult to apply for directly
buried GILs, so the welded solution is preferred.
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Fig. 10.125 General overview of the units comprising a GIL: A: straight unit, B: angled unit, C: disconnecting unit, D: compen-
sation unit; also shown are: 1: enclosure, 2: conductor, 3: sliding contact, 4: non-gastight insulator that provides a fixing point for
the conductor, 5: sliding post-type insulator, 6: longitudinal thermal expansion compensator (adapted from [10.7])

GIS and GIL manufacturers have made continuous
improvements over the last 30 years to ensure that GILs
are virtually leak-free. The need for leaktight GIL sys-
tems is also driven by environmental concerns. Current
standards (from both the IEEE and the IEC) require
GIL systems to lose no more than 0.5% (by volume) of
their gas per year. Designs for both welded and flange-
bolted GIL have both improved to the point where
it is straightforward to meet and exceed the required
tightness standards. The welded GIL gas tightness eas-
ily exceeds these requirements; for instance, the first
welded GIL installation, which dates from 1976, is still
in service with the original gas fill.

The space between the phase conductor and en-
closure is filled with an insulating gas which must
withstand the phase-to-earth voltage. This insulating
gas can be pure SF6 under a pressure of 0:3�0:5MPa
or a more environmentally friendly and less expensive
SF6=N2 mixture (typical ratio: 10�20%) at a higher
pressure (up to 1:0MPa). The insulating gas there-
fore always contains sulfur hexafluoride (SF6), an
inert, nontoxic, nonflammable gas. More details of
the environmental impact of SF6 are available in
TB 351 [10.69]. The handling of SF6 is regulated in
IEC 62271-4. The contribution of SF6 to global warm-
ing is small, and the use of SF6 is regulated by several
regional directives, chiefly the new EU Regulation No.
517/2014 of 16 April 2014 on fluorinated greenhouse
gases.

It is worth noting that the dielectric strength of SF6
is approximately three times that of air at a given pres-
sure. This gas is widely used in high-voltage equipment,
where its insulating properties permit compact struc-
tures. These structures must satisfy the IEC standard
62271-204 (for an insulating gas consisting of pure SF6
or a SF6=N2 mixture under pressure).

With regard to dimensional characteristics, it should
be noted that the optimal ratio between the inner di-
ameter of the enclosure and the outer diameter of the
conductor to minimize the electric field is 2.72. In prac-

Fig. 10.126 GIL
connection to
overhead line via
the bushing (800 kV
example; adapted
from [10.7])

tical applications, however, any ratio between 2.5 and 3
can be adopted since the electric field increases by only
0.5% in this interval.

A GIL enclosure resembles a gas transportation
pipeline, which is why GILs are sometimes referred to
as electric pipelines. So far, all real-world GIL instal-
lations have been short runs that were implemented in-
stead of overhead lines or to provide connection points
for hydroelectric, thermal, and nuclear power plants.
However, the technical features of this electric trans-
mission line indicate that is suitable for long lengths and
bulk power transmission, as shown in TB 351 [10.69].

The most widely used laying type for GILs is above
the ground inside substations, where they are used to
connect overhead lines or transformers with GIS. Steel
structures are typically used to hold the GIL above
ground. For long-distance transmission, the connection
of the GIL to the overhead line is most commonly done
via a bushing as shown in Fig. 10.126.
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Table 10.12 Historical development of GILs

1971 First HV installation of a GIL insulated with pure SF6 (first-generation GIL) in Eastlike, Ohio at a rated voltage of 345 kV
(circuit length 122m)

1972 First directly buried HV installation of a GIL insulated with pure SF6 (first-generation GIL) at Hudson Switching Station in
New Jersey at a rated voltage of 245 kV, 1600A (circuit length 138m)

1975 First HV installation of a GIL insulated with pure SF6 in Ellensburg, Washington at a rated voltage of 550 kV, 3000A
(circuit length 192m)

1976 First HV European installation of a GIL insulated with pure SF6 (first-generation GIL) at a hydropump storage plant in
Schluchsee, Germany, with a rated voltage of 400 kV (circuit length 670m)

1981 First HV installation of a GIL insulated with pure SF6 in Guri Dam, Venezuela at a rated voltage of 800 kV, 1200A,
1925 kV BIL (total phase length 855m, 5 circuits)

1997 Longest (phase length) installation (17 010 km) of a GIL insulated with pure SF6 (first-generation GIL) at PP9, Saudi Ara-
bia, with a rated voltage of 380 kV (circuit length 709m, 8 circuits, for a total phase length of 17 010m)

1998 Longest (circuit length) installation (3:3 km) of a GIL insulated with pure SF6 (first-generation GIL) at Shinmeika-Tokai,
Japan, with a rated voltage of 275 kV (circuit length 3300m, 2 circuits)

2001 First HV installation of a GIL insulated with a SF6=N2 gas mixture (second-generation GIL) in Geneva, Switzerland, with
a rated voltage of 220 kV (circuit length 420m)

2004 First HV installation of a GIL insulated with a SF6=N2 gas mixture (second-generation GIL) in the UK at Hams Hall, with
a rated voltage of 400 kV (circuit length 540m)

2009 First HV installation of a 800 kV, 4000A GIL (BIL 2100 kV) insulated with pure SF6 in Laxiwa Dam, China (total phase
length 2928m, 2 circuits)

2012 First directly buried second-generation HV GIL at Kelsterbach substation near Frankfurt, Germany, with a rated voltage of
400 kV (circuit length 880m)

2013 First installation of a 420 kV GIL with a 80N2=20SF6 gas mixture, a bending radius of 400m, and all welded joints, which
passes under a Bavaria brewery (4 three-phase circuits each 1 km long in one tunnel, each circuit with a rated current of
3150A)

1971 First HV installation of a GIL insulated with pure SF6 (first-generation GIL) in Eastlike, Ohio at a rated voltage of 345 kV
(circuit length 122m)

1972 First directly buried HV installation of a GIL insulated with pure SF6 (first-generation GIL) at Hudson Switching Station in
New Jersey at a rated voltage of 245 kV, 1600A (circuit length 138m)

1975 First HV installation of a GIL insulated with pure SF6 in Ellensburg, Washington at a rated voltage of 550 kV, 3000A
(circuit length 192m)

1976 First HV European installation of a GIL insulated with pure SF6 (first-generation GIL) at a hydropump storage plant in
Schluchsee, Germany, with a rated voltage of 400 kV (circuit length 670m)

1981 First HV installation of a GIL insulated with pure SF6 in Guri Dam, Venezuela at a rated voltage of 800 kV, 1200A,
1925 kV BIL (total phase length 855m, 5 circuits)

1997 Longest (phase length) installation (17 010 km) of a GIL insulated with pure SF6 (first-generation GIL) at PP9, Saudi Ara-
bia, with a rated voltage of 380 kV (circuit length 709m, 8 circuits, for a total phase length of 17 010m)

1998 Longest (circuit length) installation (3:3 km) of a GIL insulated with pure SF6 (first-generation GIL) at Shinmeika-Tokai,
Japan, with a rated voltage of 275 kV (circuit length 3300m, 2 circuits)

2001 First HV installation of a GIL insulated with a SF6=N2 gas mixture (second-generation GIL) in Geneva, Switzerland, with
a rated voltage of 220 kV (circuit length 420m)

2004 First HV installation of a GIL insulated with a SF6=N2 gas mixture (second-generation GIL) in the UK at Hams Hall, with
a rated voltage of 400 kV (circuit length 540m)

2009 First HV installation of a 800 kV, 4000A GIL (BIL 2100 kV) insulated with pure SF6 in Laxiwa Dam, China (total phase
length 2928m, 2 circuits)

2012 First directly buried second-generation HV GIL at Kelsterbach substation near Frankfurt, Germany, with a rated voltage of
400 kV (circuit length 880m)

2013 First installation of a 420 kV GIL with a 80N2=20SF6 gas mixture, a bending radius of 400m, and all welded joints, which
passes under a Bavaria brewery (4 three-phase circuits each 1 km long in one tunnel, each circuit with a rated current of
3150A)

10.13.1 Historical Development of GILs

The historical development of GILs is reported in Ta-
ble 10.12.

10.13.2 Comparison of GILs
to Conventional Cables

TB 639, prepared by JWG B3/B1.27 [10.7], was initi-
ated to help clarify if the best solution for a particular
transmission line project is extruded cables or a gas-in-
sulated transmission line (GIL). Evaluating the options
for a transmission line project is a complex task, and
this technical brochure provides the information needed
to make solid decisions based on the knowledge of ex-
perts in SC B1 (on cables) and SC B3 (on substations).

In TB 639 [10.7]:

� The economic parameters associated with UG cable
and GIL installations are identified and the relative
cost structures are given.� Typical transmission solutions for GIL and UG ca-
bles are compared.� Environmental impacts such as health and safety re-
quirements and external electromagnetic fields are
taken into account.

Technical definitions of cost factors and drivers are given
in TB 639 to permit an informed comparison of solu-
tions. Examples of these cost factors and drivers include

access to and the width of the route, system configura-
tion, rights of way, safety aspects, fire-related aspects,
transmission losses, reactive power compensation, aging
of equipment, life-cycle costs, service experiences, gas
tightness, recycling of the cable/GILmaterial in the end-
of-life phase, CO2 emissions (during production, instal-
lation, lifetime), waste disposal, geographical aspects,
construction aspects, O&M, and standards and regula-
tions. Practical applications are shown in TB 639.

The impacts of restoration cost factors in the case
of failure and relevant outage durations are also covered
in TB 639. Since the publication of TB 639, TB 773 on
fault location in land and submarine cable links has also
been published [10.64].

It is worth remembering that the aim of TB 639
is not to provide absolute costs but comparative and
relative ones. It gives guidelines for case-by-case evalu-
ation. Even though the transmission solutions presented
in TB 639 are typical, they are not necessarily represen-
tative.

Most of the factors and economic parameters men-
tioned vary according to local conditions (e.g., civil
works) and over time (e.g., the prices of raw materials).
As mentioned in the executive summary of TB 639, any
relative comparison is inherently insufficient to obtain
satisfactory general results.

Section 10.A.1 below is an unbiased Reference
Statement from CIGRE regarding AC land power trans-
mission via overhead lines, gas-insulated lines, and
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underground cables above 170 kV [10.70]. As noted in
the introduction to the Statement, it attempts to explain
the fundamentals of these technologies in a manner that
can be understood by a nontechnical person or a person

who is not involved in the industry on a day-to-day ba-
sis. Of course, more detailed information can be found
in previous sections of this chapter or in the chapter
dedicated to overhead lines.

10.A Appendix

The following CIGRE Reference Paper [10.70], written
byM.Marelli, P.Argaut,H. Lugschitz, andK.Kawakita,
on behalf of CIGRE Study Committees B1, B2 and B3,
is intended to provide unbiased information regarding
options for HV and EHVAC transmission lines. The au-
thors and the Technical Council of CIGRE have agreed
to include this text in the Chapter 10 of this book, since
UGCables andGILare covered in this chapter andOver-
head Lines are the topic of Chap. 9.

10.A.1 Overhead Transmission Lines,
Gas Insulated Lines and
Underground Cables

There is a considerable amount of highly technical in-
formation, specifications and guides available on the
transmission of bulk electrical power from one area
to another. This information is available from bod-
ies such as CIGRE, IEC (International Electrotechnical
Commission), and many National-based organizations.
There is, however, very little information that would
explain the fundamentals of the technologies in such
a manner that it could be understood by a non-technical
person or a person not involved on a day-to-day basis in
that industry. This paper will attempt to fulfil that need
by providing basic information in hopefully a readily
understandable manner.

This paper refers to transmission lines exceeding
170 kV alternating current (AC). Direct current (DC)
connections and subsea cables are not a part of the scope
of this paper (for those, other criteria apply to compare).

Technical Basics
Some of the fundamentals of power transmission are the
voltage and current levels used to transmit the power
from one area to another. Roughly speaking the voltage
multiplied by the current is equal to the power. If one
thinks of electricity in terms ofwater flow then voltage is
likepressure i.e., it drives the current through the conduc-
tor in the same that pressure drives water through a pipe.
Current is the flow of electricity through the conductor.

In AC transmission the power is transmitted utiliz-
ing a three phase systemwith three metallic conductors;
the size of the conductors govern their thermal capa-
bility to carry current i.e., the larger the conductor the
more current it can carry. The conductors must be in-

sulated from the ground and from each other in order
to be able to withstand the voltage applied; again, the
more insulation the higher the voltage that can be used
in the transmission circuit.

The three conductors may be assembled in an over-
head line circuit (OHL), an underground cable circuit
(UGC) or a gas insulated lines (GIL) circuit. Each one
will be described below.

One basic technical aspect to be considered is re-
lated to routing a transmission line, including:

� Route availability: it must be possible to construct
the line.� Urbanization: if the line is to be routed through an
urban area, then future developments may have an
impact on the route and design of the line.� Route topography: if the terrain is very uneven or
hilly, the technical challenges and costs increase.

Overhead Lines (OHL)
An overhead line circuit is typically composed of lat-
tice steel towers which support the three conductors
that make up the circuit. In some lines, tubular poles
(pylons) are used instead of lattice structures. The con-
ductors are insulated from the structures by means of
insulators, which are made of toughened glass, porce-
lain or of composite materials.

Typical examples of OHL designs in current use are
shown in several CIGRE Technical Brochures and the
CIGRE Green Book Overhead Lines.
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Depending on voltage and terrain, towers are typi-
cally 200�500m apart from each other.

Many OHL designs are fitted with one or several
earth wires at the top of the tower. These earth wires
have two functions, firstly to protect the conductors
from a lightning strike which might cause an outage and
secondly in the event of a fault: the fault current will be
mainly contained within the conductor/earth wire loop
and returned to earth. Earth wires are often fitted with
fiber optic elements for communication purpose.

It should be noted that in many cases OHLs have
two electric circuits or more on the same tower. Each
circuit may have 1�4 conductors in a bundle for each
phase (and even more at Ultra High Voltage Lines).
These OHLs can carry many times the power of a single
circuit line with single conductors.

The design of an OHL depends on many factors in-
cluding:

� Conductor size: the size of the conductor is depen-
dent on the current to be carried. Of course, the size
of the conductor also has an impact on the weight
the towermust support—currently the standardmax-
imum conductor size used is about 800mm2.� Ground clearance: the conductor must have a safe
clearance from the ground and any buildings that
may be located underneath it i.e., there must be no
possibility of flashover from the conductors to the
ground, persons or obstacles.� Impact of weather: very strong winds may exert
considerablemechanical loadings on the conductors
and the towers; in addition, large ice loadings on
conductors can impact on the towers. Of course, the
worst loading is the potential combination of wind
and ice. The lines are designed for such loadings.� Electrostatic/charging effects: the impacts on metal
structures in the proximity of the OHL are elimi-
nated by earthing of such metallic facilities. In some
countries, national regulations may apply in addi-

Conductor — made from 
copper or aluminum

Insulation — typically cross-linked 
polyethylene (XLPE)

Screen — copper wires, aluminum 
foil or lead sheath (acting as water 
barrier when needed)

Outer covering — of PVC or PE 
(polyethylene)

tion to ICNIRP values (International Committee for
Non-Ionising Radiation Protection).� Magnetic effects: The current in the conductor pro-
duces a magnetic field, and the voltage produces
an electric field, both must be considered during
the design of the line. There are non-binding, but
recommended limit values provided by ICNIRP
1998/2010. The ICNIRP recommendation must be
considered taking into account of the costs and ben-
efits and where the time of exposure is significant.

Underground Cables (UGC)
An underground cable circuit is composed of three
power cables (three phases) and normally one com-
munication cable installed in the ground to form one
electric circuit. A typical design of a power cable is
shown in figure below.

If the power to be transmitted is beyond the capabil-
ity of one circuit, more parallel cable circuits (or more
cables per phase) must be installed. The larger the con-
ductor the more current it can carry and the thicker the
insulation the more voltage it can withstand. The ca-
bles are manufactured in highly specialized factories
and they are normally delivered in drum lengths vary-
ing from 500�1000m. In some cases, delivery cuts can
be longer (2000m and above).

Such a circuit of 10 km route length with drums of
1000m would have 10� 3 i.e., 30 drums in total. It
would require 27 joints to join the cables together and
there would be 3 terminations or sealing ends at each
end (Substation, Transition Compound or Equipment
installed on towers).

The cables are typically installed in one of the fol-
lowing arrangements:

� Directly in the ground (trench)� In ducts installed in the ground� In concrete troughs� In a tunnel
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� In a pipe or pipes drilled into the ground to pass
under some obstacle or encumbrance� On a cable tray attached to a bridge.

The design of an underground cable circuit depends on
many factors including:

� Conductor size: the size of the conductor is depen-
dent on the current to be carried and the increase
of temperature (due to the current flowing through
the cable) of the surroundings as allowed by regula-
tions. Of course, the size of the conductor also has
an impact on the weight and size of the cable drum
being delivered – currently the maximum standard
conductor size used is 2500mm2.� Soil thermal conductivity: the conductor size has
an impact on the ability of the cable to dissipate
the heat, which is created by the current flowing
through the cable when it is delivering power. In
the case of a cable installed in the ground this heat
must travel through the soil surrounding the cable.
Therefore the ground thermal conductivity and tem-
perature also have an impact on the cable sizing.� Presence and possible impact: of other services in
the soil which may conflict with the cable route ei-
ther now or in the future (e.g., other cables, heating
or cooling pipes, water supply and waste water).� Urbanization: if the cable is to be routed through
an urban area future building or road developments
may impact on the circuit.� Possibility of flooding: flooding may undermine the
installed cable circuit.� Cable pulling: the route and drum lengths and route
topography must be such that the cables can be
pulled into the selected installation arrangement i.e.,
trench, duct, tunnel, etc.� Electrostatic effects: underground cables have no
electrostatic effects initiated by the cable as the
electric field is contained inside the cable and
shielded by the screen. Electrostatic effect may
come from equipment installed above ground (ter-
minations).� Magnetic effects: the current sets up a magnetic
field which must be considered during the design of
the underground circuit. As for OHL, the ICNIRP
recommendation must be considered taking into ac-
count of the costs and benefits and where the time of
exposure is significant. It should be noted that un-
derground cables have higher magnetic fields than
overhead lines at close distance, but the fields fall
off more rapidly with distance.

Gas-Insulated Lines (GIL)
GIL are generally composed of three parallel aluminum
tubes for one three phase circuit. The aluminum tubes

are in sections (typically 12�18m long and 500mm en-
closure diameter). They are bolted together with flanges
(sealed with O-rings) or welded together on site to be
gas tight (automated welding process including 100%
weld quality control by ultra-sonic test). Inside each en-
closure pipe a smaller cylindrical aluminum conductor
pipe is supported by cast resin post insulators. The GIL
enclosure pipe is filled with a gas mixture of 20% sul-
phur hexafluoride (SF6) and 80% nitrogen at 0:8MPa
pressure to reduce the greenhouse impact from SF6.

GIL may have approximately the same transmission
capacity as an overhead line and about double the ca-
pacity of a XLPE cable system, depending on actual sit-
uations. GIL systems are mostly used to EHV voltages
(> 245 kV) up to 1000 kV. GIL installation is adapted
to pipe line laying technologies and is carried out at
local assembly and installation on site. All parts are de-
livered to the construction site and the laying follows
a continuing process. The cost efficiency for this on-site
laying process increases with the length of the transmis-
sion line to be above 1 km. For shorter length the factory
orientated laying process may be more cost effective.
This on-site laying process has been verified in many
projects world-wide and offers a reliable and safe instal-
lation of the GIL. When the outer diameter of the enclo-
sure is enlarged to about 750mm also a clean air solu-
tion of GIL can be offered using Nitrogen and Oxygen
only with a GWP (Global Warming Potential) of zero.

GIL are typically installed above ground, in tun-
nels (phases in vertical or horizontal arrangement) or
in underground galleries. Direct buried installations are
uncommon today, as it requires additional coatings for
passive corrosion protection and cathode corrosion. Ex-
periences with GIL worldwide is constantly increasing
with ever larger project sizes (10�20 km route length),
higher rated voltages (mainly 400, 500 and 1000kV)
and current ratings (3000, 4000 and 5000A). The
longest installation is the Tokai Line of Chubu Electric
in Japan with two three phase systems of 275 kV and
5000A of 3:3 km transmission route length in a tunnel.

The design of a GIL circuit depends on many spe-
cial factors including:

Outer housing
(made of aluminum)

Aluminum
conductor

Post insulators
(made of cast resin)

Indulating-gas

Particle trap
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� Presence and possible impact: of other services
which may conflict with the GIL route either now or
in the future (e.g., cables, heating or cooling pipes,
water supply and waste water).� Route considerations: the given bending radius can
be a limiting factor for a route.� Urbanization: if the line is to be routed through an
urban area, future building or road developmentmay
impact on the circuit, that’s why separate tunnels for
electric transmission lines may be the best solution.� Electromagnetic effects: GIL circuits have negligi-
ble electromagnetic effects as the electric field is
earthed through the metallic enclosure. The mag-
netic field is mostly superposed by the induced
current into the solid grounded enclosure pipe.

Advantages and Disadvantages
of Various Technologies

It is very difficult to compare the three technologies
as each circuit installation is different with respect to
location, importance of the circuit, reputational and
financial impact if there is an outage, method of instal-
lation, operational and maintenance aspects, environ-
mental impact, planning/licensing, etc. In view of this
no general conclusions can be drawn, and each instal-
lation must be treated on a case by case basis. For the
comparison of GIL and UGC see CIGRE TB 639.

In Table 10.13 we endeavor to compare the three
technologies under the listed heading.

The operational and environmental aspects are con-
sidered in Sects. 10.A.1, Operational Aspects, Environ-
mental Issues below.

Each of the above factors needs to be considered
specifically for the project being investigated taking
the potential installation methodologies into account,
which is for UGC and GIL e.g., direct burial, ducting,
horizontal directional drilling, tunnelling. Lifetime-
costs may give other factors than investment costs. They

Table 10.13 Comparison of technologies

UGC OHL GIL
Investment costs High Not so high High

There are no general rules for the comparison, as the cost of each technology will depend on how that
technology deals with the specific factors that apply on each specific project

Installation difficulty Yes No Yes
Experience Yes Yes Yes
Mature technology Yes Yes Yes, for short lengths above ground
Competitive tendering Yes Yes Yes, some cases with short length
Reliability Yes Yes Yes
Repair time Higha Low Higha

Lifetime > 40 years > 80 years > 50 years
Installation time Depending on local site conditions

and requirements
Faster than UGC or GIL Depending on local site conditions

and requirements

UGC OHL GIL
Investment costs High Not so high High

There are no general rules for the comparison, as the cost of each technology will depend on how that
technology deals with the specific factors that apply on each specific project

Installation difficulty Yes No Yes
Experience Yes Yes Yes
Mature technology Yes Yes Yes, for short lengths above ground
Competitive tendering Yes Yes Yes, some cases with short length
Reliability Yes Yes Yes
Repair time Higha Low Higha

Lifetime > 40 years > 80 years > 50 years
Installation time Depending on local site conditions

and requirements
Faster than UGC or GIL Depending on local site conditions

and requirements

a Highly dependent on the availability of spare parts and thus on maintenance policy

also depend strongly on the project and must be calcu-
lated case by case.

In order to rank the different possibilities, a scor-
ing system could be developed for each of the above
factors. Notwithstanding any scoring system experience
and mature technology will always be important in any
project as the Line owner will not wish to use unproven
technology, as that would constitute a high and unac-
ceptable risk.

Operational Aspects
In the Table 10.14 the various technologies are com-
pared from an operational point of view.

Each of the above factors needs to be considered
specifically for the project being investigated taking the
potential installation methodologies into account e.g.,
direct burial, ducting, horizontal directional drilling,
tunnelling, etc.

Due to the very different electrical parameters of
the UGC, the application of UGC introduces a series
of technical challenges that must be addressed dur-
ing planning, design and operation stages of the UGC
system. In AC networks there normally is an offset
between the current and voltage. This is due to the
different components and loads in the network. The
current will fill up the conductor to a certain degree,
but only a part of the current can be used as real
power because of this offset. The rest is reactive power.
This reactive power shall be compensated to reduce the
losses in the network and to control the voltage.

The exchange of reactive power between the UGC
and the power system is significantly higher compared
to an equivalent OHL. This reactive power must be
compensated and therefore a number of additional com-
ponents are introduced. This adds complexity to the
system both in term of operation and maintenance.

Another complication that must be addressed is the
shift in system resonance frequencies introduced by
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Table 10.14 Comparison of operational issues

UGC OHL GIL
Length limitation Yes (60�100 km depending on

voltage)
No No theoretical technical

limitation
Need for electric compensation Yes, if longer than above No No
Extreme weather effects e.g., mechanical
overloading due to ice/snow/wind

No Possible No

Can be re-energized if
temporary fault

No, as faults that occur are not
temporary

Yes Yes, auto reclosure is
possible

Experience exist of reclosure for combined OHL-UGC lines
Ease of fault finding No Yes Yes
Ease of fault repair No Yes No
High level of expertise required for repair Yes No Yes
Difficult to store repair material No No No
Limited shelf life time of repair material Yes No Yes
Outage time required after fault Long Short Long
Haul road required for access Yes, if installed in cross country No No

UGC OHL GIL
Length limitation Yes (60�100 km depending on

voltage)
No No theoretical technical

limitation
Need for electric compensation Yes, if longer than above No No
Extreme weather effects e.g., mechanical
overloading due to ice/snow/wind

No Possible No

Can be re-energized if
temporary fault

No, as faults that occur are not
temporary

Yes Yes, auto reclosure is
possible

Experience exist of reclosure for combined OHL-UGC lines
Ease of fault finding No Yes Yes
Ease of fault repair No Yes No
High level of expertise required for repair Yes No Yes
Difficult to store repair material No No No
Limited shelf life time of repair material Yes No Yes
Outage time required after fault Long Short Long
Haul road required for access Yes, if installed in cross country No No

the application of UGC. Experience from several coun-
tries shows that amplification of background harmonics
(electrical noise) occurs due to interaction between the
UGC and the power system. Furthermore, the risk of
temporary overvoltages is also increased for the same
reasons. Both diminished power quality (due to elec-
trical noise) and temporary overvoltages are serious
challenges for which mitigation methods are expensive.
A further complication is that study and design for the
mentioned issues are still comparable immature and lit-
tle practical experience exist worldwide. Hence, it can
be difficult to quantify the risk to the system when
a longer UGC is added.

The capacitive load of GIL is much lower (factor
4�5) than for solid insulated cables. Therefore, a phase
angle compensation is only needed with GIL transmis-
sion length of 100�200 km length. This is depending
on the network conditions and needs to be calculated.
In principle the GIL can be operated like an OHL
including the auto-reclosure function for short time in-
terruption without any danger to the surrounding.

Environmental Issues
In the Table 10.15 the various technologies are com-
pared from an environmental impact point-of-view.

Behavior Under Large Disturbances
The Table 10.16 compares the technologies when sub-
ject to large disturbances.

New Technologies
OHL, UGC and GIL continue to evolve with improve-
ments in the manufacturing and in the installation
equipment and technologies.

As far as the technology aspect is concerned for
OHL, the adoption of composite insulators has been
widely adopted. In addition, the use of high temper-

ature conductors and real-time rating applications has
become standard use.

For UGC there have been some developments in
polymeric materials for insulation other than the cur-
rently used XLPE, but it is not yet clear when they will
become commercially used. In addition, sensors are of-
ten embedded in UGC thus improving the use of real
time monitoring and management systems.

There is little further development in the GIL tech-
nology, except maybe the routes can become longer.
Insulating gases others than N2=SF6 gas mixtures are
under development for clean air (N2=O2).

Better Use of Existing Lines
One of the areas of interest is about the better use of
existing lines i.e., the possibility to get more power
through the existing lines as this might replace or post-
pone the need for a new development.

In the case of existing OHL it is possible to replace
existing conductors with high temperature conductors
or to use real time rating applications or to increase the
voltage. Existing AC OHL can be converted to DC, if
the design of the line allows this. A remarkable increase
of transport capacity can be achieved.

In the case of both UGC and GIL the preferred
method to increase the power capacity on existing lines
consists in the possible use of real time rating applica-
tions and the mitigation of hot spots. For buried systems
(typically for UGC) this is associated with the longer
thermal transients that may allow for cables overloads.

Conclusions
The fundamentals of UGC, OHL and GIL technologies
have been outlined in Sect. 10.A.1, Technical Basics.
It is very difficult to compare the three technologies as
each installation is different with respect to location, im-
portance of the circuit, costs, reputational and financial
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Table 10.15 Comparison of environmental issues

UGC OHL GIL
Landscape and
visual

Maybe, if going across open
landscape and need construction
access roads

Yes Limited impact, as the construction
site for GIL can be kept short
(some 100m)

Electric field
effects (voltage)

No Yes No

Magnetic field
effect (current)

Yes, limited Yes No, because of induced return
current.

Noise effects Yes during construction.
No during operation

Yes during construction.
Can be during operation at certain
weather conditions (corona)

Yes during construction.
No during operation

Restricted use of
land

If UGC going across fields, the
area over the cable may be used
for ordinary crops but not for trees.
No excavation or deep ploughing
is allowed. Restrictions depends on
local regulations

Limited to tower footing area and
possible restrictions regarding trees
and buildings under the conductors

If GIL going across fields restric-
tions similar to those for UGC are
expected—dependent on installa-
tion method

Geology and
soils

Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Water resources Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Ecology and
nature

Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Cultural re-
sources

Possible impact on archeological
important areas

Possible impact on archeological
important areas at tower areas

Possible impact on archeological
important areas

Recreation and
tourism

Limited impact Maybe some impact depending on
location

Limited impact

Air quality Possible impact during
construction

Possible impact during
construction

Possible impact during
construction

Traffic and noise Possible impact during
construction

Possible impact during
construction

Possible impact during
construction

Requirement for
dumping material
off site

Maybe, during construction Limited Maybe during construction

Acceptance by
landowners

Yes Limited acceptance Yes

Acceptance by
public

Yes Limited acceptance Yes

UGC OHL GIL
Landscape and
visual

Maybe, if going across open
landscape and need construction
access roads

Yes Limited impact, as the construction
site for GIL can be kept short
(some 100m)

Electric field
effects (voltage)

No Yes No

Magnetic field
effect (current)

Yes, limited Yes No, because of induced return
current.

Noise effects Yes during construction.
No during operation

Yes during construction.
Can be during operation at certain
weather conditions (corona)

Yes during construction.
No during operation

Restricted use of
land

If UGC going across fields, the
area over the cable may be used
for ordinary crops but not for trees.
No excavation or deep ploughing
is allowed. Restrictions depends on
local regulations

Limited to tower footing area and
possible restrictions regarding trees
and buildings under the conductors

If GIL going across fields restric-
tions similar to those for UGC are
expected—dependent on installa-
tion method

Geology and
soils

Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Water resources Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Ecology and
nature

Possible impact during
construction

Possible limited impact at tower
areas

Possible impact during
construction

Cultural re-
sources

Possible impact on archeological
important areas

Possible impact on archeological
important areas at tower areas

Possible impact on archeological
important areas

Recreation and
tourism

Limited impact Maybe some impact depending on
location

Limited impact

Air quality Possible impact during
construction

Possible impact during
construction

Possible impact during
construction

Traffic and noise Possible impact during
construction

Possible impact during
construction

Possible impact during
construction

Requirement for
dumping material
off site

Maybe, during construction Limited Maybe during construction

Acceptance by
landowners

Yes Limited acceptance Yes

Acceptance by
public

Yes Limited acceptance Yes

Table 10.16 Comparison of behavior under large disturbances

Heading UGC OHL GIL
Earthquake Major damage can occur, but

flexible mitigation methods can
limit damage

Limited damage to structures can
occur

Major damage can occur, but
flexible designs important

Tsunami Damage to exposed ends only Major damage Damage to exposed ends only
Storms, hurri-
canes, tornadoes,
typhoons etc.

Minimum damage, only to
exposed ends

Extensive damage to lines, if not
designed for such events. Falling and
blown down trees will be an issue

Minimum damage, only to
exposed ends

Flood No damage except in wash-out
areas. De-energise circuit for
safety reasons

Structures can be taken out in wash-
out areas, but otherwise minimum
damage

No damage except in wash-out
areas. De-energise circuit for
safety reasons

Wild fire and bush-
fire

Minimum damage to cable route,
damage to exposed ends. Burial
depth important

Extensive damage during heavy fires Minimum damage to cable route,
damage to exposed ends. Burial
depth important

Landslide Scouring damage only.
Otherwise no damage

Damage to concerned structures Scouring damage only.
Otherwise no damage

Heading UGC OHL GIL
Earthquake Major damage can occur, but

flexible mitigation methods can
limit damage

Limited damage to structures can
occur

Major damage can occur, but
flexible designs important

Tsunami Damage to exposed ends only Major damage Damage to exposed ends only
Storms, hurri-
canes, tornadoes,
typhoons etc.

Minimum damage, only to
exposed ends

Extensive damage to lines, if not
designed for such events. Falling and
blown down trees will be an issue

Minimum damage, only to
exposed ends

Flood No damage except in wash-out
areas. De-energise circuit for
safety reasons

Structures can be taken out in wash-
out areas, but otherwise minimum
damage

No damage except in wash-out
areas. De-energise circuit for
safety reasons

Wild fire and bush-
fire

Minimum damage to cable route,
damage to exposed ends. Burial
depth important

Extensive damage during heavy fires Minimum damage to cable route,
damage to exposed ends. Burial
depth important

Landslide Scouring damage only.
Otherwise no damage

Damage to concerned structures Scouring damage only.
Otherwise no damage
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impact if there is an outage,method of installation, oper-
ational and maintenance aspects, environmental impact,
planning/licensing, lifetime, etc. In view of this no gen-
eral conclusions can be drawn and each installationmust
be treated on a case by case basis using the headings
outlined in Sects. 10.A.1, Overhead Lines (OHL), Un-
derground Cables (UGC), Gas Insulated Lines (GIL).

In order to rank the different development possibili-
ties a scoring system could be used for each of the head-
ings. Notwithstanding any scoring system, some head-
ingswill always be important in anyproject as theProject
Engineer will not wish to propose an installation that
would be unacceptable to the planners or to proceedwith
a development that may appear too costly or where the
technology is not suitable for the proposed end-use.

Literature
CIGRE published lot of documents and Technical
Brochures (TB) that can help to further understand the
technologies available for power transmission. Most
relevant are:

� TB 194: Construction, laying and installation tech-
niques for extruded and SCFF cable systems� TB 218: Gas insulated transmission lines (GIL)

� TB 250: Technical and Environmental issues re-
garding the integration of a new HV underground
cable system in the network� TB 351: Application of long high capacity gas-
insulated lines in structures� TB 498: Guide for application of direct real-time
monitoring systems� TB 583: Guide to the conversion of existing AC
lines to DC operation� TB 601: Guide for thermal rating calculations of
overhead lines� TB 606: Upgrading and uprating of existing cable
systems� TB 639: Factors for investment decision GIL vs ca-
bles for AC transmission� TB 680: Implementation of long AC HV and EHV
cable systems� TB 695: Experience with the mechanical perfor-
mance of non-conventional conductors� TB 748: Environmental issues of high voltage trans-
mission lines in urban and rural areas� TB 756: Thermal monitoring of cable circuits and
grid operator’s use of dynamic rating systems� CIGRE Green Book Overhead Lines� CIGRE Green Book Substations.

10.B Further Reading

� CIGRE Green Book: Accessories, expected end of
2020 (Springer, Cham 2020)� IEC Standards: http://webstore.iec.ch/� Proceedings of Jicable Conferences: http://www.
jicable.org� Annual Reports of SC B1, April issue of Electra,
each year since 2012� Proceedings of CIGRE Sessions including Special
Reports and General Reports of the Sessions� IEEE/PES/ICC Minutes: https://www.pesicc.org/
iccWebSite/� R.B. Abernethy: The New Weibull Handbook, 5th
edition (2006)� K.C. Agrawal: Industrial Power Engineering and
Applications Handbook (Newnes, Boston 2001)� G.J. Anders: Rating of Electric Power Cables
(IEEE/McGraw-Hill 1997)� R. Bartnikas, K.D. Srivastiva (Eds): Power and
Communication Cables (IEEE, New York 2000)� DNV-RP-J301: Subsea Power Cables in Shallow
Water (Det Norske Veritas AS, Bærum 2014)� O. Gilbertson: Electric Cables for Power and Signal
Transmission (Wiley, New York 2000)� L. Heinhold (Ed.): Power Cables and Their Appli-
cations (Siemens AG, Erlangen 1990)

� IEEE Standard 1120: IEEE Guide for the Planning,
Design, Installation and Repair of Submarine Power
Cable Systems (2004, reaffirmed 2010)� D. McAllister: Electric Cables Handbook (Granada
Technical Books, St. Albany 1982)� G.F. Moore: Electric Cables Handbook, 3rd edn,
BICC Cables (Blackwell Science, Oxford 1998)� Offshore Transmission Technology, European Net-
work of Transmission System Operators for Elec-
tricity, 24.11.2011, prepared by the regional group
North Sea for NSCOGI (North Seas Countries’ Off-
shore Grid Initiative)� T. Tanaka, A. Greenwood: Advanced Power Cable
Technology, Vols I, II (CRC, Boca Raton 1983)� CIGRE TB 370 Integration of Large Scale Wind
Generation Using HVDC and Power Electronics� T. Worzyk: Submarine Power Cables (Springer,
Berlin, Heidelberg 2009)� D. Kunze: Untersuchungen an Grenzflächen
zwischen Polymerwerkstoffen unter elektrischer
Hochfeldbeanspruchung in der Garniturentechnik
VPE-isolierter Hochspannungskabel, Dissertation
(Shaker, Aachen 2000)

http://webstore.iec.ch/
http://www.jicable.org
http://www.jicable.org
https://www.pesicc.org/iccWebSite/
https://www.pesicc.org/iccWebSite/
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10.C CIGRE Technical Brochures to be Published

The following Technical Brochures with be published
by CIGRE in the near future (note that when a Technical
Brochure is published, it is announced at e-cigre.org/):

� B1.38: After Laying Tests on AC and DC Cable Sys-
tems with New Technologies� B1.54: Behavior of Cable Systems Under Large
Disturbances� B1.56/B1.72:Cable Ratings Verifications� B1.57: Update of Service Experience of HV Under-
ground and Submarine Cable Systems� B1.58: Asset Management in MV Cable Networks� B1.60:Maintenance of HV Cable Systems� B1.61: Installation of HV Cable Systems� B1.62: Recommendations for Testing DC Extruded
Cable Systems for Power Transmission at a Rated
Voltage Up to and Including 800 kV

� B1.63: Additional Recommendations for Mechani-
cal Testing of Submarine Cables for Dynamic Ap-
plications� B1.64: Evaluation of Losses in Armoured Three
Core Power Cables� B1.66: Recommendations for Testing DC Lapped
Cable Systems for Power Transmission at a Rated
Voltage Up to and Including 800 kV� B4/B1/C4.73: Surge and Extended Overvoltage
Testing of HVDC Cable Systems� C4/B4/38: Network Modelling for Harmonic Stud-
ies� D1.54: Basic Principles and Practical Methods to
Measure, to Establish Recommendations for Mea-
surement of AC and DC Resistance of Conductors
of Power Cables and Overhead Lines
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11. Substations

Terry Krieg

This chapter presents an overview of aspects of
engineering associated with high-voltage sub-
stations, providing the reader with information
on the use and application of substations, a de-
scription of the various primary, secondary and
auxiliary components, and the planning and de-
sign of substations through to construction and
commissioning. Substations are long-lived assets,
and the chapter provides information on the man-
agement of substations throughout their life cycle.
Information on future trends for substations is also
included. Parts of this chapter refer to sections of
the Springer Substations Greenbook published in
2018 [11.1].
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Substations such as the one shown in Fig. 11.1 from
Australia are important parts of the overall power sys-
tem that includes the generation, transmission and,
finally, the distribution of energy to end consumers.
Since the first power stations and networks were es-
tablished across the globe in the 1800s, the sources
of generation have changed, the functionality and per-
formance demands of the system have evolved, and
customer expectations for reliability have increased,
but the important role of substations within the overall
power system remains.

Fig. 11.1 City West Substation, Adelaide, South Australia
(Courtesy Electranet)

11.1 Overview and History

When substations were first installed, they were consid-
ered to be directly associated with a single generating
station; hence the name substation was used, and the
name remains to this day.

The first power generators in the 1870s and 1880s
were direct current (DC) systems; transmission of elec-
tricity over long distances was therefore not feasible,
and generation was generally placed within a short dis-
tance of the load. In the 1880s, the first alternating
current (AC) transmission was installed, and the era
of the substation began. Technical development rapidly
followed.

In 1884, a single-phase 2000V, 130Hz AC line,
34 km long, was built for the International Exhibition
of that year in Turin, Italy.

The first three-phase generator and motor is be-
lieved to have been built by Mikhail Dolivo-Dobrovol-
sky in Germany in 1888 [11.2].

The first three-phase AC line was installed in 1891
for the Frankfurt Electro-Technical Exhibition, a 15 kV,
175 km line between Lauffen am Neckar and Frankfurt
am Main (Fig. 11.2).

This 40Hz system is widely considered to be the
world’s first demonstration of long-distance three-phase
AC power, finally proving superiority over Edison’s
DC and Tesla’s two-phase AC systems. Siemens and
General Electric began work on three-phase generators
the same year as the Frankfurt Exhibition, and General
Electric built its first hydroelectric power station in Red-
lands, California in 1893.

The first large-scale hydroelectric generators were
installed in the United States in 1895 at Niagara Falls
by Nikola Tesla and George Westinghouse [11.3], pro-

viding electricity to Buffalo, New York via transmission
lines and substations built by General Electric. The de-
velopment and evolution of substations has continued
to this day.

11.1.1 Function and Purpose of a Substation

The overall function of a substation within a network
is to transform voltages from one level to another and
also to provide switching functions, providing a con-
nection between the sources of energy and the ultimate
consumer, at the same time providing protection and
security for the grid and its components. In a power
network (Fig. 11.3), substations can be considered as
nodes, enabling connection between transmission and
distribution lines and the safe connection and discon-
nection of lines, generators and loads to and from one
another.

Fig. 11.2 The Lauffen powerhouse and dam (Courtesy His-
torisches Museum, Frankfurt)
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Fig. 11.3 Generalized power system

In the modern network, substations play a key role
in ensuring network stability and safety by providing
sensing and switching functions to detect line faults,
and then rapidly isolating these faults to maintain over-
all network stability, so that for any fault, the actual
faulted section (usually the line) is switched out of the
network, isolating the faulted section and limiting the
impact on the overall grid.

With the rapid expansion of renewable energy
sources within the power network, the functions of parts
of the network are changing. Where previously energy
was supplied from centralized power stations remote
from load centers, the increase in renewable, intermit-
tent and dispersed generation means that energy may be
produced at any point and in any voltage level within
a network. The direction of energy flow in any line may
also be different from the top-down (large centralized
generators to loads) flows for which the network was
originally designed. In the future, power networks will
be more dynamic, responding to active and more intel-
ligent loads and smart devices and the changing nature
of generation and customer demands.

11.1.2 Substation Types

The different types of substations in the power network
are generally categorized as:

� Substations attached to power stations� Interconnection substations providing switching
functions� Step-down substations� Distribution substations� Converter substations linking DC transmission lines
with AC loads.

Each of these substation types may exist in different
combinations, and any substation may perform more
than one of these functions. For example, a switching
station may include a distribution substation function
providing local supply for auxiliaries inside the main
station or to nearby customer loads. A step-down sub-

Fig. 11.4 1200 kV Bina National Test Substation, Madhya
Pradesh, India (Photo: Krieg)

station may incorporate an interim transformation of
voltage level, connecting adjacent parts of networks and
lines, or the substation may connect to the distribu-
tion system providing a final link to the end consumer.
However, each of these substation types has a range of
common components.

11.1.3 Transmission or Distribution
Substations

The topic of substations covers a wide range of forms,
technologies and voltage levels. Much of the focus in
general substation engineering and also in this chap-
ter is on transmission substations with voltage levels
typically from 60 up to 1200 kV (Fig. 11.4). Distribu-
tion substations are typically designed for the voltage
range of 1–60 kV and connect to lines that feed cus-
tomers directly or to transformers that convert to volt-
age levels used in industrial and residential premises,
usually 110–600V. A transmission substation can be
described as providing interconnection between gener-
ation sources, while a distribution substation connects
the consumer to the power network. Fig. 11.5 shows
the different parts of a typical power network including
both transmission and distribution.
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Fig. 11.5 Single-line diagram illustrating major components of the power system

Fig. 11.6 Typical ground-level suburban 6.6 kV, 100 kV
distribution substation in Nagoya, Japan (Courtesy Chubu
Electric)

Typically, a distribution substation is physically
smaller than a transmission substation (an example is
shown in Fig. 11.6), although comprising many of the
same basic primary and secondary components.

Distribution substationsmay also be constructed us-
ing pole-mounted equipment such as the example in
Fig. 11.7 from Japan.

Fig. 11.7 Pole-mounted 6.6 kV substation in Nagoya,
Japan, comprising switches, surge arrestors, and 50 kVA
and 75 kVA transformers (Courtesy Chubu Electric)
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11.1.4 Substation Components

The components of a transmission or a distribution sub-
station include primary equipment such as circuit break-
ers and switches, busbars, conductors and connections,
transformers andmeasuring deviceswith associated sec-
ondary protection, control, metering, monitoring and

auxiliary systems. All of these components must work
together in a safe and effectiveway tomeet the objectives
of asset owners and the needs of the overall grid. An im-
portant aspect of the substation is the civil engineering
associatedwith its design, the impact of the substation on
the environment and local community, and the impact of
the environment on the substation itself.

11.2 Planning

Substations are important parts of the overall power net-
work and a significant investment for network owners
and operators. The need for new or modified substations
is usually identified as part of the long-term planning of
the power grid. The substation needs to meet the present
needs of the grid and, as far as can be determined, the
future requirements of the grid, providing sufficient al-
lowance for future expansion.

11.2.1 Network Planning

Power networks are designed to transport energy from
the sources of generation to loads. The aim is to achieve
this transfer of energy safely and efficiently, minimiz-
ing losses and with the design of the network providing
adequate consideration of redundancy in the event of
failures. The power network (a small network model is
shown as an example in Fig. 11.8) comprises power sta-
tions, substations, transmission and distribution lines,
and cables. Substations typically consist of transform-
ers and reactors, capacitors, switching devices, and
associated control and protection equipment.

Networks are inherently interconnected on a re-
gional, state, national or international basis. Long-
distance transmission allows for generation that may in-
clude renewable intermittent sources such as wind and
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Fig. 11.8 Example of a small network model showing load flows

solar, enabling connection to load centers that might be
some distance from the generator.

Historically, long-distance transmission was
achieved using three-phase AC systems (50 or 60Hz),
but with the development of power electronics, high-
voltageDC (HVDC) lines and networks are increasingly
part of the transmission system, enabling asynchronous
interconnection and large energy transfer between
different parts of the transmission system.

Network planning is required to ensure that net-
works are able to provide a reliable energy supply
to meet all customer load requirements, and planning
therefore includes a number of interrelated functions:

� Generation planning, which includes load and ca-
pacity forecasting and capacity resource planning� Transmission planning to ensure that supply loads
can be achieved from the most economical sources
of generation, allowing flexible operation of gener-
ation and overall system reliability and stability� Distribution system planning including load fore-
casting, achieving reliability for customer loads and
the required connection capacity.

Network (or system) planning is a coordinated process
that uses historical data to predict and plan for fu-
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ture requirements. Network planners face considerable
challenges in the planning and development of modern
power networks due to rapid load growth and chang-
ing demand characteristics, changes in the economic
and regulatory environments in many countries, climate
change, the availability of new technologies and chang-
ing customer expectations.

The common stages in network planning for a typi-
cal transmission utility are shown in Fig. 11.9.

Substation planning cannot be done in isolation
from the requirements of the grid; it is essentially
a derivative and an outcome of the overall network plan-
ning functions. System studies are carried out regularly
by network planners to ensure that the network is capa-
ble of satisfactorily fulfilling the above functions, and
these studies will indicate when the network needs to
be augmented and whether this augmentation requires
the construction of a new substation, a capacity increase
or the extension of existing ones. Planning may also
indicate that a substation needs to be adapted to meet
changing requirements, downgraded or bypassed, and
this may also be a driver for substation modification
such as removing feeders or line exits, reducing site
size or decommissioning of a substation. Once the need
for a new substation, capacity increase, or modification
or extension of an existing substation has been estab-
lished and the range of requirements and key attributes
are determined, then the more detailed planning of the
substation can commence.

Typical broad requirements for substation planning
may include:

� General physical location within the network� Required maximum capacity (the loading) for both
the present and future� The fault clearance time required to maintain net-
work stability

� Fault current levels at the proposed point of connec-
tion� The type and characteristics of the earthing system
to be employed to suit the proposed section of the
network� Number and type of lines or cables to be connected� Primary circuit availability, redundancy and secu-
rity requirements that will affect the choice of sub-
station bus configuration� General control and protection requirements such as
the method of control and the degree of automation,
whether manned or unmanned, and the degree of
secondary system redundancy required� Type and availability of communications� General requirements such as the type of site (urban
or rural), local requirements such as aesthetics and
environmental controls required� Design life required (50 years is typical, but shorter
design times are also feasible for specific applica-
tions).

Some of these factors will be governed by overall net-
work planning criteria, local standards and regulatory
requirements; in other cases, consideration of all factors
will be required.

11.2.2 Site Selection

One of the first decisions in the detailed planning of
a new substation will be the physical site location.
Broadly speaking, the location will be influenced by
the planning carried out at the network level and the
presence or absence of existing generation, transmis-
sion or distribution infrastructure. A switching station,
for example, may be built at a site where multiple lines
intersect. A generator substation will obviously be lo-
cated near or adjacent to the actual generator, although
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there may be situations where a site is chosen so that
the substation is located away from sources of pollu-
tion such as dust or sea spray that might be adjacent
to a power station and detrimental to future substation
performance.

Site selection is important and needs to balance fu-
ture risks and substation objectives to determine a suit-
able site location in the required general area defined in
planning.

The substation site should be in a protected location
to minimize hazards and risks, and should be capable
of providing a stable surface for the construction of
a substation to meet the requirements detailed below,
including during and after the specified disaster inci-
dents.

The location of the substation site should not ex-
pose the future substation or workers to hazards (worker
safety). In particular, the following locations should be
avoided:

� Sites located close to the outside of a bend in
a road—risk of vehicle impact� Sites located close to the ocean, forests, agricultural
fields or heavy industries, where there may be a risk
of salt spray, fire or windblown debris and contami-
nation from pollutants� Sites located close to hazardous industries such as
petrol service stations or chemical plants, due to the
risk of explosion, fire and contamination from pol-
lutants.

In addition to worker safety needs, the chosen site
should not expose the substation infrastructure to
high levels of risk during service life. The follow-
ing locations should be avoided in order to minimize
risk:

� Sites located close to waterways, dams or
wells—risk of pollution of drinking water sources
from the substation in the event of a spill� Sites located in close proximity to underground
services and to residential and commercial build-
ings—risk of transferred potential electrocuting hu-
mans or animals� Sites located close to schools, parks or play-
grounds—sensitive areas, risk to children and from
vandalism and unauthorized entry� Sites close to heavily populated areas—prudent
avoidance of electromagnetic field (EMF) exposure
or noise complaints� Sites located downwind of any heavy industry with
airborne pollution that could be hazardous to per-
sonnel and potentially impact on the design life of
the substation

Some of the other factors that may be considered in
choosing a suitable site include the following:

� Sufficient area for present and future needs
The substation site should be of sufficient size to
accommodate the complete substation, including
the substation itself, access routes for high-voltage
and medium-voltage feeders, access routes for vari-
ous services, and areas for driveway access, vehicle
parking and landscaping, including a suitable buffer
zone on the sides and rear of the substation.� Avoidance of adverse environmental conditions
The performance of the substation should not be un-
favorably affected by the substation site condition
during adverse environmental conditions (including
defined disasters) specified for the substation. This
includes secondary effects such as soil erosion and
scouring during severe ice, snow, rain and flooding,
and increased earth resistance during droughts. In
addition, the site should not be located such that the
substation may have an adverse impact on sensitive
environmental zones.� Adequate access during construction and future op-
erations and maintenance
Site access should enable access by staff, equipment
and vehicles required for construction, operations
and maintenance and plant replacement during sub-
station design life. This access requirement should
cover all aspects of the substation’s operation, in-
cluding for personnel and light and heavy vehicles.
The access should be available in all weather con-
ditions. Access roads, feeder routes and services
access through private property must be covered by
a suitable registered easement.� Allowance for vehicular traffic
The selected site should avoid potential adverse ef-
fects from road traffic. It should not be located on
the outside bend of a heavily trafficked or high-
speed road. The site should have at least one suitable
vehicle access point from a public road. This ac-
cess point should provide safe vehicle exit and entry
to the public road. Access points on blind curves,
close to the crest of hills and other locations with
restricted vision or acceleration areas should be
avoided. The access point should be suitable for de-
velopment as a roadway for vehicles, including low
loaders and cranes (to enable heavy plant such as
power transformers to be transported to and from
the substation). Relevant local government or road
authority approval should be obtained for access if
necessary.� Provision for vehicles
The site should be provided with adequate parking
for maintenance vehicles immediately adjacent to
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the substation building and outside the substation
security enclosure. Sites with limited load-bearing
capacity soils should be fitted with concrete pads
for crane-stabilizing legs adjacent to the two power
transformer locations.� Landscaping
The substation construction program should include
landscaping the site. This should be arranged in
agreement with the local authorities and may in-
volve community consultation. Landscaping should
incorporate aesthetic and security aspects. In some
cases, land may be set aside for planting of flora
or positioning of an architecturally designed substa-
tion building to limit the view and noise of outdoor
high-voltage (HV) plant. On completion of the sub-
station, the design and finish of the site should meet
local council and community expectations with re-
spect to aesthetics.� Avoidance of the risk of flooding
A typical requirement is that the substation site be
located at least 300mm above the 100-year flood
line and above the local tidal surge and tsunamis
levels.� Avoidance of nearby cliffs
The site should be located away from cliffs and
steep rocky slopes so that the risk of damage from
slides, avalanche and, potentially, vandalism are re-
duced to an acceptable level.� Rock layers
Any site rock layers should be assessed to allow for
the installation of standard foundations, stormwater
drains, earthing, cables and other underground sub-
station components.� Site security
consideration of nearby residential or industrial
zone to reduce the risk of vandalism or unwanted
intrusion.

In practice, no potential site is perfect, and a compro-
mise is often required in the choice of the ideal location
for a new substation.

11.2.3 Primary Equipment Layout

Many design decisions for substations are influenced or
dictated by local standards, historical design approaches
and past local practices [11.4]. There is good reason
for conservatism in the design of layouts as operations
and maintenance staff and designers become familiar
with particular types of substation configurations. Any
change to an alternative arrangement needs to be consid-
ered carefully, including consideration of the impact on
operations and maintenance staff and contractors.

The basic objective of the primary plant layout is to
facilitate the operational requirements of the substation
within the overall electrical network. The key switch-
ing functions within the substation are carried out using
circuit breakers, and in the past the types of technology
used meant that frequent routine, preventive and cor-
rective maintenance was required. Oil-filled breakers,
air-blast breakers and the different types of operating
mechanisms required regular and sometimes frequent
maintenance. This maintenance requirement remains
a key element of substation layout design.

Disconnectors were required to facilitate the safe
performance of maintenance activities, allowing circuit
breakers to be isolated from the network for main-
tenance. This requirement for disconnectors has had
a strong influence on the design of historical substation
layouts and many standard layouts include a prolif-
eration of unnecessary disconnectors. Circuit breaker
design has evolved so that maintenance requirements
are significantly less than that required historically, but
the standard layout adopted has remained unchanged
in many utilities. In many utilities, disconnector main-
tenance is now the dominant driver of substation main-
tenance programs.

Substations are nodes or hubs for interconnections
between regions, countries, etc., in the network, and
also transform power between networks of different
voltages and at infeed (generation) and load points of
the network. The network characteristics together with
a particular substation type lead to consideration of
a range of different primary equipment layouts.

Primary equipment layouts are also called circuit ar-
rangements, switching arrangements, circuit configura-
tions, busbar schemes, busbar switching arrangements
or busbar configurations, among others. The substation
single-line diagram (SLD) provides an overview of the
substation circuit arrangement and generally shows all
switching and non-switching high-voltage equipment.
It is the basic document required to begin the design of
the remainder of a high-voltage substation.

The primary equipment layout defines the relative
arrangement of required busbars and busbar sections,
circuit breakers, disconnector/earthing switches, power
transformers, instruments transformers and surge ar-
resters. The choices made at this early stage of the
design process have a major influence on the final
operability, maintainability, flexibility of switching ar-
rangements and other factors related to the primary
functions of the substation. The equipment layout influ-
ences the design of the secondary and auxiliary systems
for control and protection, and ultimately the reliability
and availability and the whole-of-life cost of managing
the substation.
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The main broad requirements to be considered
when choosing a primary equipment layout are as fol-
lows:

� Security and redundancy
The capability of a power system at a given moment
in time to perform its supply function in the case of
a fault [11.5]� Maintainability
The ability of an item under given conditions of use
to be retained in, or restored to, a state in which
it can perform a required function when main-
tenance is performed under given conditions and
using stated procedures and resources [11.6]� Flexibility
The ability for the substation to be reconfigured to
meet operational requirements during credible con-
tingency events.

Choosing an optimal layout for a particular substation
situation requires consideration and comparative anal-
ysis of a range of factors specific to the application
of the circuit breaker, its function within the network
and local standards, and there are various multi-criteria
analysis methods available to compare different options
for a particular project. CIGRE Technical Brochure
585 [11.4] provides a simple method for comparing
different layout options based on overall design require-
ments and preferences.

Apart from those mentioned previously, some addi-
tional considerations that might affect the final choice
of layout for a particular substation may include:

� Extendibility of the layout for future needs� Consideration of credible contingency events� Existing operational familiarity with a particular
layout used historically� Physical arrangement, direction and location of in-
coming or outgoing lines or feeders� The number of busbars and busbar sections required� Physical location of busbars to avoid a single fault
affecting two or more busbar sections� Maintenance capability and equipment� Environmental and aesthetic requirements.

Options for the layout of the substation can be analyzed
and various factors considered depending on the applica-
tion and location in the network of the substation. For ex-
ample, substations designed for direct power station con-
nectionmay have different layouts and arrangements be-
causeof thedifferent emphasis (and analysisweightings)
on the key criteria of security and redundancy,maintain-
ability and operational flexibility when compared with

other substation applications such as in switching sta-
tions or step-down applications. CIGRE TB 585 [11.4]
provides a method for conducting this analysis.

11.2.4 Service Security, Redundancy
and Reliability

One of the key drivers in the design of the primary
substation layout is the requirement for network se-
curity and redundancy, and some explanation is given
here. For the substation to achieve its functional objec-
tives, it must be capable of effective operation following
different credible contingency events, such as failure
of a single or multiple network or substation compo-
nents. This concept of substation design is referred to
as service security and redundancy. Service security is
defined as the analysis of the substation’s configuration
in terms of availability of supply to the network after in-
ternal (busbar side of circuit breaker) and external faults
(line side of circuit breaker), assuming otherwise nor-
mal system configuration.

The service security or redundancy is commonly
characterized by the terminology N-1 criteria and N-
2 criteria (some jurisdictions use the terminology N+1
and N+2), defined as:

� N-1 security means that the security of supply to
all connected customers is maintained in the event
of failure of a single primary network element or
associated secondary system.� N-2 security means that the security of supply to
all connected customers is maintained in the event
of the failure of two primary network elements or
associated secondary systems in the same event.

While these terms ultimately apply to overall network
security, they can also be applied to the consideration
of options and the arrangements of components within
the substation.

Another key aspect of substation design is its inher-
ent reliability. The functions of the substation are de-
fined by the circuit arrangement comprising the various
components including circuit breakers, disconnectors,
busbars, transformers, and related control and protec-
tion systems. The failure rate and the typical repair
rate of individual devices or the mean time between
failure (MTBF) can be summated mathematically to de-
termine an expected outage time per year for the overall
substation by considering the interrelationships of the
individual components in the substation. This enables
a statistical approach and probabilistic calculations of
overall substation reliability for comparison of various
primary substation layouts.



Section
11.2

876 11 Substations

Reliability analysis studies of the proposed substa-
tion layout can be undertaken using failure mode and
effects analysis (FMEA) techniques.

Various references [11.7] are available to provide
expected failure rates of different circuit arrangements
and voltage levels. These values can be used to math-
ematically analyze the overall substation design relia-
bility, including consideration of the reliability of mod-
ern high-voltage devices and switchgear components.
In addition, maintenance strategies and philosophies
should be taken into account, as these practices will
influence the MTBF value of components and the re-
liability of the final substation design.

Earth fault 
throw switch

Fig. 11.10 Typical no-busbar substation layouts

a) b) c)

Fig. 11.11a–c Single-busbar variations. (a) No bus section, (b) bus section disconnector, (c) with bus section circuit
breaker

11.2.5 Typical Substation Layouts

Utilities and regions often use a range of different pri-
mary layouts, and these layouts are often adopted as
standard practice within that utility or region. Some of
the more common layout options are listed in the fol-
lowing sections.

No Busbar
The most basic substation layout includes no high-
voltage busbar at all. This type of layout may be
considered for remote or end-of-line substations feed-
ing a single consumer such as a mine site. If no
circuit breaker is fitted, then high-speed communica-
tions may be required to trip the remote circuit breaker
at the feeder substation in the event of a substation or
transformer fault. Alternatively, an earth fault throwing
switch may be used to deliberately apply a single-phase
earth fault to the incoming line in the event of a trans-
former or other substation fault that requires the remote
end to be tripped.

A no-busbar layout (Fig. 11.10) may be used as an
interim substation development step, with a bus to be
added at a later date as load grows or the security of sup-
ply becomes more important. In that case, space should
be allocated in the yard layout to allow future expansion
to add a circuit breaker or a single bus. This is an impor-
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Bus
coupler

Fig. 11.12 Double-busbar layout

tant consideration to allow a low-cost initial design with
allowance for future needs. It may be extremely difficult
to add additional components if insufficient space is al-
located at the initial design and layout stage.

Single Busbar
Apart from the direct connection of the transformer to
a line as described in the preceding section, the single-
busbar layout is perhaps the simplest of substation
layouts that can be selected. This is also called an H-
configuration. There are a range of possible variations
(some examples are shown in Fig. 11.11) depending on
the level of security and flexibility that is required and
the number of incoming and outgoing feeders or lines.

The single-busbar layout is generally the lowest-
cost and easiest design option, providing a simple
layout for operations. However, a fault on the busbar
will generally cause loss of the entire substation un-
less a section circuit breaker is fitted. Maintenance of
busbar disconnectors will typically require a complete
substation outage (Fig. 11.11a,b). Using a single, sec-

tionalized bus (Fig. 11.11c) offers benefits in terms of
security and flexibility, enabling load to be transferred
from one transformer to the other for maintenance.

Double Busbar
In the double-busbar arrangement, lines and transform-
ers may be connected to one of two busbars. This ar-
rangement is often used in higher-security applications
in well-interconnected networks, allowing for addi-
tional switching flexibility. The coupler circuit breaker
provides the ability to join (or split) the two busbars,
enabling a faulted line or a component being main-
tained to be isolated from the network. Circuits (lines
or transformers) can be switched to either bus without
interruption of supply.

In the double-busbar arrangement (Fig. 11.12), if
the bus coupler is not closed, a single bus fault will most
likely cause loss of the connected feeders but not the en-
tire substation as in the single-bus layout. Feeders can
be quickly switched to the healthy bus to restore the
connection.
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Fig. 11.13 Double-busbar layout with
transfer bus

A variant of the double-busbar arrangement pro-
vides a third transfer bus to enable circuits to be
temporarily connected to a bus so that circuits can re-
main in service during maintenance or repair of the line
circuit breaker (Fig. 11.13).

Triple Busbar
In a triple-busbar layout (Fig. 11.14), the connected
lines and transformers can be switched to one or more
of three busbars using disconnectors. This is used in
some situations where reliability, security and flexibil-
ity are very important.

Breaker-and-a-Half
A breaker-and-a-half layout (or 1.5 breakers) is based
on a double-busbar layout but is arranged so that two
circuits (lines, transformer connections or generation
source) share three circuit breakers (Fig. 11.15). This
means that three circuit breakers connected between the
two busbars (called a diameter) connect to two circuits

(line, transformer, generator). This provides a very flex-
ible substation layout that is often used where there are
a number of incoming lines and where the network re-
quires a high degree of interconnectivity. This layout
allows a single circuit breaker to be isolated for mainte-
nance without affecting customer loads or transmission
lines.

The normal state for this layout is for all circuit
breakers and disconnectors to be closed at all times. The
connection of various lines and transformers often de-
pends on the physical layout of the site and the spatial
position of the incoming lines in relation to the substa-
tion site.

The advantage of this layout is that a busbar fault
in the substation will have only limited impact on re-
liability and may not cause loss of connection of any
lines or transformers. A single line fault trips two circuit
breakers in the diameter, but the other circuit remains
connected via the remaining circuit breaker. If only two
diameters are initially installed, the layout is similar to
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Fig. 11.14 Triple-busbar layout

the ring layout (see later section). If the initial develop-
ment is only a small number of lines, the substationmay
be laid out geographically to suit a breaker-and-a-half,
with some circuit breakers missing from the layout, to
be added at a later date as new circuits are added in fu-
ture years.

One of the disadvantages of the breaker-and-a-half
layout cited by some designers is the added secondary
circuit and protection complexity. Also, there are some
protection considerations required to address possible
protection dead zoneswithin parts of the primary layout
due to the relative position of current transformers (CT)
and overlapping of CT summation zones.

Two-Circuit-Breaker Layout
Using two circuit breakers per circuit between bus-
bars offers additional flexibility but with the disadvan-
tage that additional primary components are required,
adding to substation cost (Fig. 11.16).

Ring and Mesh Layouts
A Ring or mesh bus substation layout is a single-busbar
station with a closed loop formed by each connected
circuit breaker (Fig. 11.17). Circuits (lines or transform-
ers) are connected between any two circuit breakers.
The number of circuit breakers fitted equals the number
of circuits (lines or transformers), and all circuit break-

ers must be rated for the combined load current of each
circuit with allowance for busbar current.

The ring or mesh bus layout may be used as a first
step in the development of a breaker-and-a-half sub-
station, and this may dictate the physical layout of the
primary plant.

The preceding section does not cover all possible
layout options for any particular project. There aremany
combinations of the basic and most common layouts
that are represented here. The choice of layout for a new
substation depends on the preferences of the utility and
local standards and also the degree of weighting that the
utility owner places on the criteria of security, redun-
dancy, maintainability and flexibility for the substation
application. The choice of layout will also be influenced
by budget and future plans for the substation project.

Choosing the Right Substation Layout
Choosing the right substation layout for a new project is
not a precise science. In some cases, the layout will be
preselected based on regional standards or regulatory
requirements. Where the layout is not predetermined,
various methods of multi-criteria analysis can be used
to compare the relative advantages and disadvantages of
each proposed layout. The final decision will be based
on the intended application of the substation (i.e., gen-
erator substation, interconnection, step-down, etc.), the
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Fig. 11.15 Three-diameter, breaker-and-a-half layout

cost involved and an acceptable balance of the criteria
of security, redundancy, maintainability and flexibility
as discussed in the previous section. CIGRE Technical
Brochure 585 [11.4] provides a simple way to compare
different layout options [11.8].

11.2.6 Primary Design Layout

Using the chosen busbar configuration, the chosen
equipment and technology types and the construction

Fig. 11.16 Two-circuit-breaker layout

method enables the designer to prepare the substation
primary layout drawings, the primary design of the
substation. Fig. 11.18 shows the typical layout of a 1.5-
breaker (breaker-and-a-half) substation (one diameter
shown). Fig. 11.19 shows a breaker-and-a-half layout
under construction at Port Augusta, South Australia.
Layouts can be difficult to identify from ground level.

11.2.7 Technology Types

Another important decision made at the planning or
concept design phase of a substation project is the type
or technology of primary equipment that will be used.
The types can be broadly classified as either:

� Air-insulated switchgear (AIS)
AIS is defined as switchgear and other high-voltage
equipment where the insulation to earth and be-
tween phase conductors is provided mainly by air
at atmospheric pressure and where some live parts
are not enclosed.� Gas-insulated switchgear (GIS)
GIS comprises metal-enclosed switchgear and other
high-voltage equipment where the insulation is ob-
tained, at least partly, by an insulating gas other than
air at atmospheric pressure. This gas is usually SF6
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a) b)
Fig. 11.17a,b
Ring bus layouts
considering later
development into
either a two-CB (a)
or breaker-and-a-
half CB layout (b).
Future components
shown as dotted
lines

or an SF6 mixture with other gases such as nitro-
gen, although a range of other alternative gas types
are being considered [11.9]. IEC 62271-203 [11.10]
provides requirements for substation design using
GIS.� Mixed-technology switchgear (MTS)
MTS equipment has been developed from AIS or
GIS into one of the combinations of AIS in compact
and/or combined design GIS in combined design.
Mixed technology may sometimes be referred to as
hybrid-insulated switchgear (HIS), where bays are
made from a mix of AIS and GIS technology com-
ponents.

Choosing the type of technology for the primary equip-
ment to achieve the configuration required in a substa-

tion project requires consideration of a range of factors.
Some of these factors are related to the choice of site,
the characteristics and size of the site, and the project
economic factors.

AIS has the significant advantage that the equip-
ment is generally initially the cheapest to purchase.
However, its disadvantages include the requirement for
more site space than other technologies to allow for
the electrical clearances required in air. In addition,
the primary equipment is exposed to the environment
and subjected to animals and pollution. Where space is
available and land cost is not prohibitively high, AIS
will be the most suitable first solution for an extra-high-
voltage (EHV) substation. AIS also has the advantage
that it is relatively easy to extend and modify as the
needs of the substation develop with time.
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Fig. 11.18a–c Single diameter of a 1.5-breaker substation layout shown as (a) single line diagram (SLD), (b) plan view,
(c) elevation

Fig. 11.19 The author inspecting a 275 kV transmission
substation extension (1.5-breaker layout) under construc-
tion, Port Augusta, South Australia (Courtesy Peter Bur-
nell)

GIS equipment is usually initially more expen-
sive to purchase than equivalent AIS substations but
may have a lower overall whole-of-life cost if all

factors, including land cost, are considered. The sub-
station will take up much less space than a com-
parable AIS substation with the same functionality.
In locations where the cost of land is high, it may
be necessary and advantageous to build using GIS
technology that can be safely incorporated into an ur-
ban building design or even underground, avoiding
large urban space requirements, pollution and other
risks. GIS may also be advantageous from a safety
perspective, with fewer exposed high-voltage compo-
nents.

MTS (or HIS) shares some of the advantages of
the compactness of GIS but with some AIS compo-
nents, combining multiple functions and technologies.
This design can enable a solution that is small in size
while still generally cheaper than GIS, with some com-
promises. MTS can be used where the land costs are
moderate and pollution is not a major issue, providing
a compact and cost-effective solution. MTS can be used
for new substations or the extension of existing AIS
substations where space is limited, avoiding the need
to procure more land.
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CIGRE Brochure 390 [11.11] more fully describes
the evaluation of different technology types and how
these various factors can be compared.

11.2.8 Specifications and Contracting

There are many ways that a new substation may be
acquired by the utility or asset owner. In some cases, in-
house design and construction capability can be used,
but often the design and construction, or the construc-
tion only is outsourced to another organization. In both
the in-house and outsourcing situations, there is a need
to specify the requirements for the new substation be-
yond the layout and technology type discussed above.
This preparation of specifications, together with the
required commercial terms and conditions, is used to
procure the substation or to specify for internal design.

Specifications can be prescriptive (conventional),
or they can define only the key functional require-
ments (functional). A function specification procure-
ment method can be useful as a strategic approach to
assist in the introduction of new technology and de-
signs, but each specification style has both advantages
and disadvantages.

Conventional Specifications
Using the conventional, generally more prescriptive ap-
proach to substation specification usually requires that
all of the relevant information related to the site and
the incoming circuits be predetermined and provided
for the design and construction tender process. This in-
formation will most often include the following:

� Site location details
The precise location and site constraints, usually in
the form of a drawing or GPS (Global Positioning
System) location.� Electrical and connection information
This includes the characteristics (voltage, current rat-
ings), number and type (underground or overhead) of
circuits to be connected to the substation. In the case
of cable connection, this informationmay include the
size and type of cables to be connected.� System parameters
This includes the nominal, highest and lowest sys-
tem voltages together with the required basic im-
pulse level (BIL) and switching impulse level (SIL).
An important system characteristic is the short cir-
cuit level at that network location and the type of
neutral earthing required.� Power transformers
including the open circuit voltage ratio, rating, cool-
ing method, vector group (including tertiary if re-
quired), impedance, tap changer (on load, off load,

off circuit), tapping range and steps, noise level re-
quirements termination details and capitalized value
for losses.� Auxiliary supplies
Including the voltage and rating required for the
low-voltage AC (LVAC) auxiliary supply and, im-
portantly, the survival time and voltage level for DC
batteries and any redundancy and segregation re-
quirements.� Substation environmental conditions
This is to allow the designer to select appropriate
equipment, design appropriate fittings, supports and
buildings, and ensure adequate rating and plant per-
formance.� Civil design constraints
This may include soil characteristics such as min-
imum ground-bearing pressure for footing design,
and the earth resistivity and thermal resistivity of the
soil for the earthing and electrical design, together
with any site investigation reports and borehole re-
sults. The finished levels at the site and whether they
are level, sloping or terraced may be included. The
existence of contamination and any requirement for
post-construction treatments may be included. The
fencing and security requirements to be applied, to-
gether with necessary interface points with roads,
water supplies and drainage. The detailed require-
ments for any buildings on the site including the
dimensions of the rooms, heating, ventilating and
air conditioning requirements as well as the fin-
ishing requirements. The locations of any known
buried services existing within the site boundaries.� Secondary system requirements
This may include the details of the control cen-
ter system to which the substation will interface,
including the manufacturer and the protocol and
software that will be used. In addition, the level of
automation and control, both local and remote indi-
cations, and other control requirements.� Protection requirements
Including the requirements for each circuit, espe-
cially the required fault clearance time. Required
redundancy and the protection philosophies to be
applied for each circuit together with breaker failure
and other requirements. Requirements for local test
and other requirements to meet local maintenance
requirements. Integration with remote end protec-
tion systems will need to be specified.� Communications requirements
Including the method communication available or
to be supplied. This may be power line carrier
(PLC), microwave radio, telephone line, pilot cable
or optical fiber, or a combination. Communications
will include a mix of voice, telephony, data and me-
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tering, protection signaling and intertripping, and
may include a mix of digital and analog signals to be
communicated. The speed, redundancy and security
of communications will usually be specified.� Standards and regulations
These may include local standards or other national
or international standards and regulations applica-
ble to the asset owner or to the site.� Health, safety and environmental requirements
This may include a range of local utility require-
ments. Environmental requirements may be local or
regional regulations or standards including noise,
EMF or EMC (electromagnetic compatibility) re-
quirements, oil discharge limitations for the site,
aesthetic requirements, and archaeological or other
site constraints and considerations [11.12].� Other design requirements
These may include design life and the method for
evaluating the design such as whole-of-life costing
minimization and safety in design requirements.

Conventional prescriptive specifications are generally
considered to have a lower level of commercial risk for
the contractor and the owner.

Functional Specifications
Increasingly, asset owners are finding that a conven-
tional approach to specification delivers conventional
outcomes, and many utilities have introduced a form
of functional specifications that are aimed at defining
the key outcomes required from the substation, without
specifying the detail of how these outcomes might be
achieved by a designer or builder. This type of specifica-
tion is more appropriate when both design and construc-
tion are to be outsourced. Often, the aim for utilities who
use this approach is to introduce new approaches to the
design and introduce innovation that would not be possi-
ble using a conventional specification approach.

The principle of a functional specification is to spec-
ify the broad requirements (the what that is required,
rather than the detail) and the objectives of the sub-
station without specifying how this is to be achieved,
leaving that to the designer. In some cases, this ap-
proach can be coupled with a contracting arrangement
between the owner and outsource organization that pro-
vides a way to share the benefits (and penalties) if the
overall objectives of the project can be achieved.

Functional specifications come with some commer-
cial risk for both parties, and the associated terms and
conditions are therefore important and must be aligned
with the business requirements of both parties.

One approach for the specification of substations
used in Australia and detailed in reference [11.13] in-
volved articulating and documenting:

� The design philosophy for the new substation
This is a relatively short document that establishes
the key policies and philosophies that the design
must adhere to.� The functional specifications of the substation
Including the key limitations and performance re-
quirements. Present and future requirements should
also be specified.� The concept design detailing key design elements as
a guide or template for the detailed full substation
design documentation.

Using this three-stage approach, the asset owner can
have more confidence that the new substation will meet
present and future requirements, aligned with broader
corporate objectives, without preparing detailed speci-
fication that might contain errors and inconsistencies.

Standardization
One of the criticisms that manufacturers and suppliers
have leveled against utilities is that they are often re-
sistant to change and that the prescriptive procurement
specification processes traditionally used by utilities
limit the ability for suppliers to present new approaches
and introduce new technology. The reader may wish to
read [11.13] for more discussion on this issue.

On the utility side, there is good reason to be conser-
vative in new projects and to avoid making substantial
design changes that might ultimately cause reliability
issues or add to whole-life costs in future years, long af-
ter the builder has completed the project and moved on.
One fundamental factor is the capability of existing op-
erations and maintenance staff and their ability to adapt
to a change in design of controls, layouts or equipment.
It is vital that any designer include a consideration of
operations and maintenance staff capability and their
opinions and preferences in designing new substations.
There are safety and reliability as well as industrial risks
in ignoring the corporate knowledge and capability of
staff and operating equipment that will be required to
operate and maintain the station. There are also consid-
erations of the type and mix of spares kept, so there is
often good reason to restrict the level and number of
changes to primary equipment.

Utility standards often incorporate national and re-
gional legislation and regulations regarding health and
safety, environment and security, and can also extend
to incorporating common standards to assist in reduc-
ing construction errors, outage time and cost, improving
safety, ensuring knowledge sharing and simplify oper-
ating and maintenance procedures.

Utilities normally select standardized substation
configurations using prescribed equipment for each
substation layout together with the agreed method of
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protection and control for each arrangement. High-
value substation components, substation cables and
other material may be predetermined according to cor-
responding procurement contracts in place.

However, for corporate strategic reasons, many util-
ities have an interest in exploring new technologies, not
just repeating the same designs. Using the functional
specification approach described in the previous section
is one way to achieve this, but there are other ways to
identify and incorporate innovation in new substation
design.

The regulatory and commercial environment for
many utilities means that there is often a need to reduce
cost of delivery of new infrastructure, and rapid load
growth may also mean that new infrastructure needs
to be delivered more quickly than traditional processes
have been required to deliver.

The utility needs to preserve the important aspects
of past practices in relation to maintainability and oper-
ability, and to do this at lower cost and faster delivery
times. There is often a corresponding strategic objec-
tive to not lock out new ideas and new approaches
that might be available in the future and that align
with the utility aims and objectives. One strategy that
some companies have used to introduce innovation is
to change from conventional, prescriptive approaches
to substation specification by using a functional speci-
fication approach. That step change process can allow
suppliers the freedom to introduce new technological
approaches to an otherwise conservative organization.
The processes associated with that change can be signif-
icant, involving change management among managers,
designers, operations and maintenance staff. This pro-
cess of change requires the utility to ask internally, what
is it that we really need to meet our corporate objec-
tives. The answer to that question is often much less
than previously defined in prescriptive specifications
and existing design standards.

Another approach that can be taken to address the
need for faster delivery and lower costs is for the util-
ity to determine a set of standard designs that can be
adopted for future substations. These standard designs
can be prepared as a concept design that articulates as
much of the design of the future substation as is fea-
sible, without the final step of a detailed design. The
adoption of a standard design involves deciding upon
the key elements that will be standardized for the future
designs. These key elements may include limiting the
range of transformer sizes, limiting the switchgear fault
levels or technology types to be considered, and even
developing standard primary and secondary drawings
that can be tailored once the actual site and the specific
design parameters for a specific project have been deter-
mined. In this way, significant savings can be achieved

in the development of the design for a new substa-
tion. The approach is compatible with a traditional
design approach, and often previous design drawings
may be adapted by a designer for a new substation de-
sign project. This process of adopting a standard design
for use in future substations can have significant bene-
fits, and from a utility standards perspective allows the
important aspects of design to be standardized, prede-
termined and aligned with operations and maintenance
needs, and spares and procurement requirements, with
reduced project design time.

There is another major advantage to the adoption of
standard designs to standardize the design approach, and
that relates to staff knowledge and experience. Tradition-
ally, a utility or organization’s substation standards were
developed over a longer time period and were intended
to document key corporate requirements based on ex-
perience and knowledge with key design requirements,
but with the need to capture every future application re-
quirement. This type of standard development requires
considerable expertise and usually long-term experience
in order to understand the rationale for different design
approaches and also future needs. The type of skill re-
quired to develop an organization’s design standards is
becoming increasingly difficult for many companies to
secure, and in any case, the approach often lacks the
ability to innovate and adopt new technologies as they
emerge. However, the process for preparing a standard
design does not require the same level of experience and
is not so different from the effort and knowledge required
for a single design project.

A standard design approach enables more precise
specification and contracting and reduces the poten-
tial misunderstanding that may develop between the
utility and its substation builder. Design time can be
significantly reduced using a standard design approach
through the development of concept design drawings
that need only to be tailored to the specific requirements
of a particular project, rather than the designer starting
from a blank slate, and with basic design parameters.

Case Study—In 2005, Ergon Energy, a transmission
and distribution utility in Queensland, Australia, was
faced with the challenge of delivering a significantly in-
creased and prolonged capital program requiring lower
costs and shorter delivery times. The company decided
on a standard design approach with more functional
specifications and achieved significant savings in design
and delivery times for a number of key projects. The
targeted 80% reduction in design time was achieved
for some substation design projects. The process of
changing the standards approach from prescriptive to
functional design achieved significant innovation and
new technologies that had never been used before by
that utility. The project to make the necessary internal
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changes involved communication and consultation with
staff across the organization, carried out over a 2-year
period. A new range of internal processes was intro-
duced to ensure that future innovation was not locked

out, while still aiming to achieve the design savings and
the procurement and spares holdings benefits. The basic
designs that were adopted during that period are still in
use by that utility today.

11.3 Design

Design of substations [11.14] involves a range of con-
siderations, from site selection, to substation layout
with adequate redundancy, electrical clearances, insu-
lation coordination, structural and civil design, and
secondary and auxiliaries design.

Once a suitable site has been defined that pro-
vides adequate access and security, considering issues
such as soil types and the risk of flooding, and with
a design that is acceptable to the local community,
the design of the actual substation can commence.
Substations operate in harsh environmental conditions,
and earthing and lightning protection is a major de-
sign consideration. The impact of the substation on
the environment and the environmental footprint of
the substation must be considered when designing
a new installation and also in ongoing life manage-
ment.

Substations can be built using a range of insulation
technologies, each with their own advantages and dis-
advantages. The most common technology for primary
equipment is air-insulated switchgear (AIS) although
the use of gas-insulated switchgear (GIS) using either
SF6 or any of a range of other gases has evolved and has
become common in many regions, particularly where
limited space may be an issue. The use of overhead con-
nections, underground cables and gas-insulated lines
(GIL) may also be part of the consideration for substa-
tion designers.

In some cases, substations are built for offshore
applications requiring particular design considerations.
For mobile and modular substations, the risks associ-
ated with transportation and relocation are a considera-
tion.

The substation is required to operate reliably and to
require minimal maintenance, meeting the required per-
formance objectives over a long lifetime. These design
aspects necessitate a range of electrical, mechanical,
civil and structural engineering skills.

The design process varies from organization to or-
ganization, but some common elements can be defined.
Fig. 11.20 provides a summary of the key steps and
interdependencies for a typical greenfield substation de-
sign. Addition, more detailed information is available in
other references, including CIGRE Technical Brochure

740—Contemporary solutions for low cost substations
in developing countries [11.15].

11.3.1 Sustainability

Sustainability is a key area of concern for the power net-
work and for substation designers today. This chapter
does not discuss sustainability in general, but some as-
pects of sustainability directly affect substation design
and are discussed briefly in this section. Sustainability
can be considered to be about people, planet and profit
(3 Ps). The following sections consider some of these
aspects in relation to substation design.

11.3.2 Designing for Safety

Design is often influenced by local codes, design stan-
dards and legislation. Experience with safety incidents
and accidents has led many countries to adopt health,
safety and environmental protection laws or rules with
mandated requirements for designers of electrical in-
frastructure [11.16].

The aim of these rules is to protect employees,
the public and the environment from harm over the
life of the installation. These rules or legislation may
be referred to as health safety, environment and qual-
ity (HSEQ) or occupational safety and health (OHS)
guidelines. In some cases, specific legislation requires
designers to follow a defined process to ensure that
applicable safety and environmental considerations are
addressed during the design process.

In general terminology, designing for safety in-
volves the integration of hazard identification and risk
assessment within the design process to eliminate or
minimize the risk of injury throughout the life of a prod-
uct being designed.

One of the design challenges for infrastructure such
as substations is considering what hazards might exist
over the life of the installation, and that may mean con-
sidering what may occur over more than 50 years of
installation life. The design process (Fig. 11.20) refers
only to the key steps, but any requirements for HSEQ
considerations are embedded into the design process
and design decision-making.
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Fig. 11.20 Typical basic substation design process steps (summary only)
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It is estimated that building inherently safe plant
and equipment would save between 5–10% of their cost
through reductions in inventories of hazardous mate-
rials, reduced need for protective equipment and the
reduced costs of testing and maintaining the equipment.

The direct costs associated with unsafe design can
be significant, for example retrofitting, workers’ com-
pensation and insurance levies, environmental cleanup
and negligence claims. Since these costs have a greater
impact on parties downstream in the life cycle who buy
and use the product, the incentive for these parties to
influence and benefit from safe design is also greater.

A safe design approach results in many benefits in-
cluding:

� Prevention of injury and disease� Improved usability of products, systems and facili-
ties� Improved productivity� Reduced costs� Better prediction and management of production
and operational costs over the life cycle of a product� Compliance with legislation� Innovation, in that safe design demands new think-
ing.

Safety and environmental consideration is one of the
fundamental requirements for all designers, whether it
is legislated or not, for the particular utility or client.

11.3.3 Substations and the Community

Substations are designed to fulfill a set of functions
within the electrical network, but they are often built
adjacent to residential, business or industrial areas and
other infrastructure, and are therefore required to meet
community expectations for visual aesthetics, noise con-
trol and other factors, and in some cases mandatory reg-
ulatory requirements. In the past, substations could be
designed to simply achieve their core electrical and me-
chanical functions, but increasingly utility owners need
to consider the needs of the community in relation to
electrical infrastructure. To this end, designers have of-
ten taken considerable effort to reduce the impact of the
infrastructure on the community (Fig. 11.21). This can
be justified on the basis that the utility can ultimately be
shown to be a better community citizen, even if these
measures add to the cost of the installation, which must
be passed on to the shareholders and other stakeholders.

In some utilities, it is common practice to con-
sider screening of the substation with trees, shrubs or
other vegetation or by semi-sinking the substation into
the ground, located behind a natural hill or artificial
earth bank (Figs. 11.22 and 11.23) [11.17]. While from

Fig. 11.21 The night lighting and facade of the Laura
110 kV Substation in Russia (Krasnaya Polyana—Sochi)
is an example of design for aesthetics (Courtesy Electra)

Fig. 11.22 Prinsenhage high-voltage substation in Breda
Substation in the Netherlands (Courtesy TenneT/Movares)

Fig. 11.23 Anneberg 400/220 kV Substation, Swedish Na-
tional Grid (Courtesy Tennet/Movares)

a purely functional perspective the ideal substation lo-
cation may be on the top of a prominent hill to achieve
the best line approach direction and design, this would
normally not be considered by the substation designer.
One of the conflicting considerations for the designer
in designing visual screening is to consider the needs of
the substation security and to avoid creating locations
where an intruder might be hidden from view.

A substation may also be located in a more urban-
ized area. In these cases, the landscape elements will
often have an environmental added value as an urban
recreation area. For example, the substation may have
elements that serve as a visual or acoustic buffer, park-
ing strip or cycling route.
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Fig. 11.24 Technical facilities with an attractive outer shell
or fence in Dronten, Rotterdam, Liedsche Rijn, Utrecht
(Courtesy Tennet)

Fig. 11.25 3-D visualization showing a proposed new sub-
station in a suburban street in North Queensland, Australia
(Courtesy Ergon Energy)

Fig. 11.26 Meijou Underground
Substation design in Japan (Courtesy
Chubu Electric)

In some cases, attractive screening can be added to
the substation façade (Fig. 11.24).

Three-dimensional visualization techniques can be
used by the design team during a community engage-
ment process to demonstrate how the design will inte-
grate into the streetscape.

The example shown in Fig. 11.25 from Australia
demonstrates how architectural additions to the sub-
station can be used to modify the appearance of the
substation building to adapt to the local street environ-
ment.

None of the examples above completely hide the
substation, and ultimately the only way this can be
achieved is by building the substation underground, as
in the example from Japan in Fig. 11.26.

Increasingly designers need to consider how to in-
tegrate substations into the community. In some cases,
mandatory requirements are enforced by local authori-
ties as part of a project approval process, but in others
these measures are to ensure that the substation gains
community acceptance. There are many examples of
practices around the world, and the requirements for the
substation to be an accepted part of the local community
should never be ignored.

11.3.4 Key Components

Substations can be constructed with a number of differ-
ent layouts and using a number of construction methods
including indoor, outdoor, overhead or underground,
on ground, on pylons or floating on the sea, and may
be built using AIS, GIS or hybrid technologies or
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a combination. Whatever the type and method of con-
struction, a substation includes some or all of a number
of high-voltage and low-voltage components that can be
classified as:

� Primary power lines or cables� Busbars and overhead conductors� Instrument transformers including voltage and cur-
rent transformers� Disconnectors or isolating switches� Circuit breakers� Surge or lightning arresters� Power transformers� Reactive compensation devices including reactors
and capacitor banks� Support insulators and bushings� Control buildings to house protection and control
equipment� Secondary control and protection systems� Earthing system� AC and DC auxiliary systems that may include an
on-site emergency generator� Environmental control systems� Security fences� Civil and structural supports.

11.3.5 Preliminary Design

The first step in the design of a substation is to confirm
the busbar layout, often determined at an early planning
stage. The busbar layout is usually defined by overall
network requirements and the required substation func-
tion as described in Sect. 11.2. This design process step
defines the single-line diagram of the substation and the
key primary components that will be required.

The preliminary design, (or concept design), is
part of the early stages of the overall design process
and involves the development of the single-line dia-
gram together with the chosen primary and secondary
philosophies and technology decisions into a more co-
herent document that articulates how the substation will
look and fit onto the selected site. The concept design
normally considers the actual selected site character-
istics. In most cases, the site will be predetermined
because it has been already forward-purchased or al-
located or otherwise defined, and so the concept design
will incorporate those details.

Good practice approaches in design often include
a collaborative approach to development of ideas for
the concept design phase, as decisions made at the
concept phase often have a major impact of the final
design. Collaboration at this early stage with opera-
tions, maintenance and commissioning staff, as well as
representatives from the various engineering disciplines

including primary, secondary, protection and civil de-
sign, can be a useful input to the design process.

The design standards of the organization or utility
may define many of the key parameters that need to be
addressed in the physical and electrical layout of the
substation, but the concept design must include refer-
ence to:

� Primary design including maintenance access and
electrical clearance requirements� Insulation coordination requirements including
lightning protection� Structural and civil design including seismic re-
quirements� Earthing and lightning protection� Reactive plant requirements� Control and protection philosophy and automation� Auxiliary system requirements� Environmental requirements including the effects of
the environment on the substation and the substation
on the environment.

Many of these design aspects are interrelated and may
require an iterative approach during the design process,
particularly in the early stages. For example, the size of
the site available may restrict the types of technology
or the actual physical layouts that may be considered.
It is unusual for a designer to have the luxury of first
deciding on on a bus layout, then defining a required
space, and then finding suitable land or space.

A range of aspects of the design phase are discussed
in the following sections.

11.3.6 Electrical Clearances

Electrical clearances (or safety clearance distance)
[11.18] are required to ensure adequate safety for op-
erations, maintenance and other staff by establishing
adequate distances between high voltages and acces-
sible locations within the substation fence. Clearance
distance is defined as the minimum distance to be main-
tained between live equipment or conductors in order
for work to be safely carried out in the substation. These
distances are used by the designer to arrange the equip-
ment within the substation.

These standard clearance distances vary around the
world and have been derived in many different ways,
and not always logically in relation to the nominal
voltages. Different methods have been adopted in each
country or region to establish electrical safety clear-
ance, based on the nominal voltage level of the substa-
tion. It should be noted that these safety distances are
in air and do not relate to insulator length or creepage
distance.
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Fig. 11.27 Typical human dimensions for determining safety clearance charts (Adapted from [11.19], © IEEE)

This safety distance is initially defined by the im-
pulse withstand voltage rating of the substation, but is
also intended to account for the expected physical size
and movements of operations and maintenance staff
within the substation. The design intention is always to
reduce the risk of inadvertent contact by staff with live
equipment during typical maintenance and operations
tasks within the substation.

In most cases, safety clearance distances are defined
by regional standards or legislation and are incorporated
into the design by referring to tables and charts. How-
ever, in formulating such tables of safety clearance, the
following are considered:

� The basic value aimed at ensuring no flashover from
high voltage under the least favorable conditions.
This basic value usually incorporates a safety fac-
tor.� A safety zone is established to account for typical
human activities.

The average dimensions of operations staff are used
to determine an appropriate safety zone to be incor-
porated into the clearance distance. Fig. 11.27 shows
typical human dimensions and activities that might be
expected during substation operations and maintenance.

One of the difficulties in using typical dimensions
is that no two individuals are the same, and the size of
staff may vary considerably.

If there are no guards or safety screens in place, then
the safety distance must allow for the free movement
of staff beneath the high-voltage equipment. Based on
the typical dimensions, the minimum distance to live
equipment from ground access may be considered as
2.25m; however, for simplicity and additional safety,
a minimum of 3.0m is commonly recommended, even
though the impulse withstand distance for voltages un-
der 380 kV may be much less than this distance.

The minimum safety distance from the ground is
considered as that measured from the highest accessi-
ble point on or near the ground level (without climbing
supports or structures in the normal course of activities)
and the nearest live conductor. Insulators are considered
to be live conductors for the purposes of safety clear-
ance measurement, even though the lower parts of the
insulator may be at earth potential.

If safety clearance distances cannot be achieved by
placement and design of support structures, then appro-
priate guards or screens will be required to prevent or
limit free access by staff from the ground.

Safety clearances are also required to allow mainte-
nance work on live components in relation to adjacent
circuits. Similar principles to those used for ground
clearance can be applied to determine horizontal and
vertical distances to be added to the basic clearance
distances to ensure adequate safety margins for main-
tenance staff using tools. To determine an appropriate
clearance, the normal distance that a worker could be
expected to reach (with light tools) is added to the basic
non-flashover distance, with an appropriate safety mar-
gin. Typical values that may be used, in addition to the
non-flashover distance, are:

� 1.75m horizontally corresponding to a worker with
arms outstretched� 1.25m vertically above the working plane corre-
sponding to that part of the worker passing above
the plane when their arms are outstretched.

Permanent visual means of identifying the defined
safety zone may be incorporated into the design. Vehi-
cle access barriers, for example, may be used to restrict
movement of vehicles under live equipment where the
vehicle height may encroach beyond the safe zone.
When work is required within the substation, it is nor-
mal practice that a safe working area is defined using
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Fig. 11.28 Typical substation elevation showing different heights for conductors

ropes, chains, flags or other markers according to local
safety regulations.

There is no design that can be made completely safe
for all work tasks. For example, the common use of
elevating work platforms and scissor lifts means that
maintenance staff have significant reach within, above
and outside the work area that is difficult to control by
screens or guards. Training and adequate safety proce-
dures are required to ensure that there is minimal risk
of staff being injured during maintenance activity in
a live substation by reaching outside the defined safe
working area. The designer should aim to minimize risk
to a level as low as reasonably practicable (ALARP)
by ensuring adequate safety clearances and avoiding
known risks such as oversailing conductors, which have
been the cause of death in some countries. Appropriate
screens and barriers should be used where appropriate.

11.3.7 Primary Design

The layout of the substation is driven primarily by the
choice of busbar configuration allowing for the required
clearances, the insulation type and voltage level, and
the technology type allowing for the ongoing mainte-
nance and security of the site [11.14]. The substation
layout defines the disposition of the various items of
high-voltage equipment (line or cable entry, switchgear,
transformers, etc.) and their connection to achieve the
busbar configuration within the site size and shape that
has been chosen. Once a basic layout has been de-
termined, the type of connection and busbars must be
chosen to finalize the primary design.

For an air-insulated substation, different parts of the
substation are usually arranged at different heights to

achieve adequate distance between parts of the circuit
(Fig. 11.28).

Busbars and connections between the busbars and
other components may be either rigid or flexible, or
a combination of both. Often the choice of conductor
type will depend on local practices and standards, but
it is also dependent on the type of switchgear that will
be installed. For either choice, the issues of safety, final
layout complexity, ease of erection, short circuit forces,
aeolian vibration/resonance and cost should be consid-
ered by the designer. Effective design solutions can be
determined for either flexible or solid conductors.

The final layout must allow for adequate phase-
to-phase and phase-to-ground (or other equipment)
distances and provide adequate access for typical main-
tenance activities.

There are other considerations involved in finalizing
the substation layout, including:

� Future expansion—consideration of the ultimate
layout requirements and ease of extension and any
future uprating requirements� The direction of approach of incoming lines and
feeders� The risk of failure of flyover spans and overheads
wires� Physical security� Storage, parking and laydown areas� Environmental requirements.

Historically, substations have been designed to allow
frequent circuit breaker maintenance, and consequently
disconnectors are a major part of the primary design.
Consideration may be given to the use of disconnect-
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ing, rotating or withdrawable circuit breakers to reduce
or even eliminate the need for disconnectors. The lower
maintenance frequencies of modern circuit breakers
means that electrical isolation for maintenance may be
achieved by flexible leads with disconnectable links
rather than actual disconnectors. The use of hybrid
switchgear can also simplify substation layouts and re-
duce the physical dimensions required for bays.

Another considerations for the primary designer is
visual impact and aesthetics. A low-profile layout may
be preferred in order to reduce the visual impact of the
site.

11.3.8 Insulation Coordination

Insulation coordination involves a series of design pro-
cess steps to select the appropriate dielectric strength of
substation equipment and to match this with appropriate
protective measures to be incorporated into the substa-
tion design. It can be a complex subject, and only general
considerations are given in this section [11.19–21].

Insulation coordination considers the expected
overvoltages generated in the external network that af-
fect the substation and overvoltages from within the
substation itself. These overvoltages may consist of
external overvoltages due to lightning, switching opera-
tions and other transitory conditions, and also overvolt-
ages due to circuit resonance. There are some partic-
ular considerations for GIS substations including DC
and AC voltage stressing and very-fast-front overvolt-
ages.

The aim of insulation coordination is to reduce the
risk of dielectric failure and to coordinate the insulation
within the substation by considering:

� Equipment voltage ratings including lightning im-
pulse withstand, switching impulse withstand and
power-frequency voltages� Insulation withstand levels� Creepage distance of external insulators� Clearances in air of various components� Footing and earth resistances� Ratings and energy dissipation characteristics of se-
lected surge arresters.

Externally generated overvoltages are generally con-
trolled by the use of overvoltage-limiting devices such
as surge arresters and rod gaps. Internally generated
overvoltages are controlled by the design of primary
equipment and other precautions. The aim for the de-
signer is to reduce the probability of insulation failure
due to overvoltages, whether generated internally or
externally. The risk cannot be totally eliminated, and

the objective is to achieve an economically and opera-
tionally acceptable risk level.

The majority of lightning overvoltages affecting
substations enter as traveling waves on the overhead
lines. Where a transmission line is shielded and its
tower footing resistances are low (generally considered
to be 10� or less), a lightning stroke to a shield wire
or a tower will normally discharge safely to earth on
the tower and not enter the substation. If the tower foot-
ing resistances are high or if shielding is not effective,
a stroke to a shield wire or tower may raise the potential
of the tower far above that of a phase, and depending on
the current of the stroke may result in a back flashover
from the tower to the phase conductor. This could result
in accompanying power-frequency earth fault current in
the ionized path formed, flowing in the opposite direc-
tion to that of the surge current.

A back flashover will typically initiate a traveling
overvoltage wave of extremely high rate of rise on
the phase conductor that travels along the conductor
and ultimately enters the substation. Similarly, lightning
strokes that occur close to the line may induce sufficient
overvoltage in the phase conductor to generate a travel-
ing wave.

This type of induced overvoltage is usually not an
issue at transmission voltages, but can have a severe im-
pact on distribution equipment.

Traveling waves travel along the line in both direc-
tions away from the point of strike or back flashover, but
are attenuated by the resistance of the phase conductor
and so dissipate with distance. A strike or a flashover
within 2–3 km of a substation is generally considered to
be close enough to cause potential problems that must
be considered in the insulation coordination study.

The main task in insulation coordination is to coor-
dinate the expected overvoltage stress in the substation
from various sources with the insulation strength of
the insulating components of equipment installed in the
substation.

Two methods can be used to assess the adequacy of
insulation coordination. These are basically classified
as:

� Deterministicmethod, which can be applied if there
is little or no statistical information available. In this
case, a set of values is determined or assumed and
coordinated so that no breakdown will occur under
this assumption. A safety factor is applied to allow
for statistical scatter in assessing the expected level
and frequency of occurrence of transient overvolt-
age.� Statistical method, which can be used if the risk of
failure can be fixed at an acceptable value and calcu-
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Fig. 11.29 Surge
diverter fitted to
incoming line in
a 132 kV substation
(Courtesy CPP,
Australia)

lated using an overvoltage probability distribution
and the breakdown probability of the insulation.

Achieving Adequate Insulation Coordination
The process of insulation coordination will usually re-
sult in the need for metal-oxide surge arresters fitted
at each overhead line or cable entry point and at GIS,
transformer and reactor interface points (Fig. 11.29).

For small, compact substations in moderate-risk
lightning regions and with voltages up to 300 kV, surge
arresters on the entry points are normally sufficient
for protecting the substation and adjacent high-voltage
equipment. For physically large substations in high-risk
lightning regions or in substation arrangements with
long busbars or bus ducts and for voltages higher than
300 kV, extra surge arresters mounted close to the trans-
formers or reactors may be required.

Surge Arrester Selection
The selection of a surge arrester is a compromise
between temporary overvoltage capability, level of pro-
tection and energy dissipation capability of the surge
arrester. The surge arrester must be stable under system
conditions and under short-duration power-frequency
overvoltages. When these conditions are not known,
a sufficient safety margin should be selected. The pro-
tection level should be selected as low as possible
in order to achieve an economically sufficient mar-
gin between the protection level of the surge arrester
and the insulation level of the equipment. The en-
ergy dissipation capability of the surge arrester must
match the stress that the surge arrester will endure
during switching and lightning overvoltages. Simpli-

fied calculations are normally sufficient to select the
correct temporary overvoltage capability, protective
level and energy dissipation capability of surge ar-
resters.

The overvoltage protection of a substation is not
only a question of which arrester to choose. For pro-
tection against lightning surges close to the station, it
is even more important that the arrester be installed in
the most effective way. The surge arrester should al-
ways be placed as close as possible to the equipment to
be protected. An important aspect of all surge arrester
mounting (especially in the vicinity of GIS) is that the
length and inductance of the earth connection of the
surge arrester should be minimized. The use of a nor-
mal stranded earthing conductor is not recommended
for any GIS earthing, especially surge arresters, due
to self-inductance of the conductor. The use of a flat
square-, rod- or rectangular-section solid conductor is
the preferred method of earthing in situations where
fast rate-of-rise transients may be expected (such as
lightning- or GIS-induced transients).

In addition to considering very-fast-front overvolt-
ages, insulation coordination should also consider fer-
roresonance phenomena. Ferroresonance is a resonance
between nonlinear inductance and some form of series
capacitance associated with parts of the substation such
as capacitive voltage transformers, long line connec-
tions, cables or capacitive coupling. It may occur where
a transformer is lightly loaded and during single-pole
switching procedures and can result in equipment dam-
age under some circumstances.

11.3.9 Earthing and Lightning Protection

The substation earth mat or grid is an important aspect
of the overall design of the substation, particularly in
relation to the safety of personnel.

A substation earth grid has two main functions:

1. Operational
Providing a path for current to the general body of
earth in normal and fault conditions.

2. Safety
For personnel, animals or equipment within the en-
virons of a substation or in remote locations to avoid
dangerous voltages during the flow of earth fault
currents in the earth grid.

The earth grid also provides for the discharge of light-
ning and switching surges to earth and for the earthing
of high-voltage equipment during maintenance.

The earth grid and the connections to it from the
transformer neutral points must be rated for the most
onerous prospective earth fault currents that might be
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expected under worst-case conditions. The grid resis-
tance to remote earth should be low enough to limit the
earth fault current below a minimum value necessary
for correct operation of the protective relays.

The earth grid and the connections to it from equip-
ment, housings and structures should be such that touch
and step voltages within or in the vicinity of the sub-
station and transferred from the earth grid to external
locations over telephone circuits or low-voltage power
circuits or by any other means, are maintained within
safe limits [11.22].

It is common practice to also connect the shield
wires of overhead conductors and any metallic bare
conductors entering or leaving the substation to the sub-
station earth grid. This has the effect of further reducing
the impedance of the earthing system to ground, partic-
ularly for smaller substations, but care must be taken so
that the earth grid potential rise under fault conditions
is not transferred to water pipes or telecommunications
circuits or other metallic conductors that might be con-
tacted by persons.

During earth-fault conditions, the flow of current to
earth will produce voltage gradients within and around
a substation, and it is therefore important that persons
within the substation or in the vicinity are not exposed
to dangerous voltage gradients.

There are a number of different types of hazardous
potentials that may arise when an earth fault occurs:

� Rise of earth potential or grid potential rise (GPR)
Due to a rise in voltage of a part of the earth system
above true earth.� Step voltage
The voltage occurring between the feet of a person
walking (or stepping) across the earthed system at
the time a fault occurs.� Touch voltage
Between the hand of a person touching equipment
(such as a metal support or an operating panel) at the
time a fault occurs. Touch voltage can be considered
the most serious because the expected path of the
current may be through the heart from hand to feet,
potentially causing ventricular fibrillation.� Mesh voltage
Voltage that occurs within the earth grid when
a fault occurs.� Transferred voltage
Voltage that is transferred from a site with an earth
fault to a remote location by conduction through
screens, pipes or other conductors.

The effects of electric current passing through the parts
of a human body depend on the physiology of the per-
son and the duration, magnitude and frequency of the

current. The most dangerous consequence of such an
exposure is a heart condition known as ventricular fib-
rillation, which may result in damage to the heart and
loss of blood circulation.

The earth mat or grid is designed to limit these
hazardous potentials to values that are not dangerous
to personnel, animals or equipment. The supports and
metallic frames of all high-voltage equipment within
the substation are permanently connected to the earth
grid.

General Earth Grid Design
The typical substation earth grid is composed of suit-
ably sized earthing conductors (usually copper) laid
approximately 500mm below the surface of the ground
and covering the whole extent of the site. The fence
may be connected to the substation earth mat, but may
be earthed separately for a range of reasons. Earth-
ing conductors are placed within the grid based on the
calculation of expected hazardous voltages under fault
conditions. It is important that earthing conductors are
not subject to corrosion due to chemical interaction with
the surrounding soil.

The size of conductors and the spacing of the earth
grid is determined during the earthing design process.

Calculations of expected hazardous voltages con-
sider a range of factors including:

� Substation physical layout� Soil characteristics including thermal and electrical
resistivity� Earth return paths via overhead line earth wires or
cable sheaths� Earth fault level due to network characteristics and
the expected duration of faults based on protection
design.

During earth-fault conditions, the flow of current to
earth will produce voltage gradients within and around
a substation. Because of this rise, there are voltage gra-
dients across the earth grid and around the substation,
which may be represented as surface voltage contours.

Calculations of earthing gradients and other earth-
ing calculations are usually carried out using spe-
cialized earthing analysis software packages (e.g., the
SES-CDEGS [11.23] or similar software packages).
A typical outcome of a substation earthing design pack-
age for step voltages in a small substation is shown in
Fig. 11.30.

Connection of the equipment frames to the earth
mat should be made so that connections will not be
physically damaged or easily removed as part of nor-
mal maintenance activities and are able to withstand
expected fault current without damage. Often two con-
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Fig. 11.30 Typical output of a sub-
station earthing design step voltage
analysis in the form of a heat map
showing expected transient human
step voltages under fault conditions

ductors per structure are used to provide a level of
redundancy and safety in case of removal or damage.
Earth grids are designed to carry the maximum earth
fault current for the duration of the expected earth fault.
For the purpose of conductor sizing, fault durations
are usually assumed to be one second for voltages in
excess of 170 kV and three seconds for voltages be-
low this, to allow for the unexpected failure of primary
protection devices. Alternative worst-case clearing time
assumptions may also be used as a design parameter for
calculating the conductor size required.

Earth Grid Resistance Value
The earth grid resistance to remote earth should be kept
as low as reasonably possible in order to fulfill the
operational function of the earth grid. The earthing sys-
tem should be designed to achieve safe touch and step
voltages within the substation property for any person
within the substation.

Maximum step and touch voltages are set to levels
which will limit the current flowing through an exposed
person to the safe current level.

The following factors influence the earth grid resis-
tance:

� Soil resistivity� Area covered by the earth grid� Shape of the earth grid� Mesh size of earth grid� Burial depth of earth grid.

The characteristics of the earth grid conductor, includ-
ing the cross-sectional area of the conductor and its

burial depth, also have a small effect on the earth grid
resistance.

The equation is simplified from IEEE 80-
2000 [11.24] and can be used to calculate approximate
earth grid resistance

Rg D �

4

r

 

A
C �

LT
;

where Rg is the substation ground resistance (�), �
the soil resistivity (�m), A the area occupied by the
grounding grid (m2), and LT the total length of the con-
ductors (m).

This equation assumes a simple grid arrangement
and homogeneous soil resistivity, which is rarely the
case in practice. This equation can be used to obtain
an approximation of the earth grid resistance. In almost
all cases, more complex analysis is needed.

The use of a suitable software package such as
SES-CDEGS [11.23] or similar software is generally re-
quired to more accurately calculate grid resistance.

Soil Resistivity
Modeling of the expected performance of a substa-
tion earthing system requires knowledge of the soil
characteristics and the determination of an equivalent
electrical model of the surrounding soil and rock. This
is achieved using the results of soil resistivity mea-
surements in the vicinity of the site being studied and
through careful interpretation of the results of such
measurements.

Typically, soil resistivity measurements are taken
using the Wenner method [11.25]. This method, which
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Fig. 11.31 Soil resistivity results for a large urban construc-
tion site

involves four measurement probes, enables the mea-
surement of soil resistivity for different electrode spac-
ing. Analysis by computer-aided methods is recom-
mended to develop a soil model for the substation site.
Typical soil model results are shown in the diagram be-
low (Fig. 11.31).

In many cases, in analyzing the soil resistivity
measurements it is possible to arrive at a simpli-
fied horizontally layered model of the soil structure
around and below the earthing system. Occasionally,
however, a more complex model will be required.
Uniform or horizontal two-layer soil models can be
used with manual calculations to determine the per-
formance of an earthing system, but more complex
soil models can be used only with computer-aided de-
sign.

Design for Touch and Step Voltage Limits
Design for touch and step voltage safety limits can be
calculated using appropriate proprietary software or by
simplified equations given in IEEE 80-2000 [11.24] and
shown here based on a 50 kg body mass, 50Hz fre-
quency, a fault clearance time equal to the design earth
fault clearance time selected and topsoil resistivity as

Table 11.1 Typical soil resistivities—selected soil types

Soil type Resistivity (�m)
Clay, soft 50
Clayey sand 50–100
Soil, chalky 100–300
Limestone, fissured 500–1000
Granite 1500–10 000

Soil type Resistivity (�m)
Clay, soft 50
Clayey sand 50–100
Soil, chalky 100–300
Limestone, fissured 500–1000
Granite 1500–10 000

indicated.

Etouch 50 D .1000C 1:5Cs�s/
0:116p

ts
;

Estep 50 D .1000C 6Cs�s/
0:116p

ts
;

Cs D 1�
0:09

�

1� �

�s

�

2hs C 0:09
;

where Etouch 50 D touch voltage in V, Estep50 D step volt-
age in V, Cs D surface layer derating factor, �s D
resistivity of the surface material (�m), �D resistivity
of the earth beneath the surface material (�m), ts D
duration of shock current (s), hs D thickness of the sur-
face material (m).

In the absence of site-specific measured surface
layer resistivity data, typical resistivities (as shown in
Table 11.1) and thicknesses of surface layers can be as-
sumed as a starting point for the calculation of the safety
limits. However, it is always preferable to have actual
site-specific data on soil characteristics available prior
to the design.

The typical thickness of surface layers is 0.1–0.2m
for crushed rock or 0.05m of tarmacadam. These ma-
terials can be used to reduce the risk of excessive or
dangerous levels of step potentials within substation
boundaries.

Transferred Voltages and Hot Zones
High ground potential rise (GPR) may cause problems
outside the substation property, including:

� Hazardous step voltages� Hazardous transferred touch voltages at fences and
other metallic objects� Equipment damage to infrastructure belonging to
other utilities such as telecommunications cables
and junction boxes.

Hazardous transferred touch voltages may occur where
a metallic object, such as a fence, is earthed at a location
and then traverses areas of different voltage levels. The
metallic object is then at a different voltage from the
ground over which it travels. A person touching such
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Table 11.2 Typical admissible voltages from ITU-T K.33
(International Telecommunications Union, 1996) [11.26]

Fault duration (s) Admissible limit (V)
t 
 0:1 2000

0:1 < t 
 0:2 1500
0:2 < t 
 0:35 1000
0:35 < t 
 0:5 650
0:5 < t 
 1:0 430

Fault duration (s) Admissible limit (V)
t 
 0:1 2000

0:1 < t 
 0:2 1500
0:2 < t 
 0:35 1000
0:35 < t 
 0:5 650
0:5 < t 
 1:0 430

a metallic object is exposed to voltage difference in the
form of a touch voltage.

Voltages may be transferred along the following
metallic paths:

� Fences� Shield wires� Cable sheaths/screens� LV neutrals� Railway lines� Gas pipe lines� Other long metallic structures.

It is not always possible to model all of the mentioned
metallic objects as part of an earth grid calculation.
However, if any of the above are in the vicinity of the
substation site, they should be tested using a current in-
jection test.

Surface voltage contours are also used to define
the hot zone of a substation or specific surface voltage
safety limits agreed upon with the local authorities con-
cerned.

A simplified calculation of the dimensions of spe-
cific surface voltage contours is given in IEEE 80-
2000 [11.24] as

'e D �Ie
2 d

;

where 'e D voltage on the surface of the earth (voltage
level), �D soil resistivity, Ie D earth fault current, d D
distance from the center of the grid.

This equation assumes a simple grid and uniform
soil resistivity, which is rarely the case. This equation
can be used to gain an approximate idea of the size of
the hot zone contour. In nearly all cases, more complex
analysis is needed.

One way of determining the extent of the hot zone is
to use the voltage levels given in Table 11.2. These are
the relevant voltage levels for different fault clearance
times, and illustrate that the extent of the hot zone is
dependent on fault clearance time.

Special design considerations may be required for
transfer voltages associated with:

� Telephony and data cables entering the substation� Distribution power cables for auxiliary or other sup-
plies� Adjacent traction or other power circuits� LV systems and cables entering the substation� Water and gas pipes.

Earth Conductor Sizes
The earthing system comprises earth conductors, both
underground and aboveground, including risers to con-
nect aboveground equipment. Earth conductor size can
be calculated using the Onderdonk formula or by con-
sulting charts issued by conductor manufacturers

A D I

s

tc˛r�r104=TCAP

lnŒ1C .Tm � Ta/=.K0 C Ta/�
;

where A D area of the conductor (mm2), I D RMS cur-
rent (kA), tc D fault clearing time (s), ˛0 D thermal co-
efficient of resistivity at 0 °C, ˛r D thermal coefficient
of resistivity at reference temperature, Tm D maximum
allowable temperature for the conductor type (°C),
Ta D ambient temperature (°C), Tr D reference tem-
perature for material constants used (typically 20 °C),
�r D resistivity of the earth conductor at reference tem-
perature Tr (��=cm3), K0 D 1=˛0, TCAP D thermal
capacity factor (J=.cm3 ıC/).

Earthing System Design
Earthing system design is an important aspect of the
overall substation, and various analytical methods have
been used in the past to achieve a safe earth system
design. Previously, designers have generally used a de-
terministic approach to earthing design, but this often
results in costly design solutions. Earthing design, as
for other aspects of the substation, is a compromise
between safety, risk and cost, and this balance can
be optimized using quantified risk analysis techniques.
CIGRE Working Group B3.35 surveyed the various an-
alytical approaches in common use and examined the
ways that designers could demonstrate due diligence in
meeting their duty of care through risk and cost–benefit
analysis using quantified risk techniques.

Safety Earths or Portable Earthing Devices
(PEDs)

Safety earthing is used to provide for personnel safety
while working on otherwise live equipment. Typically,
portable temporary earthing is applied on conductors on
either side of the work area for protection of operating
personnel against any improper re-energization of the
work area due to error, transient effects, or induction
from adjacent live circuits or from any other source.
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Portable earthing devices must be rated for the
maximum expected fault level and duration for that sub-
station. Appropriate connection points and methods of
connection are provided as part of the substation design.

In some cases, permanently installed earthing
switches are provided to facilitate earthing of lines or
other parts of the substation. Where ferroresonance of
power transformers is likely, specially designed earth-
ing switches may be installed to enable the quenching
of the ferroresonance before re-energizing the circuit.

In designing the placement of portable earthing con-
nection points, the designer should consider the height
and the ability of the operator to apply the earth using
operating sticks. Earthing connection points should be
placed in the expected locations necessary to undertake
typical maintenance activities. In applying earths, the
normal operating procedure is to first prove that the cir-
cuit is dead, and then apply the earthing conductor. In
applying earths, the operator will connect the earthed
end first, before making the final connection to the de-
vice or conductor.

Special earth connection points or earthing spigots
are fitted at the high-voltage end and connection points
on the structures at the earth end. These points are de-
signed to enable the type, size and number of portable
earth connections required to carry the fault current to
be easily attached.

Earth Grid Testing
The earth grid at every substation should be checked
and tested periodically to ensure that the performance of
the earth grid is always capable of meeting the overall
design requirements and the safety levels required for
personnel in the vicinity of the substation.

Testing is important to verify the design calcula-
tions and to ensure that there have not been changes
that might adversely affect the earthing system perfor-
mance. Changes may include a change in fault level,
removal of earth conductors (e.g., copper theft), degra-
dation or damage due to corrosion, changes in soil
characteristics and other changes.

Typical substation earthing system test frequencies
are:

� Visual inspection annually� Earth continuity testing every 5–7 years� Remote injection testing every 12–15 years.

The test frequency for individual utilities depends on
local policies and risk management practices.

Lightning Protection
One of the issues for substations in some parts of the
world is protection against lightning. Protection against

lightning can be problematic, as there are no measures
that will provide 100% protection, and lightning itself
is unpredictable. It is a phenomenon that has caused
severe damage to life and property. Direct hits may
cause structural failure, whereas indirect hits, through
inductive or capacitive coupling, may affect the relia-
bility and integrity of electronic equipment within the
substation. Lightning can even affect substations built
underground.

Although surge arresters are used to protect the sub-
station against the effects of lightning striking lines
and overvoltage surges entering the substation, it is
also important to take steps to protect the substation
against direct lightning strikes that may cause insulation
flashover. The aim of the protection is to reduce the risk
of injury to staff and equipment damage, and to prevent
major outages. Even smaller lightning strikes that may
not result in actual flashover have the potential to cause
damage to substation equipment such as transformers.

The risk of lightning is defined by the frequency
of the lightning strikes and by the ground flash density
(GFD) or the keraunic level at the substation site. GFD
is defined as the average number of strokes per unit area
per unit time at a particular location. The keraunic level
is defined as the average number of thunderstorm days
or hours for a given locality. Maps are available in most
regions that define the expected number of thunder-days
per year and the expected severity.

Protection from lightning can add significant costs
to the substation, and a risk assessment is recommended
to determine whether the cost versus risk is justified
based on the criticality of the substation and the risk of
lightning at that location. Three methods are typically
used by designers for the analysis of lightning protec-
tion systems:

1. Classical empirical curves design approach using
fixed protection angles and empirical curves

2. Electro-geometric model method (EGM), usually
implemented as the rolling sphere method (RSM)
as shown in Fig. 11.32

3. Collection volume method (CVM).

There are a range of other methods, but these three are
the most commonly employed. The classical empirical
approach was initially developed in the 1940s but is not
recommended for higher-voltage substations.

Using the electro-geometric approach, an imaginary
sphere of fixed radius is assumed to represent the risk of
lightning strikedistance and is rolled over the structure of
the substation. Equipment that does not intersectwith the
rolling sphere is considered to be in the protection zone.

The radius of the sphere (S) as shown in Figs. 11.32
and 11.33 represents the strike distance of the lightning
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Fig. 11.32 Rolling sphere method (Courtesy CPP, Aus-
tralia)

stroke and is determined by the surge impedance and
the allowable stroke current. Unlike the classical ap-
proach, the EGM takes account of the basic impulse
level of the equipment being protected. However, one
of the assumptions of this method is that the method
assumes a fixed striking distance, regardless of the
structure height.

The collection volume method, also known as
Eriksson’s attractive radius model, takes into account
the physical features of the structure being protected.
Based on this and on the intensification of the elec-
tric field created by different points of the structure, the
CVM provides recommendations for the optimal place-
ment of lightning rods or air terminals.

Protection against direct lightning strokes in the
substation is carried out using either overhead earth
wires or lightning rods, or a combination of both these
protection methods. If overhead earth wires are to be
used, then attention must be paid to the elimination of
the risk of earth wires falling down onto busbars or
other substation equipment. Overhead earth wires can
be difficult to inspect and maintain in a live substa-
tion. Lightning rods may be mounted on freestanding
structures or on vertical extensions of substation sup-
port structures.

As for earthing, lightning protection analysis is usu-
ally undertaken using specialized software and 3-D
design methods.

For additional information about lightning protec-
tion and analysis methods for substations, see IEEE
998—Guide for Direct Lightning Stroke Shielding of
Substations [11.18], IEC 62305-1 Protection against

Lightning [11.27] and IEC 61936-1 Power Installations
exceeding 1 kV AC [11.28].

11.3.10 Reactive Plant

Reactive plant may be included in a substation for the
purpose of network reactive compensation or voltage
control. Network voltage and var control requirements
may include both steady-state and dynamic system con-
ditions, andwill be dependent on the generation capabil-
ities and the load characteristics of the network.

Reactive compensation is generally applied at the
point in the network that is causing the effect, so that
the substation affected will be the one that includes the
new device. This means that a long line which would
normally give rise to increased voltages (Ferranti effect)
will normally be fitted with a line reactor at the receiv-
ing end to reduce the voltage. The line reactor may be
switched or may be permanently connected to the line.
Series capacitors can also be used to compensate for
line inductance and to increase the power transfer capa-
bility of a line.

The most common forms of reactive plant in a typ-
ical substation are shunt-connected capacitor banks
or line reactors. Shunt-connected capacitor banks are
commonly used to control network voltages and are
generally switched using an associated circuit breaker.

Reactive circuit breaker switching can be oner-
ous, and the reactive switching capability of the circuit
breaker should be considered in the design process.

Dynamic compensation or fast-acting reactive com-
pensation such as static var compensators (SVCs) may
be used to improve overall network stability, reduce
harmonics and provide voltage and power factor cor-
rection. An SVC is a static device and generally com-
prises a switched capacitor element combined with
a thyristor-controlled reactor to provide variable re-
active compensation that is essentially stepless and
fast-acting.

11.3.11 Substations and the Environment

One of the fundamental design considerations for a new
substation is the environment. The environmental con-
ditions that exist at the new site must be considered in
designing the infrastructure, but the designer must also
consider the impact of the new substation on the en-
vironment once built. This is often referred to as the
substation environmental footprint. The objective for
many utilities is to ensure that the substation has min-
imal impact on the local environment from any aspect
of the design.

The environment in which the new substation is to
be built is a major design consideration. Ambient tem-
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Fig. 11.33 Typical small substation lightning coverage 3-D model (Courtesy CPP, Australia)

perature, solar radiation, wind, rain, snow, ice and the
likelihood of pollution all affect the selection of equip-
ment supports, housing and insulation, and the design of
the substation components, particularly where the sub-
station is outdoors. Ambient temperatures have a major
impact on loading and must be considered in equip-
ment selection. Sporadic environmental conditions or
risk factors such as floods, bushfires, hurricanes, earth-
quakes, volcanic eruptions and lightning all need to be
taken into account by the designer.

The impact of the substation on the environment
usually comprises a range of factors including:

� Spoil from construction activities� Noise� Visual amenity� Archaeological or cultural heritage issues associ-
ated with the site� EMF� Oil and cleaning agent pollution of soil and in runoff� Release of SF6 and other gases into the atmosphere� Water and other liquid site runoff.

Some of these factors can be controlled as part of the
design; others are a matter of consultation, safe work
practices and community awareness.

Physical Environment
The design ratings of the substation are based on the ex-
pected operating environment of the site. This operat-
ing environment is sometimes referred to as the physi-
cal rated environment and can be derived from the ser-
vice conditions used in the various high-voltage equip-
ment specifications and reproduced in national and inter-
national standards. Typical rated physical environment
specifications for a site in Australia are shown in Ta-
ble 11.3.

Animals
Another aspect of the substation physical environment
is the effects of wildlife on substation reliability. The
types of animals that typically cause reliability prob-
lems in substations are rodents, reptiles and small
animals that are able to enter the substation through the
fences or walls, and birds and bats, but frogs and snakes
may also be a hazard in some regions. Snakes in partic-
ular may be not only a hazard to maintenance workers
but also a danger to insulation.

Various forms of protection and barriers can be used
to prevent bird, small animal and reptile damage, while
appropriate baiting can be used to deter small rodents.

The use of composite insulators can cause prob-
lems in certain areas, especially on de-energized lines.
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Table 11.3 Typical rated physical environment specifica-
tions, Australia

Factor Minimum Maximum
Shaded air temperature (no solar
radiation) (°C)

�5 C50

Solar radiation (horizontal
surface) (W=m2)

Nil 1200

Wind speed (m=s) 0.7 50
Monthly rainfall (mm) Nil 360
Maximum rainfall—100 years
(mm=h)

– 347

Relative humidity—outdoor (%) 25 100
Altitude (m) < 1000
Ambient ground temperature at
900mm (°C)

C20 C35

Soil thermal resistivity (Km=W) 1.0 1.5
Isokeraunic level Up to 50 thunder days=year
Minimum pollution severity Level II—medium

Factor Minimum Maximum
Shaded air temperature (no solar
radiation) (°C)

�5 C50

Solar radiation (horizontal
surface) (W=m2)

Nil 1200

Wind speed (m=s) 0.7 50
Monthly rainfall (mm) Nil 360
Maximum rainfall—100 years
(mm=h)

– 347

Relative humidity—outdoor (%) 25 100
Altitude (m) < 1000
Ambient ground temperature at
900mm (°C)

C20 C35

Soil thermal resistivity (Km=W) 1.0 1.5
Isokeraunic level Up to 50 thunder days=year
Minimum pollution severity Level II—medium

Certain parrot species peck the silicon rubber in de-
energized composite insulators and can completely de-
stroy a composite insulator in extreme cases, as in
Fig. 11.34.

One solution is to place a protective sleeve over the
composite insulator during installation. This sleeve is
removed by pulling a cord at ground level before en-
ergization. Although sensitive to electric fields, birds in
some cases will damage energized insulation, and this is
much more difficult to combat. In extreme cases, some
utilities have reverted to glass and/or porcelain insula-
tors to avoid the issue.

Environmental Control Measures
Once the substation is constructed, the main environ-
mental issues are oil/water control and noise control.

Generally, a substation site will be chosen to avoid
the risk of damage to the surrounding environment, es-

Fig. 11.34 Bird damage on a composite insulator (Cour-
tesy TransGrid, Australia)

pecially to permanent watercourses and underground
aquifers.

Utilities will generally ensure that care is taken dur-
ing construction and during the life of the substation to
avoid leakage of oil or other substances into groundwa-
ter or outside the substation boundary. Oil leaks from
power and instrument transformers, switchgear, capac-
itors, coils, etc., are generally safely contained on-site.
Oil retention pits are sometimes used for on-site storage
of oil (or other contaminants) and also as a fire con-
trol measure. A central underground tank may be used
to retain oil and contaminants on-site. The tank must
be sized to contain the volume of the largest oil-filled
equipment plus a margin that allows for rainwater and
water from fire protection or control systems (where
used).

The probability of an oil spill occurring in a substa-
tion is generally considered to be very low. However,
when substations are located near sensitive areas such
as lakes and reservoirs or wetlands, depending on the
quantity of oil on-site, the consequences of discharge
outside the substation are higher, requiring special at-
tention.

Solutions that are required by regulation or leg-
islation will vary from region to region, and specific
solutions will be determined by the risk identified for
a particular site and the type of equipment installed.
Some common control methods include:

� Oil spill containment on-site using bund walls
around power transformers, ditches around the sub-
station, pits, dams or tanks. Adequate allowance for
rainwater and fire control water should be included
in the design. Care should be taken to ensure that
overflow is managed so that there is no unwanted
discharge from the site.� Oil/water separator systems—there are a number of
methods that are commonly used and a range of
commercial products that separate water from the
contaminated liquid. Generally, these systems rely
on the difference in specific gravity between water
and oil in order to separate contaminants from wa-
ter.� Oil-blocking systems—allow liquid to pass unless
oil is detected, blocking the flow of oil and water.

CIGRE Technical Brochure 221 [11.28] contains more
detailed information on this subject.

Noise from substations can be a significant issue for
residents near the site. While at the design stage the dis-
tance to nearby residences may be large and the noise
control adequate, housing built near the substation af-
ter construction and heightened awareness of acoustic
noise can cause issues for the asset manager.
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11.3.12 Structural and Civil Design

Civil and structural design is an important aspect of the
overall substation design project. Civil and structural
components include:

� Buildings� Equipment and conductor supports� Footings and ducts� Drainage and oil control� Noise control� Fire barriers� Security and fencing.

In a substation, a range of structural materials may be
used, including wood, concrete, steel and aluminum.
Structures are required to support high-voltage equip-
ment, meeting the loads and forces imposed by the
environmental conditions such as wind and the elec-
trical forces associated with short circuit forces under
fault conditions.

Substations have design lives of typically more than
40 years, and measures need to be taken so that cor-
rosion is managed in order to ensure the life of steel
and concrete supports and structures. Generally, steel
used for supports is treated with hot-dip galvanizing,
but other treatments and coatings may need to be con-
sidered in extremely hostile environments.

Foundations
Foundations or footings are required for the mounting
of high-voltage equipment, and comprise a consider-
able proportion of the civil works for a substation.
Footings are designed to the applicable national or re-
gional standards by a civil engineer in conjunction with
the substation primary designer, and some level of iter-
ation between the two may be required to determine the
most economical design solution to meet the required
design loads. The design calculations will be based on
the site geotechnical report detailing soil characteristics
including the soil properties in relation to moisture con-
tent.

Based on the soil characteristics, different foun-
dation designs may be used to achieve the required
outcome, including shallow raft foundations, block
foundations, rock anchors or deep foundations with pil-
lars to mount the equipment. Selection can be based on
factors such as ground conditions, installation cost for
the different approaches or selected utility standard de-
sign approach.

Depending upon the type of soil and the loads, the
foundation construction material is generally concrete,
with or without steel reinforcement. In some cases, piles
may be needed to achieve support requirements.

The finished level of the footings is used to align
high-voltage equipment, which is usually fixed a small
distance above the finished level to allow a degree of
adjustment in aligning components. The space between
the footing and the equipment is usually grouted or
sealed to prevent water lodging in the interface, caus-
ing corrosion.

Equipment is mounted on the prepared footings
using either cast-in threaded fixings or alternatively
chemical or expansion anchor bolts. Chemical anchors
have the advantage that the support structure can be lo-
cated and the holes in the baseplate used as the drilling
template. Cast-in bolts require considerable care during
foundation installation to ensure that the anchor bolts
are in the correct location. Some types of cast-in bolt
do allow a degree of play in the position of the bolts,
which can then be grouted into place when the support
structure is in place.

Foundation design must also allow for the later
installation of earth conductors and control cables to
avoid the need for cutouts after the foundation is in-
stalled. In addition, ensuring that steel reinforcement
is adequately connected to the substation earth grid
and does not result in earth current loops in normal or
fault conditions may be important in some installations,
particularly in the vicinity of air-core reactors, where
strong magnetic fields may exist.

Power transformers require a foundation to ade-
quately support the static load plus oil containment and
fire control facilities. Firewalls may be required be-
tween adjacent transformers, and in some cases may
also act as noise control devices.

Buildings
Substation buildings are designed to applicable build-
ing codes or national standards. The main role of the
substation control building is to provide physical pro-
tection for equipment, including control and protection
equipment, SCADA (supervisory control and data ac-
quisition) equipment and substation auxiliaries. In some
cases, high-voltage switchgear may be located inside
a building to provide environmental protection and se-
curity for the primary equipment, including AIS, GIS
and hybrid (mixed technology) switchgear.

Although substations are generally designed to be
unmanned on a continuous basis, some human ameni-
ties and workshop facilities may be required for peri-
odic attendance by inspectors or operations and main-
tenance personnel.

Similar to other buildings, there are a range of ap-
proaches that can be used to design a substation build-
ing. The substation building may be a permanent brick
or concrete construction, but there is a trend toward the
use of modular, prefabricated and transportable build-
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ings that have the advantage of off-site construction,
including fitment of control and protection equipment,
to reduce project cost and commissioning time.

While initial and lifetime costs for the particular
country or individual location are the main basis for the
construction type selected, security concerns must also
be taken into account, which may result in requirements
such as minimal or no windows (or protected windows),
reinforced nonflammable roofs or reinforced doors.

The local climate and the environmental require-
ments of the installed equipment will determine the
degree of climate control required in substation build-
ings. A common practice is to use a two-stage climate
control system that maintains temperatures for the short
times of worker occupation at one set point and reverts
to a lower (or higher, depending on the climate) setting
when unattended to reduce energy consumption. Some
electronic equipment items generate heat and also have
a limited environmental range, requiring some degree
of continuous climate control. This also applies to bat-
teries, where some types have an optimal temperature
range and which also have ventilation requirements due
to the emission of gases during charging.

Appropriately zoned security and fire alarm systems
should be provided and connected to the SCADA sys-
tem or local fire authority. A risk assessment should be
used to determine the degree of security and fire detec-
tion and suppression to be provided.

Cable Trenches and Ducts
Cable trenches are a common method of providing
adequate protection for secondary control cables be-
tween the individual items of HV equipment and for
connection to the control building. Some equipment-
to-equipment connections will typically be made by
providing conduits for the necessary control cables, but
for the connections to the control room, surface ducts
with reinforced lids are the customary approach in sub-
stations. The advantage of surface ducts (although this
may be the most expensive option) is the ease of ac-
cess for later changes during the life of the substation.
It is important that the choice of duct cover is carefully
considered to ensure that the lid is strong enough to sup-
port vehicle loads in the substation during operations
and maintenance.

11.3.13 Seismic Considerations

Earthquakes can occur in any part of the world but are
most common in the area described as the Pacific rim.
Substations can be vulnerable to earthquakes, both from
the risk of physical structural and equipment damage
and from unwanted maloperation of equipment such as
relays and other mechanical devices in the substation.

In areas where earthquakes are considered a foreseeable
risk, a range of methods can be used to reduce the im-
pact on reliability and to ensure that the power network
can be rapidly restored following a major earthquake.

Different techniques can be used to model the ex-
pected behavior of equipment under earthquake condi-
tions. A common approach is to use a shake table to
simulate different earthquake scenarios and to validate
design solutions. One of the most obvious ares of weak-
ness in high-voltage electrical equipment is porcelain
insulators, and various methods can be used to brace or
strengthen structures with porcelain insulation.

Other measures to counteract earthquake issues in
substations include:

� Removal of transport wheels on power transformers
and solid fixing to avoid shifting in earthquakes� Additional mechanical bracing and stiffening on
support frames for conservators, piping and radia-
tors on transformers� Insulating rubber damper mountings used for sensi-
tive relays and control devices.

Whatever procedures and solutions are adopted to re-
duce the risk of damage from earthquakes, it is impor-
tant that the solutions are aligned with the earthquake
risk for the particular substation and that region, and
the expected characteristics of earthquakes in that lo-
cation. The solutions adopted by the designer must be
cost-effective and must not have an adverse impact on
substation reliability, severability or maintainability.

11.3.14 Fire Control

Fire in a substation is generally considered a rare
occurrence, and the measures for the detection and sup-
pression of fires in a substation vary depending on the
risk appetite of the asset owner, the criticality of the
substation, local standards, the type of construction and
the equipment used. The most common approach for
managing fire risk is to design layouts that ensure ad-
equate physical separation between equipment such as
power transformers to reduce the risk that a fire on one
transformer will affect an adjacent unit.

The general objective in substation fire protection is
to minimize the hazard, limit the damage and reduce the
impact on overall substation reliability. When designing
any aspect of the substation, including fire protection
systems, the final design is a balance between risk and
cost.

One of the most common fire suppression systems
used in substations is a water spray system on power
transformers. The key aim of such a system is to limit
the conflagration, to cool the fire and to reduce the risk
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of the fire spreading to other parts of the substation, par-
ticularly adjacent units. Gas systems including N2 or
CO2 may also be used to attempt to smother the flames
in the event of a transformer fire. An important aspect
of the design of fire suppression for transformers is the
need to contain the resulting oil/water mix from pol-
lution of groundwater. Oil containment is designed to
accommodate the transformer oil volume plus an al-
lowance for rainfall collected in the containment and
from firefighting.

Fires in substation control rooms are considered
even more rare than transformer fires. However, it
is common, usually due to building standard require-
ments, to have some type of fire detection system, and
in some cases to have fire suppression in control rooms
and switch rooms. Fire suppression may be some form
of gas release or hypoxic system where oxygen levels
are kept lower than normal. Any suppression system re-
quires consideration for maintenance worker access and
staff safety.

Fire detectors in substations are typically connected
to control centers via SCADA systems to alert opera-
tions personnel to the fire, and may also be connected to
local fire authorities. Local fire authorities who are not
experienced in high-voltage substations and who enter
to fight a fire may present a safety issue to be managed
by the asset owner. There are cases where inexperi-
enced firefighting personnel have entered substations to
fight a fire, gaining access by cutting gate locks, without
proper awareness of the hazard of high-voltage equip-
ment. This type of issue is best managed by training
and awareness and by adequate levels of consultation
between the substation owners and the local fire author-
ities.

Fire control measures in substations vary depend-
ing on local standards, fire regulations, and the risk and
criticality of the substation. Some utilities manage the
risk by accepting that a substation fire is a risk but that
the fire cannot be contained, and the loss of part of the
substation is inevitable.

11.3.15 EMF and EMC Design

Substation equipment can be the cause but also may be
susceptible to electromagnetic interference and electri-
cal disturbances. Sources of disturbance include a range
of electrical transient phenomena that might affect sub-
station equipment:

� Electrical transients from high-voltage device
switching of circuit breakers and disconnectors� Electrical transients from some form of insulation
breakdown� Power-frequency electrical and magnetic fields

� Transient earth potential rises during faults� Lightning and switching transients from outside the
substation� Geomagnetic disturbances.

Each of these potential sources of electrical disturbance
can have a major effect on components within the sub-
station, requiring special attention on the part of the
substation designer and during the construction of the
substation, to layout, shielding, earthing and screening
practices in the substation.

Disconnector-Induced Disturbances
Switching of a disconnector occurs when the load cur-
rent has been removed and disturbances result from the
voltage collapse and multiple restrikes at the point of in-
terruption of the primary arc. Typically for air-insulated
substations, the transients that result are tens to hundreds
of kilohertz; however, in the case of GIS, the transients
have a far higher frequency, up to thousands of mega-
hertz. The initial value of the peak current of these tran-
sients is proportional to the change in voltage at the arc
point (�V) and the surge impedance,which is dependent
only on the geometry and characteristics of the surge
path. In general, this phenomenon can be significantly
worse in substationswhere the rated voltage is 100 kVor
higher. The effects can be a much more serious issue for
GIS than forAIS, and can generally be observed as short-
duration, steep-fronted transient pulses.

Fig. 11.35 shows a typical measured transient, al-
though the reader should note that the measured wave-
form is limited by the capability of the measuring
equipment, and the observed waveform may not be an
accurate measure of the actual frequency or the level of
the signal that is being generated. The actual signal fre-
quency and rate of rise is likely to be much higher than
can be measured by conventionalmeasuring equipment.

While these transients are generally not a human
safety issue (although some operators have reported
shocks during manual operation), this transient phe-
nomenon is observed in substations as short-duration
electrical transients during disconnector switching that
can have significant effects on electronic equipment.
Although related transient phenomena can be observed
during circuit breaker switching, the more serious (in
terms of control systems) generally result from discon-
nector switching.

Power-frequency electric and magnetic fields are
also a potential source of concern. However, as the
field levels originate from high-voltage conductors, the
typical distances from such conductors are usually suf-
ficient for human safety and short-term exposure.

Insulation breakdown can also be a source of elec-
trical disturbances and transients, and often these can be
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Fig. 11.35 Transient waveform (bus
current) measured during opening
of a 500 kV disconnector (Adapted
from [11.29], © CIGRE)

detected with RF (radio frequency)-sensitive measuring
equipment and used as a method for general condition
assessment of a substation.

All of these disturbance sources can have a signifi-
cant effect on electronic devices, causing maloperation
and failure of components, and the proper design and
treatment of cable screens and general substation earth-
ing practices are important control methods.

Geomagnetic Disturbances
Geomagnetic disturbances can have a serious effect on
substations and the power system. Currents induced in
power lines flow to ground through substation trans-
formers, which can cause saturation of the transformer
core and a variety of consequential problems. Increased
heating due to geomagnetic interference has caused
transformers to fail in the past. Increased harmonics
generated in the transformer can result in unwanted
relay operations, causing unwanted tripping of power
lines.

Geomagnetically induced currents (GIC) are driven
by the electric fields produced by the variation in the
earth’s magnetic field that occurs during a geomagnetic
disturbance. These variations are driven mainly by so-
lar activity, particularly solar flares and solar storms.
Because of their low frequency compared with the AC
frequency, the geomagnetically induced currents appear
to a transformer as a slowly varying DC current. GIC
flowing through the transformer winding produces ex-
tra magnetization which, during the half-cycles when
the AC magnetization is in the same direction, can sat-
urate the core of the transformer. This results in a non-
sinusoidal, distorted AC waveform with increased har-

monic levels that can cause maloperation of relays and
other equipment on the system. Transformers may be
damaged thermally.

Saturation of the transformer core produces in-
creased eddy currents in the transformer core and struc-
tural supports heating the transformer. The large ther-
mal mass of a high-voltage power transformer means
that this localized heating may not produce a major
change in the overall transformer temperature but can
cause damage to parts of the transformer windings.

EMC Control Methods
In most cases, there is no treatment to eliminate the ac-
tual generation of electrical transients and geomagnetic
disturbances, which are inevitable within a high-voltage
substation environment. However, there are steps that
can be taken by the substation designer to minimize the
effect of the transients and other disturbances typically
observed in substations, and this is commonly man-
aged by earthing practices and secondary cable screen-
ing. Unlike conventional practice for power-frequency
screening, the recommended practice for the earthing
of most substation control cables is generally to earth
all secondary cable screens at both ends of the cable
(sending and receiving ends, with the screen suitably
sized for fault current flow) or, ideally, double-screen
cables with the inner screen earthed at one end and
the outer screen or sheath at both ends. The exception
to this practice of double-end screen earthing is small
signal cables. This practice is sometimes accompanied
by the installation of a large-diameter parallel earthing
conductor in the same trench as the control cables to
provide an alternative low-impedance path under fault



11.3 Design 907
Section

11.3

Fig. 11.36 Lighting contours for a small substation, with
contours showing lighting levels in lux (Courtesy CPP,
Australia)

conditions. The latter measure is to bypass any circulat-
ing current that might occur due to transient potential
rise in parts of the earthing system due to system or
substation faults.

The other aspect of the control of transients is to en-
sure that there is a low-inductance path for transients to
earth. A stranded earthing conductor may have signif-
icant self-inductance, presenting a high impedance to
high-frequency or fast-rate-of-rise transients. The use
of a flat bar, rod or zero-inductance cable should be
considered for all major equipment earth connections
to provide a low-impedance path for electrical transient
pulses into the earthing system.

The reader should be aware that the information
provided in this section is a summary only, and the
topic of transient disturbance and EMC in substations
is a specialized topic. CIGRE Technical Brochures
124 [11.30] and 535 [11.14] provide much more de-
tailed information and coverage of this topic.

11.3.16 Lighting Design

The objective of substation lighting design is to provide
sufficient light both within and outside the substation
building for normal and emergency work activities,
including operations and maintenance. Another con-
sideration for the designer is the security aspect of
substation lighting, which may include photoelectric
cell or motion sensing.

Typically, a designer will work with lighting levels
from local standards specified for internal surfaces and
external work areas. External lighting must be adequate
for the typical work activities that might be undertaken,
with consideration for luminance level at key locations,
glare rating, color rendering, spill and sky glow rating.
DCemergency lighting, driven from substation auxiliary
batteries, may be provided in case of system power out-
age.

Specified design light levels will vary from one re-
gion to another, but typical values are:

� Inside buildings: 160 lux at floor level� Outside: 10 lux for operational or walking areas,
5 lux other areas.

These levels are typical requirements and may vary on
a case-by-case basis or based on local standards.

A lighting study is usually undertaken using spe-
cialized lighting software to prepare a lighting contour
plan based on the selected luminaires, selected loca-
tion and mounting heights. An example of the outcome
of a lighting study is shown in Fig. 11.36. Particular
attention should be paid to light spillage to neighbor-
ing properties and shadows in operational areas. Color
rendition can also be an issue for operations andmainte-
nance. Generally, white color (color rendition index of
50 or higher) is considered preferable for substations.

Outside lighting should be mounted in a way that fa-
cilitates maintenance, reduces glare outside the substa-
tion, and does not require an outage of the high-voltage
plant or the use of ladders or other equipment for access
to lamps for replacement. This often requires the instal-
lation of separate swing-down light fittings rather than
mounting on high-voltage structures and supports.



Section
11.4

908 11 Substations

11.4 Construction and Commissioning

Once the design has been completed, there are vari-
ous methods and contracting arrangements that can be
used to facilitate the construction and commissioning of
new substations or the enhancement of existing facili-
ties. Each of these methods has challenges, advantages
and disadvantages for the utility. Construction involves
a range of challenges in ensuring that the works are
adequately managed from the perspective of quality
control and site logistics, to ensuring site safety. Com-
missioning the substation involves suitable testing and
validation of the design to enable connection of the
substation into the overall grid. Finally, training for op-
erations and maintenance staff and documentation are
vital functions for any new substation.

11.4.1 Methods

Construction of a new substation or major modifica-
tions can be undertaken in a number of ways, depending
on the preferences of the owner. In some cases, the
owner has internal staff who are able to specify, design,
procure, construct and commission a new substation,
but frequently, any part of that process may be un-
dertaken by external contracted organizations. In some
countries, this practice of outsourcing is common,while
in others it is observed as an emerging trend.

The substation may be fully supplied by an exter-
nal organization or different combinations of delivery
retained in-house. In some cases, the owner organiza-
tion will retain engineering in-house and construction
services will be obtained from an external contractor.
In others, the entire process is managed by external par-
ties, apart from specifying the initial requirements.

All of these approaches can be managed with ef-
fective controls and delivery processes, and each has
attendant commercial and operational risks, advantages
and disadvantages. Whatever the method adopted, it
is important that the construction process is managed
methodically, using project management principles, to
ensure that the work sequence is logical and aimed at
minimizing delays and optimizing costs.

11.4.2 Site Logistics

The process of construction begins with site preparation
and benching as required by the civil design. The deliv-
ery and storage of materials and equipment on-site will
commence soon after the site is prepared, and should
be coordinated so that the equipment is delivered in
time for erection or appropriately unloaded and stored
on or near the substation site. Transport delivery ide-
ally should be arranged to deliver the equipment as it is

needed for construction, as storage on-site has attendant
risks. For example, the largest items are usually power
transformers, and these should be delivered only when
the site is adequately prepared and when the arrival does
not interfere with other works.

Each substation site and transport route is unique,
and the challenges for the construction crew in logis-
tics and transportation are different. A transport and
logistics plan may be useful to ensure coordinated, just-
in-time delivery of equipment and materials.

11.4.3 Quality Control

Quality control is one of the most important aspects
in substation construction projects, and key to success-
ful execution of the project. Contractors and suppliers
should be required to submit a quality control plan that
documents all the necessary procedures and steps to be
undertaken for delivery of equipment, installation and
construction work.

Once the layout has been established and footings
are installed, the first task is usually heavy steelwork in-
stallation, followed by major primary equipment items
and bus-work. In some cases, preassembly of equip-
ment in the workshop in a controlled environment is
advantageous, saving time on-site.

A good site construction manager is able to fore-
see issues and uses experience to ensure that works are
coordinated and that appropriate quality control is ap-
plied for equipment delivery and at early construction
and erection stage.

Although the early-works stages of substation con-
struction are largely physical erection of plant, one of
the important requirements at this stage is to ensure
that the underground components of the earth grid are
installed according to required specifications. This is
difficult to assess once trenches are covered and con-
ductors buried.

11.4.4 Documentation

Manuals, drawings and other documentation are an
important aspect of substation construction and life
management. The level of documentation is often re-
lated to the contracting approach (turnkey or in-house)
and the degree of design standardization adopted by
the utility. If substation design is highly standardized,
then the level of design documentation may be less than
that required for a new design supplied by an exter-
nal supplier. It is important that various manufacturers’
manuals are collected as the construction progresses for
later documentation of the entire substation. The other
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aspect of design documentation is ensuring that any de-
partures from the design drawings are documented in
as-built drawings, so that the final substation drawings
reflect the actual installation on-site and not just the de-
sign intent.

Any test results related to tests carried out on equip-
ment should be retained as a base for future condition
monitoring and lifetime trending.

11.4.5 Commissioning and Testing

Substation commissioning is the process that takes the
substation from construction and connects it to the
power network to achieve the network function spec-
ified for the substation. It is an important process, as
it represents the start of the life of the substation as
an asset in the network. The records of the testing un-
dertaken at commissioning become the base level for
lifetime condition monitoring and trending.

The overall process of commissioning a new sub-
station is usually considered a two-stage process:

� Precommissioning� Connection of the substation to the network.

The commissioning process typically starts with work-
flow planning and determination of the required final
connection date. The commissioning tasks are then as-
sembled into a project workflow that ends at that date.
Commissioning tasks are coordinated with construc-
tion activities to ensure that tasks are completed as
soon as possible within the construction program, and
sequenced logically to avoid overlap, interruption to
construction, and waiting time. Commissioning a large
substation is not a task for a graduate engineer and takes
a degree of experience often gained working with other
commissioning personnel or after long experience on
smaller projects. The knowledge required to effectively
commission a substation covers a wide area of substa-
tion design and plant technology, and an understanding
of control and protection systems.

Commissioning activities are documented and the
process controlled using preprepared inspection and
test plans (ITP) and test reports that detail the key
tasks completed and testing results obtained. This plan
is used and the test results, when complete, become
the main documentation of the commissioning process.
ITPs and test plans are the main quality control docu-
ments specifying the testing.

Precommissioning
The general objective of precommissioning is the iden-
tification of drawings and equipment, confirmation of
proper primary connection, correct orientation of equip-

ment, and functional testing of the assembled equip-
ment to confirm correct operation of circuitry and com-
ponents. Precommissioning assumes that the equipment
installed has been previously type-tested in the fac-
tory or laboratory, and the tests carried out on-site
for precommissioning are to confirm that the equip-
ment is undamaged, functional, correctly assembled
and erected, aligned and fully operational. Precommis-
sioning generally does not involve the whole substation
as an assembly, but treats the various components and
circuits separately.

Identification and Location of Equipment and
Components. The first step in precommissioning is to
identify and locate all the primary components, check
correct erection and orientation, check that design de-
tails on drawings are correct, and record serial and other
information that might be required later.

Preliminary Testing—General. Pretesting is carried
out at this stage to ensure that instrument transformers
are undamaged in transport, have the correct polarity
and that ratios are correct, and switchgear auxiliaries and
mechanisms are working according to manufacturer’s
instructions. Pretesting is carried out before the primary
circuit is connected to the network. Ideally, the entire
substation is not connected, but in some case parts of the
substation may be live, and extra care needs to be taken
to avoid operational or safety issues during testing.

Switchgear is checked to ensure that fluid levels,
settings and all adjustments are as per requirements, and
functional testing is carried out to ensure that the dis-
connector or circuit breaker is fully operational. Timing
tests on circuit breakers may be carried out at this stage.

Power transformers are often set up by the man-
ufacturers who install the coolers, bushings and other
auxiliary systems, fill the unit with oil, commission aux-
iliary systems and carry out basic testing. For power
transformers, it may be useful to take an oil sample at
this final setup stage, well before energization, to pro-
vide base levels for gas concentrations and to confirm
oil quality and dryness.

Generally, all equipment can be tested in some way
to make sure it is operational; however, full type testing
generally will not be feasible on-site, and it is assumed
that this is carried out before arrival. Factory test cer-
tificates should be reviewed and collected at this stage
for later inclusion in the substation commissioning doc-
ument set.

Instrument transformers are often tested on-site us-
ing a primary injection test set to confirm that available
ratios are correct, leaving the selected ratio finally con-
nected at the end of the pretesting ready for the next
stage of testing.
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Pretesting can be carried out on unconnected equip-
ment, but it is important to carry out functional testing
after all physical erection activities are completed. An
important aspect of this first stage of precommissioning
is to ensure that wiring within devices and between the
devices and the control room is installed and labeled cor-
rectly according to the design drawings. This is typically
carried out before DC or AC auxiliaries are switched on.
A common technique before any energization of even
auxiliary voltages is to first bell-testwiring to ensure cor-
rect connection as per the schematic wiring diagrams. It
is important to confirm using both positive and negative
testing, i.e., that low-resistance circuits exist where in-
tended and that there is no path to adjacent cores. This
can be difficult in some cases. Often visual inspections
alone are used to identify correct wiring and the connec-
tion of the right cores of cables on terminals. Secondary
cable insulation resistance to earth should be checked
once all cables and connections have been confirmed.

Other aspects of precommissioning include:

� Checking the tightness of connections� Inspection and validation of earthing and correct
connection to all equipment� Validation of cable screen earthing according to de-
sign� Validation of drawings and asset records with name-
plates� Energizing and testing of AC and DC auxiliary cir-
cuits.

Pretesting is carried out in a sequential manner, so that
testing occurs after erection and wiring, but once tested,
equipment wiring is left undisturbed where possible.
Generally, the first stage of pretesting is focused on the
equipment itself, then the wiring and interconnections,
and gradually as the equipment itself is confirmed as
correctly wired, the assembly and the overall primary
and secondary circuit functionality can be tested.

Finally, once all mechanical primary connections
have been checked for tightness, and micro-ohm tests
carried out on joints or sections in busbars or in flexible
connections, high-voltage testing should be carried out
on primary equipment to check for insulation problems.
This high-voltage testing is typically not carried out to
full working voltage level, but is rather used to iden-
tify any gross errors and problems as a last test before
energization. Once resistance testing on conductors and
insulation is complete, it is important that these con-
nections are not disturbed again for other testing; hence
planning for a a proper sequence of tests is important.

In the pretesting stage, control and protection re-
lay testing can commence. As for primary equipment,
it is assumed that the relay has passed type testing in

the laboratory, and the site testing is focused more on
the settings to be applied, confirming that these are cor-
rectly applied and that the relay performs as expected at
those settings.

Records are kept as the pretesting progresses to
indicate which circuits and equipment have been
pretested. This may be in the form of notes, but a good
approach is to retain a set of commissioning drawings
that are colored or otherwise marked as the pretesting
proceeds. This becomes a record of progress for the
commissioning team. Documentation is maintained to
the level agreed upon with the asset owner for eventual
handover after commissioning is completed.

The following is a list of the generic checks and
tests in the recommended order:

� Inspection of the plant and nameplate data� Confirmation of basic plant operation where appli-
cable� Insulation resistance and polarization index testing
of primary plant� High-voltage pressure tests of primary plant� Resistance measurements of primary circuit con-
nections� Insulation resistance testing of AC and DC control
and protection circuits� Secondary circuit insulation tests.� CT and VT (voltage transformer) ratio and polarity
tests by primary injection and wiring loop resistance
or secondary burden tests� CT magnetization tests� Relay secondary injection tests� Checking of control circuitry wiring� Functional tests of local and remote control, clos-
ing, tripping and protection including intertripping� Electrical and mechanical interlocking checks� Functional tests of SCADA, controls, alarms, indi-
cations and analogs� Testing of trip and blocking circuitry� Final pre-energization checks.

Building Services and Auxiliary Systems. The build-
ing itself should be commissioned as early as possible
and any auxiliary power and light circuits switched on
and tested as required.

AC supply will be required as a first step, and so
this is often tested and commissioned at the first stages
of the commissioning or even construction phases. Au-
tomatic and manual changeover and interlocking should
be checked together with diesel and other standby func-
tionality.

DC supplies including batteries and chargers should
be commissioned ready for progressive energization of
secondary circuitry and further substation testing.
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Circuit Breakers. Each circuit breaker should be tested
after erection to ensure that it is fully operational. Pri-
mary, secondary and earthing connections should be
checked. Primary insulation resistance and contact re-
sistance tests should be carried out using a suitable
test set. Any discrepancies should be investigated and
corrected. The operation of any circuit breaker alarms,
mechanisms, pumps, compressors, switches or inter-
locks should be verified. Gas pressure lockout circuitry
and settings should be verified and set as required.

Once adjustments have been made and the circuit
breaker proven operational, timing tests should be car-
ried to ensure the unit meets specified values, and any
discrepancies, including differences between phases,
investigated.

The mechanism energy storage capability should
be verified on-site by simulating the O–CO–t–CO
sequence according to specification. This is recom-
mended for each unit in case of specific installation
issues. The value of t, the recovery time between op-
erations, will vary depending on the type of mechanism
and the specification.

Gas-Insulated Switchgear (GIS). GIS needs to be
considered carefully from a commissioningperspective.
GIS cannot be fully assembled off-site, and the process
of GIS erection on-site carries the risk of contamination
of thegas spaces.High-voltage testing on the constructed
sections is typically performed once they are assembled
on-site. A one-minute power-frequency test or a longer
operational voltage soak test are both commonly used
and can be effective in checking that the sections have
been cleaned and assembled without contamination by
dust or metallic particles. Functional operation, timing
tests and checks on the gas monitoring relays, lockout
and alarms should also be undertaken.

Power Transformers. Following delivery on-site, one
of the first checks undertaken is to check the shock
recorder for any evidence of impact during transporta-
tion. Once the transformer is located on its foundation,
then the oil filling/filtering process should be com-
menced. Samples of the oil should be taken and tested
until a satisfactory moisture level and oil withstand test
voltage is obtained (e.g., in excess of 50 kV across a gap
of 2.5mm). When the oil handling process is com-
pleted, the following checks should be done:

� Check that all oil levels are correct in conservator,
diverter switch tank, bushing, etc.� Check the operation of low-oil-level alarms� Check that all valves are in the correct position—
open or closed as required� Check that thermometer pockets are filled with oil.

Insulation resistance (IR) and polarization index (PI)
values should be checked preferably before the trans-
former connections are made so that the values can be
compared with those taken in the factory. The insula-
tion resistance of the core ground should be measured
as well, as this can also give an indication of any dam-
age in transit.

A ratio and vector group test will normally be car-
ried out to verify that the phasing is correct for the
network.

The following tests should be carried out at every
tap:

� Ratio� Winding resistance.

A magnetization current check can be carried out using
an appropriate test set or by connecting an LV supply
to the transformer HV terminals with the LV open cir-
cuit. The measurements should be carried out using an
analog ammeter, and it should be confirmed that there
is no break in current as the tap changer moves from
one tap to another. If there is a short break, this can be
seen when using an analog meter (rather than a digital
instrument).

Other checks on the tap changer are manual oper-
ation, local electrical operation, remote electrical oper-
ation and automatic parallel operation, and a check of
the limit switches at the ends of the range. Secondary
injection of the automatic tap change scheme should be
carried out to verify that settings and dead bands are
operating correctly.

The cooling system should be checked by setting
and confirming the temperature for operation of the fans
and pumps and the winding temperature alarm and trip
values. It must be confirmed that the pump filters are
fitted correctly and the pump flow is in the correct di-
rection. The winding temperature indicator should be
checked by secondary injection and the oil temperature
also checked.

The Buchholz alarm and trip should be tested by in-
jection of air and operation of the relevant flag relays
verified. Explosion vent functionality should be simu-
lated to verify correct operation and connection of all
associated secondary wiring.

On larger transmission system transformers, it is
good practice to perform a frequency response analy-
sis (FRA) test and a swept frequency response analy-
sis (SFRA) test during the commissioning of the trans-
former. These tests are carried out using specialized test
sets, applying a voltage to one end of a winding and ana-
lyzing the output voltage at the other end of the winding,
the otherwindings being open circuit during the test. The
voltage is kept the same, and the frequency of the applied
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voltage is swept through a range of frequencies and the
output voltages recorded and plotted on a graph. This ef-
fectively creates a fingerprint for the winding that can
be compared against the result obtained in the factory.
A change in the fingerprint will indicate any movement
of the windings thatmay have occurred during transport.
The commissioningfingerprint can also beused for com-
parison with later tests during the life of the transformer
to detect whether any damage has occurred to the trans-
former while it has been in service.

Power Cables. Power cable testing is a specialized
area and generally outside the scope of normal substa-
tion commissioning, but a series of visual checks can be
undertaken to ensure correct connection to bushings and
surge arrestors and phasing and connection of screens.
Cable screens may be grounded at either both ends or
a single end, but this should be according to the design
requirements.

Insulation resistance (usually 15 kV), cable and
screen continuity, and path resistance testing can be
undertaken. Other testing that may be undertaken in-
cludes:

� Polarization index� AC or DC testing (depending on cable type)� Very low frequency (VLF) testing� Oscillating wave test� Partial discharge testing.

Earthing Systems. One of the most important aspects
of substations and the safety of persons and equipment
is the earthing system. Generally, the testing carried out
on earthing systems can be summarized as follows:

� Earth conductor resistance
Measurement of all joint resistances.� Earth bonding tests
Verification that all plant, towers and structures
are correctly connected to the earthing system, and
measurement of bonding resistance.� Earth grid resistance to remote earth
Verification that the design levels are achieved on-
site.� Verification of separation where applicable
Checking that separately earthed structures or other
earthing systems are isolated from the earth grid as
per the design. A common example is the substation
fence, which may or may not be connected, accord-
ing to the particular earthing design requirements.

Much of the earthing system is buried and installed as
part of the site initial works. It is good practice that the
substation commissioning process include inspection of

earth grid trenching and installation to ensure adequate
trench backfill.

Instrument Transformers. Current transformer ratio
and polarity can be easily checked on-site. Polarity is
checked using an instrument or a simple DC flick test
and small battery. Where ratios match, differential cur-
rent transformer connections (bus zone or similar) can
be tested by current injection across the substation bus
work to confirm correct connection of each of the CTs.
Magnetization curves should be carried out using spe-
cialized test equipment. Finally, insulation resistance
tests should be carried out and results recorded be-
fore connection of secondary wiring. Any earthing links
should be temporarily removed during testing to ensure
that a single earth is wired to the circuit.

The voltage transformer ratio can be checked by in-
jection and measurement, and each secondary circuit
insulation resistance measured and recorded, before
secondary wiring connection. Checks of any deliberate
circuit earths should confirm the single point of sec-
ondary earth connection.

Reactive Compensation. Reactors and capacitors are
tested by measuring capacitance and inductance and
also insulation resistance where applicable. All values
are recorded for commissioning records.

Surge Diverters. Surge diverters are generally not able
to be fully tested on-site, and simple functional tests
should be carried out to ensure that the units are ser-
viceable and have not been damaged in transit to site or
in erection.

Protection Relays. As for other substation plant, the
full functionality and type testing of protection relays is
assumed to be undertaken off-site, and the philosophy
for precommissioning is to verify the operation of the
relay and the application and verification (by testing) of
the assigned protection settings. The increasing com-
plexity in functionality of relays means that full testing
or even testing of the settings may be a major exercise,
and automated test sets are useful to reduce testing time.

The verification of protection logic settings is impor-
tant, as there are parts of the logic and in-service condi-
tions that the protection engineer may not have consid-
ered when determining required settings, causing possi-
ble maloperation in service. Unused functions should be
verified as disabled or isolated from basic functions.

Before applying DC auxiliary voltages, testing of
the basic insulation resistance of the relay and the as-
sociated secondary circuits should be performed. This
includes VT, CT and DC circuits, ensuring appropriate
levels of insulation resistance.
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Once DC is applied, secondary injection tests
should be undertaken to measure the relay and the sec-
ondary wiring burden, and there are several ways that
this can be done, depending on the circuitry and the
CT secondary windings. Ideally, the burden applied to
the CT should be measured with the rated nominal cur-
rent injected. Secondary injection can be arranged and
measured at the CT secondary terminals to ensure that
the entire secondary circuit and the burden of the relay
itself is included. In some cases, the CT may be con-
structed with an additional injection winding to enable
secondary injection.

Secondary injection is also used to verify the op-
eration of the relay at the required settings. The most
basic injection test measures pick-up and drop-off lev-
els, and these should be compared against the required
settings. Specialized and automated test sets can be
used to verify that the relay operates according to the
selected settings. Testing should generally be carried
out in accordance with the manufacturer’s instructions
and aimed at verification of the selected setting and the
functionality selected for the application, rather than
trying to test all relay functions and verify all setting
ranges.

The correct operation of all output trips, alarms, and
input and output signals should be verified using the as-
sociated initiating relays or contacts in the substations
where possible. In some cases, testing of relay output
trips or associated isolating points may require a large
number of primary circuit breaker operations. The use
of a dummy circuit breaker, simulating the CB charac-
teristics, is recommended in order to reduce the wear
and tear on the primary equipment, but final testing of
the circuit breaker is essential to ensure that the pro-
tection scheme is fully operational. In all cases, where
isolating links or switches are fitted, these links should
be verified by both positive and negative testing. Posi-
tive and negative testing checks the conditions for both
operation and non-operation when required.

An important part of secondary injection and relay
testing is to verify operation, test functionality and set-
tings, and record operating times for all relays.

Overall Checks and Tests. The earlier stages of
pretesting described above are carried out mainly on in-
dividual equipment items, circuits and bays, and once
these tests have been completed, additional overall tests
can be undertaken that cover sections of the substation
or even the entire substation. Examples of such testing
include circuit breaker failure systems that trip multiple
devices on failure of a single breaker, hard-wired in-
terlocking systems that include multiple primary equip-
ment items, bus protection circuits and other hard-wired
protection circuits.

Overall testing of these types of systems may in-
volve primary injection across large parts of the substa-
tion or functional tripping of several circuit breakers.
Ideally, these types of tests are carried out when the
entire substation is disconnected from the network.
Extreme care from a safety and network reliability per-
spective is required when parts of the substation are live
and the commissioning is being undertaken on a new
bay or line.

Final Commissioning Tests. The testing undertaken
in the precommissioning stage verifies that the equip-
ment is set up and connected correctly and ready for
energization. All testing is designed to identify and rec-
tify problems, to enable the substation to be energized.
However, there are a number of protection tests that can
only be carried out by energization and loading. Before
the next stage of commissioning commences, all test
leads and temporary connections should be checked and
removed. The substation should be placed in a condition
ready to energize. All workers on-site should be briefed
in regard to site safety prior to energization.

Typically, there are local administrative procedures
required for this pre-energization stage, and documen-
tation may be required to prepare for the substation’s
connection to the network.

A switching program will be prearranged and au-
thorized in conjunction with the commissioning team to
provide the necessary steps to finally confirm VT phas-
ing or current transformer summation as required by the
particular configuration of the network. It is important
that the mind-set of the commissioning team changes at
this point, and the substation is from this point consid-
ered to be energized.

The energization process will be managed using the
defined switching steps and under the control of the net-
work controller. Energizing the substation is carried out
step-by-step to allow sufficient time to identify any is-
sues and for safety in the event of primary equipment fail-
ure. At various steps, secondary voltages, currents and
phase rotation are checked at relay terminals to ensure
correct connection from the primary system. In some
cases, commissioning may involve synchronizing parts
of the network interconnected for the first time, and it is
important that the commissioning team understand any
identified differences in phase or voltage levels.

In some cases, temporary secondary connections
may be made to verify CT balance in differential cir-
cuits or to verify the correct connection of directional
relays. Soak testing is recommended for major equip-
ment such as transformers, and staff should remain
indoors and protected from any catastrophic equipment
failures that might occur. It may be useful to take ad-
ditional oil samples at various stages of the transformer
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energization to assist in identifying any latent issues.
Immediately after energization, after soak testing and
after loading are typical points where additional sam-
ples are taken.

Thermographic inspection may also be useful to
identify any hot spots in equipment or connections.

As the various tests are successfully completed, the
temporary settings are removed and the final settings
applied. Test connections and instruments are removed
and the substation configured for full service.

Following successful commissioning and energiza-
tion, the final documentation of the commissioning
process, the various factory test certificates, manuals,
as-built drawing set and test results can be finalized for
handover to the network owner, completing the main
commissioning process.

11.4.6 Training

Substation training requirements depend on the training
policies and practices of the asset owner and organi-
zational philosophies. There are a range of employee
interactions with substations, and this implies a range
of training levels and requirements to support different
activities. One of the more important aspects of training
for substations follows from the commissioning pro-
cess, and it relates to training for operations and main-
tenance staff who should be trained in the particular
requirements of the new substation. Often, a commis-

sioning team will provide familiarization training for
operators and inspection and maintenance staff at the
time a new substation is connected to the system.

Other general training may include:

� Safety induction for visitors or nonaccredited staff� General substation awareness training for new staff� Specific training on new substation equipment for
operations and maintenance staff

Some of the training on specific new substation
equipment may be undertaken by the supplier as part
of a procurement agreement.

In general, university and technical training for en-
gineers and technical staff is more difficult to obtain.
General industry courses are available in most coun-
tries, but with the diversity in skills required for the
range of aspects of substation planning, design, asset
management, maintenance, operations and other asset
aspects, there is no simple solution for the provision
of substation training. Manufacturers may be able to
supply courses on their own products, but general train-
ing is more difficult to obtain. This book is aimed at
addressing some of the training needs for the general
industry.

In some countries, industry organizations have rec-
ognized the lack of appropriate university training and
are working with universities to improve power sector
and substation training for undergraduates.

11.5 Substation Asset Management

Substations are long-lived assets, and an operating sub-
station site may exist for 100 years or more, with equip-
ment, components and systems changing and evolving
to meet the ongoing and changing needs of the grid.

Since the 1990s there has been more awareness
within the power industry of the value of asset manage-
ment, which has now been developed as a recognized
discipline to become an agreed-upon global standard.

Asset management for substations includes the
complete asset life cycle and includes risk management
and the balancing of often conflicting objectives for
asset owners. Asset management is applied to all as-
pects of the substation life cycle, including planning
and design, construction, operations and maintenance,
environmental management, performance and condi-
tion monitoring, security, spares management and, ul-
timately, decommissioning of the substation at end of
life.

A formalized asset management process provides
a means for asset owners and operators to demonstrate

to shareholders, regulators and a range of other stake-
holders that assets are being managed in a way that is
consistent with the highest level of objectives defined
for the organization.

11.5.1 Asset Management Fundamentals

Asset management has various definitions, but is an
important aspect of the management of inherently long-
lived-asset high-voltage substations. Many of the pre-
ceding sections of this chapter have focused on the
delivery of new substation infrastructure, but a network
comprises mostly older substations, some reaching ages
of over 80 years in certain regions of the world.

Successfully managing a large population of sub-
stations requires the interaction of many individuals
within the owner’s organization and a range of suppli-
ers and service providers. Asset management invariably
involves all levels of the business, from senior manage-
ment through all levels of asset management activities.
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While there are many definitions, asset management
generally involves balancing risks, costs and perfor-
mance to achieve agreed-upon asset objectives. These
objectives are often defined at a high strategic level but
involve activities at the lowest level of the organization.
An important aspect of asset management is the asset
life cycle, from conception to disposal.

Asset management is not new, and organizations
have been managing all types of assets, including sub-
stations, for many decades. In the 1980s, however,
the discipline of asset management began to be dis-
cussed, particularly in the UK, USA, Australia and New
Zealand, and rapidly spreading to many other countries.
Since that time, there has been significant development
in international understanding of the best practice prin-
ciples that underlie good asset management practice.

In 2004, the British Standards Institute (BSI), in
collaboration with the Institute of Asset Management,
released Publicly Available Specification (PAS) 55 in
two parts, considered to be the first internationally rec-
ognized specification for asset management.

In 2014, the ISO 55000 series of standards [11.31]
were issued, defining accepted global understanding
of asset management principles. These standards detail
agreed-upon best practice principles that have relevance
for many assets, including high-voltage substations.

This section discusses some of the key principles
that are part of the practice of asset management for
substations.

11.5.2 Stakeholders

One of the reasons for the development of the discipline
of asset management was the difficulty in providing as-
surance to stakeholders that an organization was effec-
tively managing its assets. The introduction of PAS 55
in 2008 was driven by the need to demonstrate that pri-
vatized utilities and transport organizations in the UK
were effectively managing their assets. In particular,
there were concerns regarding the asset management
systems in place to ensure the longer-term integrity and
safety of the privatized assets.

Successful asset management requires the active
participation of many individuals within an organiza-
tion and its supply chain. It requires the understanding
and support of internal and external stakeholders, such
as shareholders and regulators, who may wish to exert
influence on the utility.

11.5.3 Risk Management

Risk management a foundational principle of asset
management. Risk is related to uncertainty but can be
assessed in relation to the likelihood that an event may
occur and the consequence of that event.

Risk management can be considered as a coordi-
nated set of practices to identify and define hazards and
inherent asset risk, to assess the risks and the conse-
quences and compare these against other risks to deter-
mine priority, consider feasible mitigation methods for
that risk, and determine and implement a solution.

Risk management often aims to reduce risk to
a level as low as reasonably practicable (ALARP), par-
ticularly for safety-related risks. Many organizations
develop an internal risk policy that defines what the or-
ganization accepts as tolerable risk, referred to as the
organization’s risk appetite. This is often represented as
a risk–consequencematrix that includes several risk cri-
teria, including:

� Safety� Financial implications� Reliability� Market efficiency� Relationships� Organization and people� Environment.

The matrix then defines the levels of consequence in
each of those criteria to provide guidance for asset
decision-making and prioritizing.

Risk management is an essential task for the asset
manager, particularly in relation to optimizing the costs
and reliability of infrastructure. The goal of risk man-
agement is to find the optimal solution from several
options meeting broader organization objectives.

Broader organizational objectives may include:

� System: reliability and quality of supply� Equipment: technical condition of the equipment to
meet performance, regulatory and legislative objec-
tives� Financial: capital investment and whole-of-life
costs� Societal: public opinion, reputation, community ac-
ceptance.

There are many references to the practice of risk man-
agement, and the reader is encouraged to search for
those to find more information on this topic.

11.5.4 Reliability

The reliability of substations is obviously a key con-
cept and is related to risk management. The concepts of
risk and reliability together can be used to develop an
appropriate maintenance strategy for the organization.
Consideration of risk in assets such as substations in-
variably involves a third concept, that of criticality. The
introduction of criticality provides another way to prior-
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itize activities including maintenance, replacement and
refurbishment works.

11.5.5 Maintenance

Similar to risk management, there are many texts and
references available on the topic of maintenance man-
agement.

Maintenance is defined in IEC 60300-3-14: 2004
[11.32] as

the combination of all technical, administrative
and managerial actions during the lifecycle of an
item intended to retain it in, or restore it to, a state
in which it can perform the required function.

Part of the range of activities broadly described as asset
management is maintenance management, and that is
defined as

all the activities of management that determine
the maintenance objectives or priorities, strategies
and responsibilities, and implement[ing] them by
means such as maintenance planning, maintenance
control and supervision, and several [improve-
ment] methods including [economic] aspects.

Maintenance management can be complex and may
involve a range of disciplines within a company, includ-
ing operations, engineering, information technology,
economics, safety, risk, engineering and accounting.

A maintenance strategy can be broadly divided into
two approaches:

1. Corrective maintenance (or defect maintenance)
2. Preventive maintenance.

There is no right or wrong approach, and different
maintenance strategies may be appropriate for different
components of the substation.

Corrective maintenance: Corrective maintenance
can be otherwise described as a run-to-failure main-
tenance approach. Assets are repaired when they fail,
either immediately or in some prioritized fashion. Re-
pairs based on unpredictable equipment failure are
inherently unplanned, and it is generally accepted that
unplanned repairs can be up to ten times as expen-
sive as planned and scheduled repairs carried out in
a planned and scheduled manner. However, corrective
maintenance may be appropriate for some asset types
and may even be necessary if there is no feasible or
cost-effective preventive maintenance that can be ap-
plied.

Preventive maintenance: Preventive maintenance is
maintenance that is regularly performed on a piece of

equipment to maintain its condition and reduce the like-
lihood of failure. Preventive maintenance may be per-
formedwhile the equipment is in service in order to avoid
an unplanned failure. Preventive maintenance is gener-
ally time-based but can also be condition-based. Tradi-
tionally, substation maintenance was carried out by pe-
riodic preventive maintenance, but many utilities have
progressed to a condition-based protocol,where mainte-
nance is carried out when the condition of the equipment
is such that maintenance is required. Condition-based
preventive maintenance is generally considered the op-
timal approach in terms of cost and risk.

Maintenance that is initiated and triggered on the
basis of time periods (time-based maintenance, TBM)
is relatively easy to implement with modern mainte-
nance management information systems. Work orders
are issued at predetermined time intervals, allowing for
forward resource planning and scheduling.

Condition-based maintenance: Condition-based
maintenance (CBM) relies on the known condition
of the asset and may be more difficult to implement
than TBM unless a clear picture of the asset condition
can be obtained and there are sufficient resources,
skills and knowledge for the more complex planning
of maintenance activities. Forward planning of the re-
quired resources is more difficult with CBM. Condition
assessment often relies on inspections unless suitable
condition monitoring techniques are available for the
asset type.

In some asset types, the condition of the asset may
be obtained by diagnostics, and some may be suitable
for online condition monitoring techniques. However,
in all cases, the speed of decay or the gestation period
of typical faults from the first signs of a change in con-
dition may be difficult to predict.

Condition monitoring is a well-accepted concept in
substations, and a range of techniques for both offline
and online monitoring can be employed. A number of
techniques have been adopted by the power industry to
enable the development of an optimized maintenance
management approach, including:

Reliability-centered maintenance (RCM) is a struc-
tured approach that considers reliability in high-risk
asset types and was originally conceived within the air-
craft industry. It is a step-by-step approach that can
yield good results, but its implementation can be time-
consuming and resource-hungry.

Risk-based maintenance (RBM) is aimed at mini-
mizing cost and risk in order to achieve an optimal
maintenance solution using aspects of RCM, CBM,
TBM and CM.

Total productive maintenance (TPM) is often con-
sidered to be more appropriate for the manufacturing in-
dustry. TPM aims at the most efficient and effective use
of equipment (overall equipment effectiveness, OEE).
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This method considers a range of factors including hu-
man and technical aspects; however, like RCM, it can be
time-consuming and resource-hungry to implement.

Ultimately, the maintenance approach used by any
organization depends on the nature and the condition of
the assets and the risk appetite of the asset owner. The
important progression for any utility is from a reactive
to a proactive and preventive maintenance approach.
The choice of technique to determine the optimal main-
tenance approach will be best determined by the broad
objectives of the organization.

11.5.6 Strategy and Policy

The establishment of an asset management model in an
organization is a common response to external drivers
of better business performance including improved as-
set decision-making. Effective asset management pro-
vides the opportunity to align asset decision-making
with broader organizational objectives. Optimizing as-
set decision-making usually relates to reliability, risk,
and operational and capital investment costs.

The asset manager is required to meet corporate
objectives including legislative and regulatory require-
ments.

This combination of potentially conflicting objec-
tives requires the establishment of organizational poli-
cies and strategies to articulate how the various, and
often conflicting, requirements will be balanced.

A powerful feature of good asset management prac-
tice is the alignment of asset activities throughout the
organization, from the corporate objectives right through
to the smallest asset inspection or maintenance task.

The establishment of appropriate policies and
strategies becomes a tool for utilities to demonstrate
this whole-of-business alignment. Examples of key as-
set management policies include:

� Risk management policy� Safety policy� Environmental policy� Quality of supply and security policy� Financial policy� Procurement policy� Employee conduct and equal opportunity policy.

Asset managers must be familiar with relevant internal
company policies and understand how these affect as-
set management decision-making. In some cases, there
may be specific asset management policies defining the
approach to asset decision-making, maintenance and
condition monitoring.

The usual definition of asset strategies is that they
are high-level plans of action to achieve an objective

or asset policy. The development of strategy is often
the responsibility of the asset manager (as is sometimes
the development of policy). An asset strategy may con-
tain the overall approach and may be complemented
by more detailed asset action plans; such a strategy is
important in articulating a plan for achieving a higher-
level organizational objective.

11.5.7 Environmental Management

The general aim of substation environmental man-
agement from an asset management perspective is to
reduce the environment footprint of the substation dur-
ing its service life. Some of the environmental control
measures are built in at the design stage and include
oil/water separation systems, drainage measures and
buffer zones. Other measures include ongoing site man-
agement, maintenance and operations in relation to
conservation of natural resources, protection of habitats
and control of hazards.

One of the challenges for substation asset owners
may be older substations and equipment built to differ-
ent standards than would be acceptable today. CIGRE
Technical Brochure 221 provides a guide to reducing
the environmental impact of substations at the design
phase [11.33].

The broader movement toward the concept of sus-
tainability means that a whole range of aspects of
substation management may need to be considered, de-
pending on organizational policy.

11.5.8 Whole-of-Life Management

The lifetime of a substation is typically considered to be
more than 50 years, during which the substation can be
expected to undergo significant changes with new (par-
ticularly secondary) equipment and expansion with new
circuits and additional transformers. The substation be-
comes a mix of various technologies, and the age of
installed equipment will range from brand-new to over
50 years.

Whole-of-life management and decision-making is
an important aspect of asset management and affects
the way maintenance is carried out, including refurbish-
ment and replacements.

Life-Cycle Factors
A range of lifetime factors are considered when mak-
ing asset decisions (such as life extension options) for
substations and other assets, including:

� Future needs: Is the substation due for decommis-
sioning or even complete substation replacement at
some stage in the foreseeable future?
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� Fault levels: Is the substation capable of managing
current or predicted fault levels, and is the current
equipment rating suitable?� Asset health and performance: This usually entails
a detailed assessment of the plant condition com-
pared with network requirements.� Safety: Is the equipment safe? Can life be extended
safely according to current standards?� Costs and risk: Are the costs and risk of life exten-
sion or refurbishment well understood?

Asset Life-Cycle Phases
Asset life cycle includes all aspects of managing assets,
from the initial concept to disposal. The substation life
cycle can include up to seven phases:

1. Identification of need
2. Design
3. Construction
4. Commission
5. Operation and maintenance
6. Decommission
7. Manage residual liabilities.

Clearly, not all of these activities involve the same
length of time, with the operate-and-maintain phase the
predominant activity in terms of proportion of substa-
tion asset life. In many utilities, the aspect of substation
life that attracts the most attention is the early stages of
design and construction.

Life-Cycle Cost Analysis
Life-cycle costing (LCC) is the most effective means of
considering the financial aspects of asset management
decisions. Consideration of not only the initial purchase
cost but also the implications for the asset lifetime pro-
vides a more accurate picture of the value of a decision,
whether a new substation purchase, implementation of
new technology or a change in maintenance strategy.
The general understanding of life-cycle costs is that the
initial purchase price is only part of the cost of an item
or project.

Life-cycle cost

D purchase cost

C installation and commissioning cost

C cost during asset life (including losses)

C cost of disposal at end of life :

The cost of operations and maintenance is a major com-
ponent of the ownership cost of a long-lived substation
asset. Refurbishment costs, maintenance costs includ-
ing labor, tools and equipment, and spare parts and

consumables, and costs for outages, including costs as-
sociated with unavailability when an asset is out of
service for maintenance or following a failure, must
all be taken into account for a lifetime assessment.
The initial purchase cost is relatively easy to assess
and compare, whereas the lifetime and disposal costs
may be more difficult to assess, particularly consider-
ing a 50-year time horizon.

The substation lifetime is also a matter of debate for
any utility. There is usually a financial lifetime, typi-
cally 40–45 years determined for accounting purposes,
whereas the technical lifetime may be much longer (or
shorter) depending on the technology and the care taken
during the life of the asset. Life-cycle cost analysis
is strongly influenced by the organization’s accounting
approach and by the regulatory environment and the
various strategies that are employed by the organization
to achieve its objectives.

Net Present Value Calculations. Life-cycle costs can
be analyzed and different options compared using dis-
counted cash flow techniques based on the time value
of money. Typically, each organization has an approach
mandated by financial policies for such analysis. One
common technique is to use the net present value (NPV)
to analyze and compare option costs. This technique ap-
plies simple mathematics to account for the time value
of money. The NPV technique can be applied in dif-
ferent ways. In the formula below, an initial purchase
or capital investment can be compared with the savings
that accrue from year to year.

NPV D
T
X

nD0

Cn

.1C i/n
�C0 ;

where n D the year of the cash flow, T D total number
of years being analyzed, i D the discount rate (deter-
mined by the organization, typically 5–10%), Cn D the
net cash flow, benefit or cost in year n, and C0 D the
total initial investment cost (at year 0) if applicable.

The costs should include all costs, including any
disposal costs at the end of the period. If NPV is positive
(or > 0), this means that the investment adds value to
the organization and the project may be justifiable from
an accounting perspective. Another application for this
formula is to compare a capital purchase with a lease
cost, where the capital purchase isC0 and the lease costs
are the costs per year (Cn). If the NPV result is positive,
it may be better financially to lease the asset rather than
purchase outright.

This is an important technique for the asset man-
ager and enables the comparison of long-term options
and whole-of-life costing. There are many references
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available on the application of NPV techniques for
decision-making, including CIGRE TB 354 [11.34].

11.5.9 Condition Monitoring

One of the fundamental functions of asset manage-
ment is the need to manage risk associated with assets.
Achieving that function and actually managing the
risk requires the manager to understand the level of
risk, and this requires knowledge of the asset health
or condition and taking appropriate actions in response
(management) to achieve an overall objective. Condi-
tion monitoring is therefore an important function of
asset management that must be undertaken for assets
of any kind, and particularly in substations.

Goals of Condition Monitoring
One of the goals of condition monitoring is to reduce
the likelihood of unplanned failure by applying tools
and techniques to assess the ongoing condition of the
asset and to detect changes to enable remedial actions in
a timely manner. Other goals for condition monitoring
include:

� Cost savings by reducing inspections or periodic
monitoring� Better utilization of staff (or working with reduced
staff numbers)� Asset risk reduction� Better asset utilization by getting more performance
out of the asset with better knowledge of the condi-
tion with time� Asset life extension.

Condition monitoring can be periodic (diagnostic test-
ing when needed or at predetermined intervals) or
continuous, and there are now many techniques and de-
vices available to cost-effectively monitor the condition
online in a continuous manner.

Diagnostic Testing
The basis and the foundation of condition monitor-
ing involves carrying out some type of diagnostic test
that is appropriate for the asset type (e.g., an oil test
on a power transformer). The results of this test may
indicate the asset condition at the time the test was un-
dertaken, if properly selected for that type of asset, but
may require expert interpretation. An important aspect
of condition monitoring is the process of taking diag-
nostic test results and using those results to provide an
indication of asset condition and any changes with time.
The condition may then be used as a trigger for reme-
dial actions on an individual asset level (i.e., a repair or
refurbishment) or to assess a group of assets to assist

decision-making for the entire population (e.g., decid-
ing that the population needs to be replaced).

Effective condition monitoring enables the asset
manager to take a more proactive rather than reactive
role in managing the asset.

Information Management
Typically, an asset manager will manage not just one
but a large number of substations, each substation with
a large number of equipment items, and the condition
information required to be managed effectively is ex-
tensive. Understanding the risk of the assets overall
requires knowledge of the condition of all those com-
ponents. The added complexity is the need to manage
that information on a time basis so that a change in
condition over time can be identified and action taken
to avert a failure. This complexity requires the appli-
cation of appropriate information management systems
and business processes to manage the numerous data
sources and to provide and present information so that
asset decisions can be made. Information management
is therefore core to an effective condition monitoring
strategy for an organization. The processes of manag-
ing that information and using the information for asset
decision-making are also important parts of effective
asset management.

Capital Investments
One important aspect of condition monitoring is that
online monitoring usually requires some capital in-
vestment for equipment up-front. This often includes
the purchase, installation and ongoing maintenance of
some type of electronic device, appropriate for the type
of asset, measuring a quantity that is indicative of the
asset condition or performance and fitted permanently
to the asset. The NPV techniques described in the pre-
vious section may be useful for comparing options or
evaluating benefits versus cost for such investment.

However, in some cases, condition monitoring can
use already existing condition data sources without any
new capital investment. An example of this is the use
of applications such as PI Historian to access existing
SCADA information and provide longer-term informa-
tion on asset performance.

Condition Monitoring Strategy
A common mistake in investigating new technologies
and implementing condition monitoring is failing to
first consider the objectives of the organization and to
establish adequate processes and systems to manage
the outcomes after a decision to trial new technology
is made. Some organizations have been slow to adapt
to the availability of new technology and have failed
to transition the organization to a new approach with
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new online platforms and devices, newmonitoring tech-
niques and new information management processes.
Industry best practice suggests the consideration of
a condition monitoring strategy that articulates what the
condition monitoring approach aims to achieve in terms
of organizational objectives and how these processes
will be implemented to achieve those objectives.

Conclusions
Condition monitoring is core to effective risk manage-
ment and ultimately to overall substation asset man-
agement. Whether continuously online, or offline and
periodic, condition monitoring is necessary to fully un-
derstand the risk and performance associated with the
asset fleet. A range of appropriate techniques are avail-
able for all key substation asset types, and many organi-
zations have had good experiences with the introduction
and application of online methods of continuous condi-
tion monitoring of substation equipment.

11.5.10 Substation Security

Substation owners have a responsibility to prevent
unauthorized access to sites within their control, both
to protect the infrastructure from harm and to ensure
the safety of personnel who may deliberately or unwit-
tingly attempt to enter the site. Security for substations
must necessarily consider relevant local legislation,
regulations, national standards and any other relevant
documentation, including past legal proceedings. Phys-
ical security is fundamentally a risk management issue,
and the particular security measures applied to each site
will be managed according to the organization’s risk as-
sessment processes.

Physical security of substations is usually consid-
ered as three levels of control:

1. Primary controls
The physical security such as fences, gates and
equipment layouts to control or prevent access or
contact with high-voltage equipment

2. Secondary controls
Used to assist in the identification of persons, the
detection of intrusion and generally to support pri-
mary control methods

3. Procedural controls
Support primary and secondary controls to ensure
ongoing effectiveness of controls including security
policies, procedures, risk assessments, inspections
and auditing.

Security for substations and other infrastructure is often
considered based on the principle of defense in depth.
The defense-in-depth principle is the consideration of

layers of protection to secure an asset from an external
attack, with the rationale that these security layers pro-
vide an increasing barrier to penetration.

Physical security measures for new buildings and
major refurbishment projects should be considered as
early as possible in the predesign phase of the project.

Security risk assessments should be carried out
early in the overall design process for greater effect
and cost efficiency. The location and proximity of sub-
station buildings may warrant special consideration
regarding the placement of doors, locks and windows.
Grounds design and vegetation can also have an impact
on security.

When siting substations near roads, the likelihood
of impact by vehicles should be assessed. Siting instal-
lations away from curves in roadways or behind natural
vehicular barriers or the use of protective bollards will
minimize the likelihood of unauthorized access follow-
ing damage by vehicles.

The general security measures for the outer layer
of substation security are often considered to be the
substation fencing and gates, but natural barriers such
as plants, rocks, moats and gullies may also provide
an outer barrier to substation entry. Additionally, con-
sideration should be given to natural surveillance, or
the exposure of an individual trying to access the outer
barrier of a substation. It is important to avoid pro-
viding natural hiding places adjacent to the substation
boundary. Other measures include providing an outer
lower fence and inner security fence to assist in ob-
serving unauthorized individual access in the space
between the two fences (referred to as a sterile security
space).

Fencing or walling are the primary means for pre-
venting unauthorized access to high-voltage substa-
tions, and the design of the fence and the materials
used for construction can have a major impact on
the effectiveness of the fence as a security measure.
An intruder-resistant fence should provide a degree of
resistance to climbing or otherwise breaching by an op-
portunistic intruder. Obviously, a determined intruder
with tools can breach any fence, and the security value
may be measured by the amount of time such an in-
truder might take to breach the fence. Typically, the
chain mesh fence with barbed wire that was often used
in the past is being replaced by high-tensile-strength
welded mesh or security-rated fencing materials, brick
or masonry to resist unauthorized intrusion.

Fence height (including topping) is typically a min-
imum of 2.9m. Tops should be barbed wire, barbed
tape or razor wire with a concrete footing to limit the
ability to dig underneath the fence. Electric fences with
detection sensing may be considered in high-security
applications. Various commercial fence types such as
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palisade are available that are resistant to all but deter-
mined entry using tools.

Security measures to control the issue of locks are
important, as is the selection of appropriate durable,
high-security key systems and lock hardware.

Primary security may be reinforced with electronic
detection systems as a secondary control measure at
the substation boundary and for buildings within the
substation. Closed-circuit TV, alarms and monitoring
systems and various types of detection systems can
be installed to detect intrusion attempts and enable
a response. Adequate levels of lighting are also an
important deterrent and may assist in positive identifi-
cation of intruders for visual detection methods.

Public awareness of the risks of substation entry and
the need to report unauthorized entry is an important
aspect of substations security. Warning signs should be
fitted at the boundary as a deterrent to less-determined
intruders.

This section is intended to provide the reader with
a general introduction to substation security, and more
in-depth information is available from a variety of
sources. An independent security consultant and an
assessment of site security is often a useful tool in as-
sessing the adequacy of existing security measures.

11.5.11 Spares Management

The effective management of risks associated with
power system assets requires consideration of the level
and availability of suitable spares. The spares strategy

affects the way the network and the substation are de-
signed, particularly in regard to the level of redundancy
to be included in the design.

Spares management is not just managing data and
ensuring that there is a spare unit for every plant item
in the substation. Substation spares management should
be carried out at the network level and derived from the
basic asset and risk management policies of the organi-
zation. Stock levels of essential spares should be based
on the number and types of assets in the network, and
must consider the strategic significance and criticality
of the unit in the network, failure rate, procurement lead
time and cost of the item.

Power transformers are arguably the most impor-
tant and critical items within a substation. Sufficient
spare transformers should be retained as spares in case
of transformer failure in any substation within the net-
work. The spare needs to be compatible with the range
of locations for which it is applicable, with the appropri-
ate fittings (bushings, connection type, shape and size)
to enable replacement of a failed unit within the re-
quired replacement times.

One aspect of spares management that can be over-
looked is the need to ensure that the spare equipment
is adequately stored and maintained. In the case of
spare power transformers, this may include periodic
inspection and testing to ensure that the transformer
is in good condition, and storage measures to prevent
the ingress of moisture. Consideration may be given to
keeping the spare energized to assist in managing mois-
ture ingress.

11.6 Secondary Systems

Secondary systems are an important aspect of the over-
all substation performance and operations, and are used
to control and monitor the operation of primary equip-
ment, whether AIS, GIS or MTS technology. Secondary
systems provide the intelligence that enables the substa-
tion to react to system demands and to safely isolate net-
work faults external to the substation, as well as faults
within the substation itself. Protection, monitoring and
diagnostic functions provide ongoing assurance that the
substation is healthy and operating effectively. Impor-
tant functions of secondary systems include voltage and
reactive plant control. Communications systems pro-
vide the necessary ability to send and receive data for
control, metering and monitoring purposes.

Auxiliary systems in substations provide reliable
and secure power supply in the event of extended net-
work outages.

Condition and performance monitoring is also facil-
itated by secondary systems and is an important aspect
of the ongoing management of the substation, espe-
cially as the majority of substations are unmanned and
fully automated.

11.6.1 Auxiliary Systems

Auxiliary systems include the various low-voltage AC
and DC power supplies required to power all of the
substation equipment. The auxiliary supplies gener-
ally provide power for building and cabinet heating,
lighting, battery chargers, transformer cooling fans and
pumps, while the DC supplies are used for the control
and protection of the plant and for tripping and closing
of switchgear to clear faults. These systems need care-
ful design to ensure reliable operation of the substation
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and the ability to allow for future expansion of the sub-
station.

AC Auxiliary Systems
AC auxiliary systems in a substation typically consist
of a transformer either connected to an external distri-
bution system or from the tertiary of the main substation
transformers. In high-criticality substations, a diesel
backup generator is sometimes fitted to provide AC
auxiliary in the event of a system outage. Typical AC
auxiliary loads include:

� Building power and light and external switchyard
lighting� Battery charging� Transformer tap-changer drives, cooling fans and
pumps� Cabinet heating� Fire pumps.

The AC switchboard may be segregated to provide
a more secure supply for essential loads, with ap-
propriate changeover systems to allow for automatic
changeover in the event of an outage of one or more
incoming supplies.

DC Auxiliary Systems
One of the most critical loads on the AC auxiliary sys-
tem is the station battery chargers supplying the DC
auxiliary systems. The majority of the control and pro-
tection systems within the substation are powered by
the DC auxiliary system, which is designed to provide
the appropriate levels of reliability and redundancy con-
sistent with the criticality of the substation.

Battery bank nominal voltages vary according to lo-
cal standards, but 50, 110, 125 and 220V are commonly
used within substations. Batteries are selected and sized
to meet the survival time requirements of the substa-
tion. Survival time is defined as the length of time that
the substation can perform its function in the absence
of AC auxiliary supplies. Typically, this survival time is
10–12h but may be 24 h or more in remote regions at
long distances from maintenance workshops.

In smaller substations, one battery bank may be
fitted, but the usual practice in most transmission sub-
stations is to install two completely separate battery
banks with separate chargers and associated changeover
systems. Each of these batteries feeds different sets
of protection and control equipment to provide the
appropriate level of redundancy for the substation.
Transmission-level substations will typically have two
battery banks for control and protection functions
and possibly two more for communications equip-
ment.

The most common technologies for batteries in
substations are lead-acid or nickel-cadmium. Nickel-
cadmium types are generally more expensive initially
but have a longer life expectancy than the equivalent
lead-acid types. The most common technology type
currently used in new substations is sealed lead-acid
(SLA) batteries or valve-regulated lead-acid (VRLA)
batteries. Absorbed glass mat (AGM) batteries refer
to a specific type of SLA/VRLA battery. Batteries are
usually installed in separate battery rooms where tem-
perature and ventilation can be controlled. The advent
of sealed battery technology has meant that batteries
can be safely installed in a control room and bay cabi-
nets, but even with sealed batteries, adequate allowance
for ventilation is required.

DC Distribution in Substations
Substations can be physically large, with long DC
auxiliary cable lengths, and one of the important con-
siderations for the DC system designer is voltage drop.
The nominal voltage of the bank is not the normal bat-
tery float voltage, and the designer needs to consider
the rating and operating range of control and protec-
tion equipment, the effects of loss of AC power and the
voltage drop during DC equipment operation at substa-
tion extremities. Typically, the DC system is arranged
as a floating system, and neither the positive nor neg-
ative side is directly earthed, with relays arranged to
detect unintentional earth faults and to raise an alarm.
This isolation from earth provides a measure of safety
for staff working on equipment in the substation.

Appropriate segregation of adjacent circuits is an
important aspect of the planning for DC auxiliary ca-
ble routes within the substation.

11.6.2 Protection and Control

Protection systems are essential in ensuring that sub-
station and external faults are detected and cleared in
a discriminative manner and rapidly enough to ensure
safety, maintain overall network stability and minimize
equipment damage.

The design and provision of adequate protection to
detect and isolate faults quickly and with discrimina-
tion is an integral aspect of the substation and, in turn,
the overall power network. Protection systems incorpo-
rate many of the primary and secondary components
of the substation including the instrument transformers,
circuit breakers, DC auxiliary systems and the protec-
tion relays themselves.

Basic Principles
Discrimination in protection means that when a fault is
detected, the appropriate circuit breakers trip to clear
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a fault, but only those necessary to isolate the fault.
Appropriate discrimination in protection systems is
achieved by one (or a combination) of three basic meth-
ods:

1. Current-graded protection
Relies on the fact that current values under fault
conditions will vary depending on the location of
the fault because of the impedance between the
source and the fault.

2. Time-graded protection
Where relay operation may be time-delayed to al-
low other protection to operate first to clear the
fault.

3. Unit protection
Faults are detected within zones by comparison of
two or more current quantities or phase angles. Unit
protection does not need time grading to discrimi-
nate and can be fast-operating.

Protection systems and schemes are designed to en-
sure that the system will operate under all required
conditions, but will not operate under conditions when
not required to do so. Generally, this means that pro-
tection is designed to not operate for faults outside
the protected zone. In designing a protection scheme,
consideration must be given to the type and expected
frequency and duration of faults that are likely, all
relevant parameters of the power system and the char-
acteristics of the protection equipment to be used. An
appropriate grading margin is applied to allow for cal-
culation and measurement errors and other variations.

Protection schemes are also designed to ensure
a level of redundancy so that failure of a single pro-
tection element does not cause failure of the entire
protection scheme. This can be achieved by duplication
and the use of multiple sets of protection relays or over-
lapping zones of protection or a combination of both
approaches.

The main types of protection in a substation broadly
depend on the type of substation but generally include:

� Transformer protection including differential pro-
tection, thermal and other protection such as explo-
sion and gas detection� Busbar protection� Feeder, line or cable protection.

An important aspect of protection schemes is current
summation, where the secondaries of multiple current
transformers are summated to represent the out-of-
balance current (in magnitude or phase), a direct appli-
cation of Kirchhoff’s first law. In a busbar differential
scheme, current balance is achieved when the current

into the busbar is equal to the current out. Any im-
balance indicates a system fault. In other cases, the
imbalance between two current transformers in a bay of
a 1 1

2 breaker substation may represent the line current
of the circuit connected to that bay.

A direct example of current summation is power
transformer differential protection. Current transform-
ers on the primary and secondary sides of the protected
transformer are usually connected to form a circulat-
ing current system. Imbalance between the primary
and secondary currents, indicating a transformer fault,
causes operation of the relay. Differential protection
schemes are designed to allow for the transformer ra-
tio differences between the primary and secondary, tap
changer range and the vector arrangements of the trans-
former. Filtering is applied to unbalanced currents to
allow for transient DC offset and harmonics due to
transformer inrush current.

Line Protection
Line protection schemes may also use the current
summation or differential approach using current ref-
erences from either end of the cable or line, although
distance impedance protection is commonly used. Dis-
tance protection is a form of non-unit protection. Volt-
age and current references can be used to determine
the apparent impedance of a line or cable as seen by
voltage and current references, thus providing an in-
dication of the location of a fault and its direction
in relation to the relay. If the measured impedance
is less than the reach setting and in the correct di-
rection, this may indicate a fault on the protected
line.

In distance protection, operating time varies de-
pending on the apparent location of the fault providing
discrimination in the protection scheme. By providing
communication signals between remote ends of the line,
in different scheme arrangements, high-speed relay op-
eration and fault clearance can be achieved for line
faults over the entire line section.

Typically, distance to fault (relay reach) is classified
in zones, with a fault within the first 80% of the line
generally considered to be in zone 1. Zone 2 reach may
include the line and the remaining section of the line
and beyond the next substation, or typically 120% of the
protected line impedance. Zone 2 tripping is normally
time-delayed to allow appropriate time discrimination
for remote-end protection on adjacent lines to clear the
fault.

Zone 3 is typically set to detect faults 120% beyond
the second line section and is further delayed in relation
to zone 2. Zone 1 tripping time is usually instantaneous,
aimed at achieving overall fault clearance times as low
as 1–2 cycles if possible.
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Sub A Sub B

Fault

Sub A zone 1 reach (80%)

Sub B zone 1 reach (80%)

Line

Fig. 11.37 Application of line protec-
tion between two substations (zone 1
only)

Distance relay setting can be complex, and modern
relays have a large number of features and settings to
be considered in each application. Protection schemes
may include a number of arrangements incorporating
remote-end intertripping and communications. For ex-
ample, in a blocking distance protection scheme, the
local relay may be set to detect distance faults be-
yond the remote-end substation, but a blocking signal
initiated from the remote end if the fault is detected be-
yond the remote-end relay (seen as a fault behind the
remote-end relay), is sent to block operation of the lo-
cal relay.

In a permissive underreach transfer tripping scheme
(referred to as PUP or PUTT), the relays for a line from
substation A to substation B may be arranged so that
a fault detected in the right direction in the remote-end
relay (substation B detects a fault in the A direction)
but in the zone 2 reach of the local relay (in Substation
A) results in a permissive (or acceleration) signal to be
sent from the substation B relay to the substation A re-
lay giving permission to trip immediately, effectively
accelerating the operation of the substation A relay. In
Fig. 11.37 the relay at sub A has zone 1 reach set to 80%
of the distance to sub B. A line fault at 90% of the line
distance is within the zone 2 reach of the sub A relay,
and a relay trip signal would normally be time-delayed.
Using a PUTT scheme means that the relay at sub B
operates when it sees the fault within its zone 1, trips in
zone 1 time and sends a permissive signal to the relay
at sub A to also trip.

This section is not intended to be a protection text,
and the reader is encouraged to refer to many references
for a more complete explanation of substation and line
protection schemes.

11.6.3 Voltage and Reactive Control

Voltage on a transmission network is normally con-
trolled by the dispatching of reactive power from gener-
ators connected to the network. Injecting more reactive
power increases the system voltage, while reducing the
injection or even absorbing reactive power reduces the
voltage. Additional local steady-state voltage control
is mainly achieved using either automatic tap changer

control on power transformers or automated reactor
switching.

Automatic tap-change control schemes (ATCC) are
used to control the voltage on the low-voltage side of
transformers, using the busbar voltages on the low-
voltage side of the transformers as a reference. Voltages
outside the preset voltage limits (dead-band) initiate the
operation of the transformer on-load tap changers, ad-
justing taps to bring the voltages within the specified
limits. Tap-change timing is often coordinated using
time delays to ensure that there is no interaction with
other automatic tap changers, as that may cause hunt-
ing as multiple devices interact with each other.

Line drop compensation (LDC) may be incorpo-
rated into the automatic tap changer control system to
control the voltage at the other end of a line by compen-
sating for the voltage drop in the line.

ATCC was traditionally performed by dedicated
schemes and relays. With the increasing use of com-
puterized control systems, the ATCC function can be
integrated into the control system by the use of suitable
software, significantly reducing the amount of cabling
on the site.

As networks become more complex, it is becoming
increasingly necessary to install additional reactive plant
at substations remote from major generation sources in
order to control the voltage. This reactive plant may
be either of the dynamic type, such as static var com-
pensators (SVC) or static synchronous compensators
(STATCOM), synchronous condensers or passive de-
vices such as shunt capacitors or shunt reactors. When
both dynamic andpassivedevices are connected, theyare
coordinated such that the steady-state voltage control is
carried out by the passive devices, and the dynamic plant
is kept in reserve to respond to incidents on the network
such as tripping of circuits or load rejection.

11.6.4 Metering

Metering can be largely divided into two categories:
operational metering and tariff metering. Operational
metering provides the measurement of analog values
such as voltage, current and frequency, and active and
reactive power for the purpose of system operations,
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while tariff metering ensures that the sale of electric-
ity between different parties within the network can
be performed. These two categories of metering are
normally provided by separate measurement transform-
ers and subject to different regulatory and operational
requirements. In addition, there are many other mon-
itoring functions that may be applied to improve the
performance of the system including fault locators for
overhead lines, fault recorders to give analog traces of
fault conditions to aid in the analysis of faults, and event
recorders to understand the sequence of events upon
the occurrence of faults. In addition to these functions,
there are cables, self-supervision of the devices and spe-
cialized condition monitoring equipment to optimize
maintenance and indicate incipient faults before they
become full-blown faults. Based on the measurement

scanning frequency, these monitoring functions can be
divided into three categories: plant performance moni-
toring, fault recording and system dynamic monitoring.

11.6.5 Communications

The substation is part of an interconnected system for
power system operations, and so there must be a means
of communicating to and from the substation both be-
tween substations and to control centers. The types of
information that need to be communicated include tele-
phony for giving switching and permit information to
the operators, data for providing the relevant informa-
tion to the central control point, and signaling to enable
the correct operation of protection. The speed and secu-
rity required for each of these functions may differ.

11.7 Special-Purpose Substations

There are myriad different substation types used in the
power industry, but there are some special design cases
that have been introduced in recent years that are briefly
discussed below.

The types of substations include transmission and
distribution, switching stations, collector substations
used for wind farms, DC substations or converter sta-
tions and traction substations. Within those broad clas-
sifications, a number of special-purpose substations
have evolved to meet the needs of the industry. These
include offshore substations associated with oil and gas
or offshore wind farms. The remoteness of the locations
for these substations and the associated difficulties in
operations and maintenance means that special atten-
tion to design is required. Mobile and modular substa-
tions have been developed for fast deployment within
networks or in mining or similar situations. The growth
in demand and the development of megacities has led to
the development of ever-increasing transmission volt-
ages, and now UHV (ultrahigh-voltage) AC and DC
(> 800 kV) substations have been successfully devel-
oped and commissioned to meet the growing demand in
some countries. All of these special-purpose substations
require careful consideration in design and construction
and in ongoing operations and management.

11.7.1 Mobile Substations

Mobile substations were initially developed in the min-
ing industry. Electrical machinery for mining is often
electrically driven and sometimes at high voltages. As
the mining progressed, electrical loads including elec-
trically supplied excavators, crushing equipment and

dump trucks moved to new areas of the mine. Fre-
quently mines were depleted and the infrastructure
relocated to new sites. A range of technologies were de-
veloped over time to provide the necessary portability,
extending to mobile substations for the mining industry.
It is believed that one of the first mobile substations was
developed as early as 1937 in Italy.

Mobile substations can be broadly considered to be
any transportable substation, but in this section, mobile
refers to substations with permanently attached wheels
and the ability to be towed on roads. Other types of sub-
stations that may be considered mobile are skid-mount
substations and prefabricated substations.

Transmission and distribution utilities typically de-
sign networks to allow for relatively slowly changing
network loads compared with the mining industry. Load
forecasts enable the development of plans for new infras-
tructure, including new substations. If that planning is
effective, then the substation is built just in time to meet
the load growth requirements in a particular region. Sub-
stations are designed to provide redundancy or facilities
for maintenance, so that customers are not unduly af-
fected when a transformer or other substation plant item
is removed formaintenance purposes.However, in some
cases there is insufficient warning of load increases, and
temporary augmentation of substation capability is re-
quired. There may not be sufficient justification or fund-
ing to permanently increase the transformer capability
to allow for sufficient redundancy on a permanent basis.
Also, it may be necessary to allow for emergency fail-
ures and away to rapidly respond to anunplanned failure.
In a single-transformer substation, there may be insuffi-
cient time or funding for a second transformer to provide
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Fig. 11.38 66 kV substation using multi-voltage transformer and GIS switchgear (Courtesy Ergon Energy, Australia)

redundancy, and many utilities have implemented mo-
bile substation technology.

A mobile substation such as the one shown in
Fig. 11.38 is designed to match the requirements of
the network and to provide the ability to be rapidly
inserted into the substation to replace a transformer or
a circuit breaker or switchboard. The design of a mobile
substation requires consideration not only of the basic
electrical requirements or road authority requirements
for road transport, the ability of the supporting vehicle to
be able to access the site within the appropriate response
time. Consideration must also be given to how the
mobile system will be connected, the transport restric-
tions and the effect of vibration and shock. A further
challenge is the integration of the mobile substation into
the existing substation control and protection system.

In some cases, mobile substations are built in mul-
tiple parts that must all be transported and connected
on-site. In other applications, transformers are designed
with multiple voltage ranges to suit a variety of substa-
tion applications, such as the one in Fig. 11.39. Mobile
substations may be built using AIS, hybrid or GIS tech-

Fig. 11.39 NOMAD mobile substation in Australia in 2006
(Courtesy Ergon Energy, Australia)

nologies. One of the significant challenges for a mobile
substation designer is road authority weight and size
restrictions. Mobile substations may be designed as
containerized or skid-mount, or as fully articulated tow-
able vehicles with permanently attached wheels, either
for road or for rail. Mobile substations may also be de-
signed for transport on planes, barges or ships.

The application of mobile substations can have
significant benefits for restoration after catastrophic
weather or disaster events, with the ability to rapidly re-
place damaged substation components. In addition, the
ability to transfer customer load to a mobile substation
to allow maintenance on a substation transformer may
allow a utility to defer capital investment in enlarging
an existing substation capability permanently or meet-
ing temporary regional load increases.

One important aspect of the application of mobile
substation design is the required connection time. If
a very short connection time is required, then the site
is often prepared by establishing defined connection
points and spaces to allow quick installation. This may
extend to the inclusion of plug and socket arrangements
to enable fast connection and switched protection ar-
rangements to readily integrate the mobile unit into the
substation and the site.

11.7.2 Offshore Substations

The development of renewables, and wind power in par-
ticular, has spurred growth in offshore wind farms and
the corresponding need to introduce more offshore sub-
stations and other transmission and distribution infras-
tructure. Wind farms are often located some distance
from shore, and collector substations may be required
to provide voltage transformation and switching to en-
able a reliable shore connection.

The design of offshore substations has some ad-
ditional challenges for any designer beyond the basic
electrical requirements that need to be addressed. The
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Fig. 11.40 A typical containerized substation being lifted
off shore (Courtesy CIGRE [11.28])

most common shore connection is cable, and this may
be AC- or DC-connected, often depending on the rela-
tive distance to shore and load centers.

In an offshore application such as the containerized
substation module shown in Fig. 11.40, the substation
is built on a platform that may be floating or fixed to the
sea bottom. The designer needs to consider a range of
additional issues including:

� Transport of the substation to its final resting place
at sea.� Transport of operations and maintenance staff to
and from the substation—including how staff can
access the site from boats.� Emergency evacuation requirements—in the event
of fire, explosion, accident or damage due to storms.� Maintenance requirements—the frequency of main-
tenance may be dictated by how often staff can
access the site. Daily inspections may not be fea-
sible.� Environmental issues associated with a marine
location—marine environments have a range of
hazards such as corrosion and salt spray. Poten-
tial pollution from substation operations, equipment
failures and maintenance should also be considered.� Navigation, security and other hazards associated
with the remote location.

In an offshore application, the designer generally aims
to reduce the size of substation assemblies, and in some
cases, confined space issues may arise requiring special
attention during maintenance and operations.

The remoteness of the substation and the diffi-
culty in accessing for maintenance may create the need
to consider inclusion of more condition monitoring
equipment to provide early warning of problems and

planning or repairs. Further guidance on the develop-
ment of off-shore substations can be found in CIGRE
Technical Brochure 483 [11.35].

11.7.3 DC Substations

HVDC has seen an increased focus in electricity net-
works as the need for large power transmission grows
within the interconnected power grid worldwide. New
technological developments have enabled the develop-
ment of higher-voltage DC systems, and more cost-
effective HVDC transmission is now a feasible option
along with traditional AC solutions. More substations
around the world now incorporate both AC andDC; typ-
ically this has been for linear applications between two
different transmission or distribution systems. The fu-
ture challenge is the development of an HVDC grid and
substationswithDC buses ormulti-circuit DC solutions.

Design Issues
Many of the basic substation design fundamentals are
valid for both AC and DC technologies. However, the
safe operation of the substation requires consideration
of switching, isolation and making equipment safe for
maintenance, considering issues such as management of
DC current and associated electric and magnetic fields
and trapped charge in DC conductors. Newmethods and
strategies are needed to detect and clear faults, to achieve
faster clearance time for DC systems (compared with
AC) in order to prevent large system collapse events.

Standards
Work is under way on establishing standard voltages,
electrical and safety distances for DC systems. This
is necessary so that there is some consistency among
different designs, and in the longer term, multi-vendor
solutions can be safely operated together. This will also
encourage competition and reduce costs, making DC
more accessible and viable as a network choice.

This should also enable agreement on type tests,
which will reduce the need for repeating type tests,
leading to reduced costs over the longer term.

11.7.4 Modular Substations

Substations are traditionally built on-site using high-
voltage and secondary components that are assembled,
mounted, connected and tested on-site. This type of
construction requires a construction team to undertake
a range of on-site activities during the construction
period. For remote sites, this often means that field per-
sonnel are required to live away from home in suitable
accommodations, incurring attendant living and other
costs. The industry is increasingly striving to achieve
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Fig. 11.41 Skid-mount substation example (Courtesy Er-
gon Energy, Queensland, Australia)

lower delivery costs for substations and faster delivery
time, and there is a trend toward the use of modular,
preassembled and tested components to reduce project
costs and delivery times. Modularity is essential in
some situations, such as offshore substations where it
is not feasible to assemble components in the final site
location, but the use of modular substations can also ap-
ply for tradition distribution and transmission scenarios
in urban and rural locations.

The use of modular substation assemblies (e.g., pre-
built switch rooms, switchgear bays, control rooms) and
even entire substation solutions can reduce project de-
livery risks with respect to project management and
such aspects as coordination of skilled resources and
interfacing, reducing project costs. Modularity in sub-
station design provides benefits in standardization of
designs, saving design and installation time, and reduc-
ing spare parts requirements. Maintenance may also be
simplified through the use of similar configurations and
standardized components.

In the past, the concept of modular substations was
seen as an acceptable emergency approach, but one that
provided a less permanent or inferior design solution
in the long term. However, with advanced design and
modern materials and manufacturing techniques, mod-
ular substations can be designed to be situated in the
most extreme environments, offering significant advan-
tages over traditional constructionmethods, particularly
in remote or challenging locations such as the skid de-
sign substation shown in Fig. 11.41.

Building substations or major parts of substa-
tions in a factory environment may eliminate many
construction-related risk factors including weather,
availability of skilled labor, remote access and the need
for worker accommodations. Modular substations such
as the one shown in Fig. 11.42 can be designed to suit
a range of physical environments that may be applica-

Fig. 11.42 Prefabricated substation example (Courtesy Er-
gon Energy, Queensland, Australia)

ble in high-wind, fire-risk or earthquake-prone regions.
Substation components can be preassembled, prewired
and pretested prior to transport to site, saving on-site
assembly and testing time.

The use of modular components allows the designer
to consider the application of plug-and-play solutions
that provide the ability to add primary and secondary
components as needed in future years. This may be
achieved by replacing switch rooms with larger ca-
pacity on the same footprint or adding sections of
preassembled components, such as a new control room
with secondary equipment preinstalled, requiring only
reconnection of external cabling that may be assembled
using plug-and-socket connection.

A further advantage of the use of preassembled
modular substations is the suitability of this method for
single-supplier arrangements. Rather than dealing with
a range of equipment suppliers, the use of a modular
approach means that a utility can contract with one sup-
plier for a complete turnkey solution.

Modular substations will not be suitable for every
situation or voltage class, but for smaller substations,
particularly distribution stations, complete substations
in modular form are feasible. In larger transmission-
level substations, sections such as switchgear bays or
capacitor banks, control rooms or relay rooms may
be suitable for this type of construction and deliv-
ery method. The modular construction and delivery
approach is particularly well suited for remote and dif-
ficult locations.

11.7.5 UHV Substations

Ultrahigh voltage is defined as voltage levels greater
than 800 kV (AC). UHV transmission has been in
use to some extent since the 1980s, but mainly in
research applications. The first commercial UHV trans-
mission lines were installed in the former USSR in 1985
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Fig. 11.43 1200 kV Bina National Test Substation, Mad-
hya Pradesh (India), in 2013

(500 km line from Ekibastuz to Kokchetau, 400 km line
from Kokchetau to Kostanay), but were later discontin-
ued because of reliability and partial discharge issues.
Further application of UHV has been carried out in
China, and in 2009 the 1000 kV line between Jindong-
nan, Nanyang and Jinmen was placed in service. India
successfully commissioned a 1200 kV substation and
transmission line in 2012. Fig. 11.43 shows part of the
1200kV Bina test station under construction.

The application of higher voltages and UHV AC
and DC has been driven by an ever-increasing demand
for electricity, and in some cases the development of
megacities with high population densities. UHV trans-
mission provides the ability to transmit high levels of
electrical energy power efficiently over large distances
using a minimum number of lines and substations.

Advantages and Disadvantages
UHV lines have some advantages, generally requir-
ing less right of way to be approved for construction
when compared with the equivalent energy capability
and lower voltage levels. UHV has the ability to trans-
mit large amounts of energy from one party of the
electricity system to another, and this may have broad
advantages as regards overall network stability, particu-
larly in areas with a large proportion of intermittent or
renewable energy sources.

However, there are also some disadvantages to be
considered. For example, an air-insulated UHV substa-
tion requires a large site, and the space requirements are
generally significantly higher than for lower voltages.
The use of gas-insulated or hybrid insulation systems is
common in UHV applications to reduce space require-
ments. The cost of a UHV substation is higher than that
for the more conventional and common EHV, and so
careful cost analysis is required to evaluate the whole-
of-life cost benefits in using UHV.

Design of UHV Substations
One of the considerations for the design of UHV infras-
tructure is the need for reliability. As the UHV is used
to transmit comparatively large amounts of energy, fail-
ure of a UHV component may have a significant effect
on the substation and the overall network. And because
UHV equipment is relatively new, there is limited expe-
rience with equipment failure and few global reliability
statistics. Failure statistics for EHV equipment can be
used to provide an indication of the expected reliabil-
ity of UHV, enabling an assessment of the reliability of
UHV equipment to assist the design process.

The UHV substation designer needs to consider ade-
quate levels of redundancy to avoid a single failure caus-
ing a total system outage. The spares policy for the sub-
station should consider the possible long replacement
times for components thatmaynot beoff-the-shelf items.

The UHV substation may be designed using either
AIS, GIS or some form of hybrid component insulation.
Each of these options will need to be considered in re-
lation to available land, the reliability and redundancy
required, and the total project budget.

Transport and On-Site Testing
The components for a UHV substation are physically
large, and transport to remote sites may be a challenge
in the construction and installation stages of the project.
Power transformers are generally the largest substation
component, and a UHV transformer needs to be able to
be transported to site using available roads and handling
equipment. The mass and physical dimensions need to
be considered.

Because of the size of the components, preassembly
and pretesting of components is not feasible, as might
be considered for lower voltages with comparatively
small components. This means that on-site erection is
required, and subsequent on-site testing is important to
verify that assembly is complete and there is no trans-
port damage.

Conclusions
The growth in demand for energy is expected to con-
tinue, together with a higher proportion of renewable
generation sources. These trends will lead to increased
application of UHV in more countries, to provide large
energy transfer over greater distances.

11.7.6 Railway Substations

Electric train traction systems require substations that
may incorporate converters for DC traction or ro-
tary converters for non-system frequency applications.
These substations are often at distribution voltages
(less than 50 kV), and apart from the AC-to-DC or
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variable-frequency converters have comparable primary
and secondary components to transmission and distri-
bution substations.

A railway company may operate its own transmis-
sion and distribution network specifically to service
its own power requirements for traction applications
including substations, overhead lines and cables. The

nature and size of railway substations means that the
application of modular buildings is feasible and is com-
monly used.

Protection systems and general earthing may be dif-
ferent from that used in traditional transmission and
distribution substations, due to the nature of the power
supply, the load and the rail system.

11.8 Trends in Substations

Substations will continue to evolve to meet changing
needs. Growth in the use and application of digital tech-
niques in substations will continue, eventually leading
to better integration of components, improved reliabil-
ity, higher functionality and, ultimately, lower costs.
Higher levels of monitoring, artificial intelligence and
increased automation will lead to smarter substations.

The availability of novel materials means that the
design of insulation systems will continue to evolve.
The advent of robotics will mean improvement in sub-
station management and better utilization of limited
human resources in managing the increasing complex-
ity of the modern substation.

Ultimately substations are an investment for the
community and still today there are many parts of the
world that have no access to electricity. One of the more
recent trends is to consider ways in which lower cost so-
lutions, suitable for remote or rural communities can be
implemented.

11.8.1 Digital Substations

One of the significant trends in substation develop-
ment in recent years is the evolution from traditional
substation design to the use of digital technologies.
Substations are critical nodes in the overall transmission
and distribution system, providing a link between gen-
eration sources and the consumers of energy. The entire
network, and substations in particular, must be not only
reliable but also adaptable to changing requirements as
the network expands and develops to meet the needs of
energy consumers. Although the lifetime of a substa-
tion site may be more than 100 years in some cases,
the components inside the substation itself will change
and will be replaced during that lifetime. Some compo-
nents will be changed many times. In some cases, these
changes will include increasing capacity to meet higher
demand or increased fault levels, but changes will also
include adding capability to meet new protection, au-
tomation and control requirements as the network itself
becomes ever more complex.

One of the largest obstacles to the complete tran-
sition of substation design to a fully digital model is
not the technology itself and the availability of exper-
tise; it is the legacy of existing, older substations. Slow
adoption of a radical new approach means that a hybrid
approach is needed, with many old substations being
gradually replaced with newer digital components in-
tegrated with the older technologies, and this can be
challenging for designers and for ongoing operations
and maintenance activities.

The advantages of digital substation technology in-
clude:

� Significantly reduced copper wiring and simpler in-
stallation� Reduced design time and the use of design standard-
ization� Interoperability between devices from various sup-
pliers� Improved reliability� Improved measurement accuracy and recording� Simplified commissioning and testing� Ease of future expansion.

Each utility is managing the transition to digital sub-
stations at their own pace and based on strategic and
commercial objectives that are often different for each
utility.

Digital Components
Traditionally, substations have been constructed using
individual components such as circuit breakers, instru-
ment transformers and protection relays wired together
with copper cabling. Using a digital approach, the com-
ponents can be interconnected digitally using optical
fiber as a communications path. IEC 61850 Communi-
cation networks and systems in substations [11.36] is
a set of international standards governing communica-
tions, SCADA and automation systems within substa-
tions, and is the backbone and framework around which
a digital substation may be built.
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Low-Power (LPIT) and Nonconventional Instru-
ment Transformers (NCIT). One of the most impor-
tant parts of the digital substation is optical VTs and
CTs used to directly convert analog primary quanti-
ties (volts and amperes) to digital signals. These are
often referred to as low-power instrument transform-
ers (LPITs), sensors or nonconventional instrument
transformers (NCITs). Digital signals are not subject
to secondary cabling voltage drop or to electromag-
netic interference. Optical transducers may also have
improved linear performance and frequency response
compared with conventional instrument transformers,
providing more accurate measurement of the character-
istics of the primary signal. Conventional VTs and CTs
can also be used in a digital substation, and a merging
unit is used to convert the analog signals to digital.

Intelligent Electronic Devices. The core principle of
a digital substation is a system of primary and sec-
ondary devices connected using optical fiber commu-
nications. In a digital substation, primary devices such
as circuit breakers, tap changers, instrument transducers
and secondary human–machine interfaces (HMIs), bay
controllers and protection relays are all implemented
as intelligent electronic devices (IEDs). IEDs commu-
nicate with each other via the 61850 communications
network within the substation.

GPS Time Clock. An important aspect of the digital
substation is accurate time synchronization between
different devices and between substations. This ensures
that protection functions operate correctly as part of the
overall protection scheme and that event and alarm logs
accurately report event timings. Time synchronization
is achieved using a GPS clock transmitting time syn-
chronization signals to all IEDs.

Merging Units. Merging units are used to combine
signals from different measurement sources for trans-
mission to other devices. They provide the interface
between conventional analog measurement transducers
and bay controllers and control and protection devices.

IEC 61850
The digital substation can be achieved using the princi-
ples embodied in various parts of International Standard
IEC 61850 Communication networks and systems in
substations [11.36]. This standard and its various parts
defines the protocols for communications, SCADA
and automation systems within substations, providing
a framework from which to build the digital substa-
tion. IEC 61850 is designed to enable interoperability
between different manufacturers and types of IEDs. It
defines requirements for data that include protection,

automation, communication and condition monitoring
functions within the substation.

Generic Object-Oriented Substation Event (GOOSE).
The IEC 61850 optical network within the digital sub-
station operates using an Ethernet protocol in which
traditional high-priority, time-sensitive digital signals
(status, value) are transmitted (broadcast) in the form
of generic object-oriented substation event (GOOSE)
messages. GOOSE is a specific formatting of data en-
abling the fast transmission of protection status signals
(less than 4ms). The consistent high-speed transmis-
sion of signals is essential to ensuring the reliable and
timely operation of interconnected IEDs (relays or cir-
cuit breakers).

System Architecture. The initial implementation of
IEC 61850 in the 1980s was mainly concerned with the
station bus, which provided a way for various IEDs to
communicate with each other. Primary devices under
this scenario still used conventional instrument trans-
formers, hard-wired to the protection relays. In 2005,
IEC 61850 was enhanced to include what is referred to
as the process bus to provide the connection between
primary devices and bay controllers.

More recent standardization work within IEC
61850, in particular the harmonization with utility com-
munications architecture (UCA), showed that this was
not the only architecture that could be used. IEC 61850
therefore provides no specifications with regard to com-
munication topology. As a consequence, IEC 61850
does not restrict any physical communication inter-
faces; it only specifies communication services that
may be combined on a (physical) communication link
according to requirements.

IEC 61850 is unique and is not a former serial link
protocol adapted to TCP/IP-Ethernet. IEC 61850 was
designed to operate over modern networking technolo-
gies and delivers significant levels of functionality not
available from legacy communications protocols. These
characteristics of IEC 61850 provide a benefit in rela-
tion to the cost to design, build, install, commission and
operate power systems. IEC 61850 enables fundamen-
tal improvements in the substation automation process
that is simply not possible with a legacy approach, with
or without TCP/IP-Ethernet.

Conclusions
The technology to implement digital solutions is ma-
ture and available in the market, and will be the
dominant trend in future digital substation designs.
It can be expected that more manufacturers will of-
fer primary equipment with embedded sensors and
transducers. The challenge for designers is to harness
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this trend economically and effectively while retaining
the dependability and reliability required for a substa-
tion, and to find effective ways of integrating older
technology as the transition to digital substations oc-
curs.

There is vast potential to be realized from the existing
capability of devices that form the digital substation to
enable improvedmanagement of substation information
and functionality, and wide area monitoring and control
functions between network substations. The implemen-
tation of digital substations will provide higher reliabil-
ity and enable better utilization of information regarding
plant status and condition.Digital substation technology
will assist in reducing the cost of infrastructure and will
form an important part of the future Smart Grid.

11.8.2 Novel Materials

Significant step changes have occurred in the substation
automation and communication aspects of substations,
but the pace of change in basic primary equipment tech-
nologies has been slower. Utilities are often reluctant to
be the first to try new technologies, and there must be
a clear business objective in implementing changes to
existing approaches.

There have been significant improvements in sub-
station equipment technology that have come from the
manufacturing industry, such as the improved reliability
of circuit breakers. The key areas for future devel-
opment of substations are expected to be in power
electronics and energy storage.

Some of the key new technologies influencing sub-
station equipment development are listed in the follow-
ing sections.

Composites
Composite insulation materials in high-voltage equip-
ment provide the opportunity to reduce weight and
increase mechanical strength with more efficient fab-
rication techniques. This means that equipment can be
safer and lower-cost, while still offer performance sim-
ilar to that of traditional materials such as porcelain,
glass, steel and concrete. A key driver for the use of
composite insulation rather than porcelain is safety.

The lower mass of composite materials means that
support insulators, bushings and prefabricated buildings
are easier to handle and transport, resulting is faster
construction times.

There is still a lack of experience with the longer-
term issues associated with some types of composites,
including whole-lifetime performance such as losses,
maintenance burden, failure modes and effects, and
compatibility with other substation materials.

Nanomaterials
Using nanomaterials, designers are able to optimize in-
sulation design by eliminating unnecessary equipment
components, reducing the physical footprint and reduc-
ing overall stress in service.

The use of nanomaterials provides the opportunity
to enhance material performance to distribute current
more effectively to reduce heating or losses, or profiling
of the voltage grading to reduce the electrical stress seen
on different parts during operation, enabling an over-
all reduction in the size, weight or functionality of the
equipment. One of the earliest applications of nanoma-
terials was GIS spacers.

Superconductivity
The need to provide costly specialized auxiliary sys-
tems to support cryogenic cooling has slowed the
adoption of superconductivity in mainstream electricity
delivery when considered against alternative conven-
tional technologies.

The application of superconductivity in substations
worldwide has been largely associated with transform-
ers, energy storage and fault current-limiting applica-
tions.

New risks associated with personnel handling and
maintaining cryogenic material in terms of training,
safety and work processes around handling will need
to be considered.

11.8.3 Alternatives to SF6

Sulfur hexafluoride, or SF6, has been used extensively
in the power industry since the 1960s in transmis-
sion and distribution systems [11.37]. SF6 is a unique
gas with exceptional electrical insulation and arc in-
terruption capability. However, it also has high global
warming potential (GWP) of 23 500 (100-year time
horizon), and the industry has searched for alternatives,
driven by environmental concerns.

The search for alternative gases [11.9] began with
the establishment of the Kyoto Protocol in 1997. The
characteristics of these alternative gases include:

� Lower GWP than SF6� Low toxicity� Nonflammable, high heat dissipation� High dielectric strength and arc-quenching capabil-
ity� Stability and compatibility� Availability and low cost.

The most promising naturally occurring alternative was
found to be CO2, but with switching and dielectric per-



References 933

Chapter
11

Fig. 11.44 Patrol robot in Liantang 1000 kV Substation,
China (Photo: Krieg)

formance far below SF6. Field experience has been
obtained using CO2-filled switchgear, and units are
commercially available for some voltages.

The most promising alternative gases appear to be
fluorinated gas mixtures such as C5 perfluoroketone
(CF3C(O)CF(CF3)2 or C5-PFN) or iso-C4 perfluoroni-
trile ((CF3)2–CF–CN or C4-PFN). These gases are
mixed with CO2 or air as a buffer gas to achieve
a sufficiently low boiling point for low-temperature re-
quirements.

These gas mixtures appear to offer dielectric per-
formance below that of SF6 but may be feasible with
derating and design modifications for use in switchgear.

An important aspect of gas alternatives is the tox-
icity of breakdown products. This is an issue with the

management of SF6 and is also likely to be an issue
for these alternative mixtures, although there is limited
knowledge available to date.

The search for alternative gases as an insulating
medium will continue. The identification and selection
of a suitable alternative, without the disadvantages of
SF6, is important to the power sector.

11.8.4 Robotics

Traditional substation patrol, inspection and manual op-
erations in substations require significant manpower,
and there are issues with efficiency, consistency and
quality. There are also potential safety problems for
workers in severe climatic conditions such as rain,
snow, fog, storm, heat and cold. With increasing de-
mand for more intelligence in substations and unat-
tended operation, new technologies have been devel-
oped for substation inspection and operation.

The development of robotics and drone technology
in general industry has made it possible to apply this
technology in the electric power industry. The robot
may be used to replace or supplement human workers to
complete security and equipment inspections, analysis
and diagnosis, remote control, supplementary mainte-
nance and live-line working, and other functions, to
improve effectiveness and safety and thus reduce the
cost and risk associated with operations and mainte-
nance of in-service substations.

In the 1980s, a number of countries including Japan,
Canada and China began research into the application
of robotics in substations, and since that time there have
been significant developments in robotics technology.
Robots for substation inspection have become commer-
cialized, and currently more than 900 substations in
China are using robots to replace or assist human in-
spection (Fig. 11.44).

Given the current global business environment and
heightened risk awareness, robots used in substations
must meet many requirements, including functional-
ity, environmental adaption, reliability and safety. The
development of relevant standards in IEC and ISO is
anticipated in the coming years, and the use of robots is
expected to become more mainstream.

References

11.1 T. Krieg, J. Fin (Eds.): Substations, CIGRE Green
Books (Springer, Cham 2019)

11.2 Edison Tech Center: Lauffen to Frankfurt/Germany
1891, the beginning of modern electric power
in the world, http://www.edisontechcenter.org/
LauffenFrankfurt.html (2013)

11.3 J.J. O’Neill: Prodigal Genius: The Life of Nikola Tesla
(Washburn, New York 1944)

11.4 CIGRE: Circuit Configuration Optimization, JWG
B3/C1/C2.14, TB 585 (CIGRE, Paris 2014)

11.5 IEC: IEV Ref. 603-05-03: Generation, Transmis-
sion and Distribution of Electricity—Power Sys-

http://www.edisontechcenter.org/LauffenFrankfurt.html
http://www.edisontechcenter.org/LauffenFrankfurt.html


Chapter
11

934 11 Substations

tems Planning and Management, Section 603-05:
Power System Reliability (IEC, Geneva 2019)

11.6 IEC: IEV Ref. 60050-191:1990, Chapter 191: Depend-
ability and Quality Of Service (IEC, Geneva 1990),
superseded by IEC 60050-192:2015

11.7 CIGRE: Session Paper 33-04: The CIGRE Lightning
Flash Counter: Australian Experience (CIGRE, Paris
1974)

11.8 CIGRE: General Guidelines for the Design of Outdoor
AC Substations, WG 23.03, TB 161 (CIGRE, Paris 2000)

11.9 CIGRE: Reference paper: Recent development and
interrupting performance with SF6 alternative
gases, Electra 291, 26–29 (2017)

11.10 IEC 62271-203, 3.102: High-voltage Switchgear
and Controlgear—Part 203: Gas-insulated Metal-
enclosed Switchgear for Rated Voltages Above 52 kV
(IEC, Geneva 2011)

11.11 CIGRE: Evaluation of Different Switchgear Technolo-
gies (AIS, MTS, GIS) for Rated Voltages of 52 kV and
Above, WG B3.20, TB 390 (CIGRE, Paris 2009)

11.12 CIGRE: Reference paper: living with electric fields
(EMF), Electra 292, 8 (2017)

11.13 CIGRE: Combining Innovation with Standardisa-
tion, WG B3.11, TB 389 (CIGRE, Paris 2011)

11.14 CIGRE: EMC Within Power Plants and Substations,
WG C4.208, TB 535 (CIGRE, Paris 2013)

11.15 CIGRE: Contemporary Solutions for Low Cost Substa-
tions, WG B3.43, TB 740 (CIGRE, Paris 2018)

11.16 CIGRE: The Effect of Safety Regulation on the Design
of Substations, Electra, Vol. 19 (CIGRE, Paris 1971)

11.17 United Power: A Study of Models for Integrating
High-voltage Substations into the Urban and Rural
Landscape (Tennet/Movares, Gouda 2013)

11.18 IEEE 998: Guide for Direct Lightning Stroke Shield-
ing of Substations (IEEE, New York 2013)

11.19 IEC 60071-1: Insulation Co-ordination—Part 1: Def-
initions, Principles and Rules (IEC, Geneva 2019)

11.20 IEC 60071-2: Insulation Co-ordination—Part 2: Ap-
plication Guide (IEC, Geneva 2018)

11.21 IEC 62271-1: High-voltage switchgear and control-
gear—Part 1: Common specifications for alternating
current switchgear and controlgear (IEC, Geneva
2017)

11.22 IEC EN 50522: Earthing of Power Installations Ex-
ceeding 1 kV AC (IEC, Geneva 2010)

11.23 SES: CDEGS Suite, http://www.sestech.com/
products/softpackages/cdegs.htm (2019)

11.24 IEEE 80-2000: IEEE Guide for Safety in AC Substation
Grounding (IEEE, New York 2015)

11.25 F. Wenner: A method of measuring earth resistivity,
Bull. Bur. Stand. 12, 469 (1915)

11.26 ITU-T Limits for people safety related to coupling
into telecommunications system from a.c. electric
power and a.c. electrified railway installations in
fault conditions 10/1996 (withdrawn in 2008)

11.27 IEC 62305-1: Protection Against Lightning (IEC,
Geneva 2006)

11.28 IEC 61936-1: Power Installations Exceeding 1 kV AC
(IEC, Geneva 2010)

11.29 CIGRE: EMC Within Power Plants, WG C4.208, TB 535
(CIGRE, Paris 2013)

11.30 CIGRE: Guide on EMC in Power Plants and Substa-
tions, WG 36.04, TB 124 (CIGRE, Paris 1997)

11.31 ISO 55000: ISO 55000:2014 Asset manage-
ment—Overview, Principles and Terminology,
ISO 55001:2014 Asset Management—Management
Systems—Requirements, ISO 55002:2014 Guidelines
for the Application of ISO 55001 (2014)

11.32 IEC 60300-3-14: Dependability Management—Part
3-14: Application Guide—Maintenance and Main-
tenance Support (IEC, Geneva 2004)

11.33 CIGRE: Improving the Impact of Existing Substa-
tions on the Environment, WG B3.03, TB 221 (CIGRE,
Paris 2003)

11.34 CIGRE: Guidelines to Cost Reduction of Air Insulated
Substations, WG B3.15, TB 354 (CIGRE, Paris 2008)

11.35 CIGRE: Guidelines for the Design and Construction
of AC Offshore Substations for Wind Power Plants,
WG B3.26, TB 483 (CIGRE, Paris 2011)

11.36 IEC 61850: Communication Networks and Systems in
Substations (IEC, Geneva 2019), various parts

11.37 CIGRE: Reference paper: application of SF6 in trans-
mission and distribution networks, Electra 34, 274
(2014)

Terry Krieg

Power Network Consulting Pty. Ltd.
Willaston, Australia
terry.krieg@
powernetworkconsulting.com.au

Terry Krieg was appointed Chairman of SC B3 (Substations) from 2012–2018. He
received his Bachelor degree in Electrical Engineering from the University of South
Australia, and is a Fellow of the Institute of Engineers Australia (FIEAust) and
Registered Professional Engineer Queensland (RPEQ). A graduate of the Australian
Institute of Company Directors (GAICD), he manages his own international consulting
company, Power Network Consulting.

http://www.sestech.com/products/softpackages/cdegs.htm
http://www.sestech.com/products/softpackages/cdegs.htm


HVDC and Pow
935

Section
12.1

12. HVDC and Power Electronics

Mohamed Rashwan, José Antonio Jardini

High voltage direct current (HVDC) is an economic
alternative to alternating current (AC) transmission
to transmit power over long overhead lines when
the transmission distance exceeds 500�1000km.
It is practically the only solution for transmit-
ting power with long underground/submarine
cables or to connect two nonsynchronous sys-
tems.

Two types of converter technologies are avail-
able: the line-commutated converter (LCC) utilizing
thyristor valves and the voltage-source converters
(VSCs) utilizing insulated gate bipolar transistors
(IGBTs).

In this chapter, these technologies are intro-
duced together with the corresponding system
architectures. Also direct current (DC) grids are
introduced. DC grids will facilitate the intercon-
nections between systems and the expansion in
renewables integration in the grid.
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12.1 History of Power Transmission

Electric power transmission was initially based on a DC
system.ThomasEdisondesigned theworld’s first central
electric station, which began operation in 1882 in New
York. It supplied the region of the city within a radius of
approximately 1:6 km from the station with DC power.

However, DC was soon replaced by AC for electric-
ity generation and transmission because AC generators
were considered to be simpler to use and it is easy to
step AC up or down from one voltage level to another.
These advantages made AC very convenient for trans-
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mission and distribution. The development of three-
phase AC further encouraged the widespread adoption
of AC for power transmission.

In spite of this, some engineers remained convinced
that DC could play an important role in power trans-
mission. Those engineers soon realized the advantages
of DC; for instance, the need for just one conductor in-
stead of three simplifies the transmission line. In 1883,
the French engineer René Thury developed and de-
signed a high-voltage DC transmission system using
DC generators connected in series at the sending end
and a comparable number of DC motors connected in
series at the receiving end. The DC motors drove low-
voltage AC generators.

The most famous of Thury’s plants was the Mouties
to Lyon DC system. This system, commissioned in
1906, had a power rating of 4:5MW, which was trans-
mitted for a distance of 180 km at a DC voltage of
60 kV. The system was expanded around 1912 such
that it transmitted 19:3MW at a transmission voltage of
125 kV. The Thury system remained in operation until
the mid thirties.

In 1922, a link across the Skagerrak betweenNorway
and Denmark was discussed for the first time. A Thury
system was considered for this link, at a rated power of
42MW and a transmission voltage of 110 kVDC.

Research into HVDC transmission continued. Even
though the principle of the Thury system had been
proven, the conversion of AC to HVDC and vice versa
was considered to be the most desirable approach.

Table 12.1 Characteristics of LCC and VSC systems

Function LCC VSC
Semiconductor device Thyristor devices are presently 4, 5, and 6 inches in

size, and have a rating of 8:5 kV and 6300A
IGBTs with an antiparallel freewheeling diode and
an ability to be turned off when desired. Current
rating 4:5 kV and turn-off current of � 2000A

DC transmission voltage ˙1100 kV with an overhead transmission line and up
to ˙600 kV with a mass impregnated polypropylene
laminate (PPL-MI) cable

Up to ˙500 kV with an overhead transmission line
or a cross-linked polyethylene (XLPE) cable

DC power Up to 12 000MW on a single bipole and a DC volt-
age of ˙1100 kV [12.1]

Up to 2000MW at ˙500 kV

Reactive power requirements Consumes up to 60% of its rating reactive power at
each terminal

Does not consume any reactive power, and each
terminal can independently control its reactive power

Filtering Requires large filter banks Requires moderately-sized filter banks or no filters at
all

Black start Limited application Capable of black starts and feeding passive loads
AC system short-circuit level Critical to the design Not critical
Commutation failure perfor-
mance

Commutation fails in the event of AC and DC distur-
bances in a bipolar system

No commutation failure

Load rejection overvoltage Large, and has to be mitigated because of the large
reactive power support

Not large due to the small size of the filters (if re-
quired)

Footprint Large due to the size of the filtering and reactive
power support equipment

40�50% of the size of a LCC system with a similar
rating

Power losses Approximately 0:65�0:7% of the station rating Approximately 0:85�0:9% of the station rating

Function LCC VSC
Semiconductor device Thyristor devices are presently 4, 5, and 6 inches in

size, and have a rating of 8:5 kV and 6300A
IGBTs with an antiparallel freewheeling diode and
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Up to 2000MW at ˙500 kV

Reactive power requirements Consumes up to 60% of its rating reactive power at
each terminal

Does not consume any reactive power, and each
terminal can independently control its reactive power

Filtering Requires large filter banks Requires moderately-sized filter banks or no filters at
all

Black start Limited application Capable of black starts and feeding passive loads
AC system short-circuit level Critical to the design Not critical
Commutation failure perfor-
mance

Commutation fails in the event of AC and DC distur-
bances in a bipolar system

No commutation failure

Load rejection overvoltage Large, and has to be mitigated because of the large
reactive power support

Not large due to the small size of the filters (if re-
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Footprint Large due to the size of the filtering and reactive
power support equipment

40�50% of the size of a LCC system with a similar
rating

Power losses Approximately 0:65�0:7% of the station rating Approximately 0:85�0:9% of the station rating

Mercury arc valves for low-voltage applications be-
came available in the late 1920s. In the early 1930s, Uno
Lamm developed a mercury arc valve for high-voltage
applications. This development led to the construction
in 1954 of the first converter-station-based HVDC link,
the Gotland HVDC link, which was rated at 100 kV
DC.

The development of HVDC based on this converter
technology led to an expansion in the use of HVDC. Be-
tween 1954 and 1972, eleven systems were constructed
with a highest rating of 1800MW and ˙450 kV in
a bipolar configuration, all of which utilized mercury
arc valves.

The first HVDC system using thyristor valves was
constructed in 1972 between Hydro Quebec and New
Brunswick (the Eel River back-to-back HVDC link) in
Canada. The valves were air cooled and the scheme was
rated for 320MW. In 1978, the first water-cooled thyris-
tor valve was introduced in the Nelson River HVDC
system in Canada, with a DC voltage of ˙500 kV.

The introduction of thyristor valves encouraged the
application of HVDC in power transmission projects.
Since 1972, the DC voltage of a single bipolar HVDC
link has increased to ˙800 kV, and the power rat-
ing to 8000MW. Recently, HVDC at ˙1100 kV and
12 000MW was introduced.

Until 1997, HVDC converter stations were based
on line-commutated converter (LCC) technology. This
technology utilizes the features of high-power, high-
voltage thyristors, which do not have the ability to be



12.2 Applications of HVDC 937
Section

12.2

turned off on demand. However, in 1997, the voltage-
source converter (VSC) was used for the first time (in
the Hellsjön experimental project, at a moderate rating
of 10 kV and 3MW). In contrast to thyristors, VSCs are
semiconductor-based devices that can be turned off on
demand, which has distinct advantages for certain ap-

plications. The VSC device of choice is presently the
insulated-gate bipolar transistor (IGBT).

Therefore, the HVDC industry currently has two
technologies to choose from: LCC and VSC systems.
Each has its own characteristics that makes it suitable
for specific applications, as shown in Table 12.1.

12.2 Applications of HVDC

There is a continuous debate in the industry whether
to utilize HVDC or AC for a specific project. It is im-
portant to choose the most appropriate technical and
economic solution (AC or HVDC) for a particular
application [12.2]. We now consider some important
applications of AC and HVDC.

12.2.1 Long-Distance Transmission
Using an Overhead Line

This application can involve either the connection of
two AC systems or the transmission of bulk power
over a long transmission distance. AC and DC trans-
mission systems are competitors for this application,
and the transmission distance plays an important role
in the analysis and selection of the most suitable tech-
nology.

A HVDC line utilizes only two conductors at plus
and minus polarities for a bipolar system and is there-
fore cheaper to construct than an AC line of the same
capacity, which requires three conductors. In HVDC,
there is a need for converter stations at each end of the
transmission line, so the total cost of the scheme con-
sists of the cost of the transmission line plus that of
the converter stations. Even at a transmission distance

Cost

Distance

Breakeven distance
without compensation

HVDC

AC with
compensation

AC without
compensation

Breakeven distance
with compensation

Fig. 12.1 Cost comparison of AC versus DC systems

of zero, the cost of the converter stations must still be
factored in for HVDC; however, due to the lower cost
of the HVDC line than the AC line, the cost of the
HVDC system does not increase as rapidly with trans-
mission distance than the AC system. This is because
the HVDC has less conductors and the AC lines require
compensation elements when the transmission distance
is sufficiently large, and these elements must be fac-
tored into the costs of the system. Therefore, HVDC
will begin to be economically advantageous compared
to AC beyond a certain distance, referred to as the
breakeven distance (Fig. 12.1). This distance depends
on the cost of the line in a particular jurisdiction. The
comparison is even more complicated if the AC line
needs to be series and shunt compensated, as depicted
in Fig. 12.1.

The CIGRE technical brochure TB 388 (published
in 2009), which discusses the impacts of HVDC lines
on the economics of HVDC projects, is a valuable doc-
ument in this regard [12.3].

Figure 12.2 shows a comparison of the tower di-
mensions of a 500 kV HVDC bipolar line with those
of a 500 kV double-circuit AC line.

When utilizing HVDC to transmit bulk power from
a remote isolated generator that has no local load
connected to its busbar, it is possible to select the gen-
eration frequency independent of the typical system
frequency. In addition, larger frequency excursions can
be accepted at the generating station. Such a system is
shown in Fig. 12.3.

12.2.2 Transmission via Cables

Due to the structure of an insulated cable, it exhibits
a high capacitance and low inductance compared to
an overhead line. Under AC conditions, this high ca-
ble capacitance results in an increased reactive charging
current that increases with the transmission voltage.
Obviously, the cable capacitance also increases with
transmission distance. All of these factors limit the
power that can be transmitted by cables.

HVDC has the advantage that there is no further
charging current once the cable capacitance is charged.



Section
12.2

938 12 HVDC and Power Electronics

6.4 m
DC tower

AC tower
11.3 m

8.5 m 13 m

16.9 m7.8 m 4.6 m

6.9 m

28.3 m 25.9 m

17 m

Fig. 12.2 Tower dimensions

Remote
generation

Load
center

Fig. 12.3 Point-to-point transmission

Cable

Fig. 12.4 HVDC transmission using cables

This means that there is no limitation on either the volt-
age or the transmission distance (Fig. 12.4).

12.2.3 Transmission Between
Nonsynchronous AC Systems

When it is necessary to connect two nonsynchronous
AC systems (e.g., a 50Hz system to a 60Hz system),
the only technical practical way to achieve this is via
HVDC, as shown in Fig. 12.5.

f1 f2

f1 ≠ f2

Fig. 12.5 Connecting systems with different frequencies

12.2.4 Integration of Renewable
Offshore Wind Resources

There seems to be a drive to position wind power
plants further offshore (Fig. 12.6) [12.5]. This means
that increasingly long power cables are being used to
connect these offshore wind power plants to the shore.
As described earlier, long AC cables are not a practi-
cal solution. Therefore, HVDC is a practical alternative
for bulk power transmission from offshore wind plants.
There are challenges in this regard relating to the effi-
cient use of space on the offshore platforms (Fig. 12.6)
as well as the interactions of the HVDC controls with
the wind farm controllers. Further, special measures are
needed to deal with mechanical stresses caused by the
sea conditions, wind, and corrosion out on the open wa-
ter. Having said that, many projects based on offshore
platforms have been already implemented.
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DCACAC

Germany

Onshore
DC converter

ACOffshore
DC converter

AC
substation

North
sea

Fig. 12.6 Offshore arrangement [12.4]

12.3 HVDC System Configuration

Both LCC and VSC HVDC systems can be configured
in many ways depending on the application and the eco-
nomics involved.

12.3.1 Bipolar System

In this configuration, a positive pole and a negative pole
are connected to a bipolar transmission circuit [12.6].
The transmission circuit can be an overhead line,
a HVDC cable, or a combination of both. The bipolar
configuration can use LCCs or VSCs. It can also be im-
plemented with one LCC pole and one VSC pole. In
a bipolar configuration, the high-voltage (HV) termi-
nal of each converter is connected to the transmission
circuit, and the neutral terminal is connected to an elec-
trode via an electrode line or a low-voltage metallic
return conductor.

The electrode can be a ground electrode or a sea or
shore electrode, as shown in Fig. 12.7. Another alterna-
tive is to connect the neutral (N) terminal to a dedicated
metallic return (DMR) conductor, as shown in Fig. 12.8.
Such an arrangement is considered if electrodes are not
an acceptable solution either technically or for environ-

Converter

Converter

Converter

Converter

H

H

N N

+

–

Electrode Electrode

Fig. 12.7 Bipolar HVDC system with ground return

mental reasons. In a typical bipolar scheme, the DC
current is the same at the two poles. Therefore, no DC
current will flow in either the electrodes or the DMR.
When the currents at the two poles are unbalanced, the
difference in current will flow in the electrodes or the
DMR.

Obviously, if only one pole is in operation, the other
pole can still operate at full DC current and DC voltage
capacity, and the DC current return path involves ei-
ther the electrodes or the DMR. This is referred to as
monopolar operation.

During monopolar operation of a bipolar HVDC
system with electrodes, the full DC current will flow
continuously in the electrodes. This mode of opera-
tion was allowed in many early HVDC systems, but
monopolar operation with DC current flowing in the
electrodes for a prolonged duration is avoided in most
modern HVDC systems. This is achieved by adding
a switching arrangement at the neutral end of the bipole
to divert the DC return current to the other pole conduc-
tor. This is referred to as metallic return operation.

The switching arrangement is shown in Figs. 12.9
and 12.10. Figure 12.9 depicts normal bipolar opera-

Converter

Converter

Converter

Converter

HV

DMR

HV

N N

+

–

Fig. 12.8 Bipolar HVDC system with metallic return
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Converter

Converter

Converter

Converter

Id

Id

Fig. 12.9 Bipolar transmission

Converter GRTS

MRTB

Converter

Converter

Converter

Id

Id

Fig. 12.10 Monopolar transmission

tion with equal DC currents at the two poles, whereas
Fig. 12.10 shows bipolar operation with just one pole
and DC current flowing in the electrodes.

The additional switches required to shift from
monopolar operation with electrode return to monopo-
lar operation with metallic return are shown in
Fig. 12.10. Two types of switches are required, the
metallic return transfer breaker (MRTB) and the ground
return transfer switch (GRTS). These two switches are
not DC breakers but commutating switches, as shown in
Fig. 12.11. In principle, when the switch is closed, a DC
current I is flowing through breaker S. When the switch
is commanded to open, breaker S opens and draws an
arc that excites the series combination of L and C into
oscillation at a specific frequency and forces the current
in S to zero. The current is diverted to the absorber Z
(ZnO), which must dissipate the energy.

Upon closing the GRTS, the metallic conductor at
the pole is connected in parallel with the electrodes, and

CL

Z

SI

I1 Fig. 12.11 Metallic
return transfer
breaker (MRTB)

Converter
GRTS

MRTB

Converter

Converter

Converter

Id

Id1

Id2

Id = Id1 + Id2

Fig. 12.12 Closed GRTS and MRTB switches

Converter
GRTS

MRTB

Converter

Converter

Converter

Id

Id

Fig. 12.13 Open MRTB. Monopolar transmission with
metallic return

the DC current is shared according to the relative resis-
tances (Fig. 12.12).

Upon opening the MRTB, the full DC current at the
pole flows in the metallic return at the pole (Fig. 12.13).

12.3.2 Monopolar System

In this configuration, the system contains only one pole
of either polarity. The transmission circuit can be an
overhead line, a HVDC cable, or a combination of both.
This configuration can be used with LCCs and VSCs.
In this configuration, the HV terminal of each converter
is connected to the transmission circuit and the neutral
(N) terminal is connected to an electrode via an elec-
trode line (Fig. 12.14). The electrode can be a ground
electrode or a sea or shore electrode.

Converter Converter

NN

Fig. 12.14 Monopolar transmission with earth return
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12.4 Converter Pole Configuration

There are many ways to arrange the converters in
a HVDC station. The choice of a particular converter
arrangement is dictated by the rating of the HVDC sys-
tem as well as reliability and availability requirements.

12.4.1 Single Converter Per Pole

Here, in principle, there will be only one converter per
pole at each end of the transmission. This converter can
be either a LCC or a VSC. This configuration can also
be realized with a LCC at one station and a VSC at the
other station. The single converter per pole concept is
utilized in many LCC- and VSC-based HVDC systems.
It is clear that, in such a configuration, any converter
outage will result in a pole outage. However, this issue
can be overcome by utilizing the built-in capacity for
converter overload at the healthy pole in a bipolar sys-
tem.

12.4.2 Two Converters in Series Per Pole

In this case, two converters in each station are con-
nected in series at each pole, as shown in Fig. 12.15.
The typical arrangement is that the two converters in
series have the same voltage rating, but unequal voltage
ratings are also possible. The DC current is the same
in the two converters; therefore, in the equal voltage
rating case, each converter is rated for half the pole
power, and in a bipolar system it represents 25% of
the bipole rating. An outage of a converter at any pole
will cause the pole to operate at only 50% of the DC
voltage. In an arrangement with converters in series, ad-
ditional equipment (such as bypass switches) is needed
to allow the operation of a single converter at the pole.
Such an arrangement is utilized in ultrahigh-voltage di-
rect current (UHVDC) to achieve the high DC voltage;

Converter

Converter

Bypass
switch

Fig. 12.15 Two con-
verters connected in
series per pole

for example, at ˙800 kV, each converter will be rated
for 400 kV [12.7–9]. It is also utilized in some HVDC
systems at lower voltages (˙500 kV) when the con-
tingency of a pole outage based on a single converter
per pole design is not acceptable. In addition, this type
of arrangement can be utilized to construct a HVDC
project in several stages in order to spread the develop-
ment costs or if the full rating is not required from the
start. The converters connected in series can be LCCs,
VSCs, or a LCC and a VSC.

The bypass switches employed in series converters
are not DC circuit breakers; they are typically high-
speed switch with no DC current interruption capability.
Therefore, a special control process to allow the by-
pass switch to open at zero DC current is required when
starting up the series-connected converters.

12.4.3 Two Parallel Converters Per Pole

In this arrangement, two converters in each station
are connected in parallel at each pole, as shown in
Fig. 12.16. The two converters will have the same DC
voltage rating but can have equal or unequal DC current
ratings. In this configuration, an outage of the converter
will lead to a loss of only 50% of the pole power or 25%
of the bipole rating in the equal ratings scenario.

An outage of a converter at a pole will lead to
the pole operating at full voltage but reduced DC cur-
rent. Such an arrangement is utilized in UHVDC to
achieve high DC current ratings at the maximum pos-
sible DC voltage if the current required is higher than
the rating of a single converter per pole. High-voltage,
high-speed switches (HVHS) are typically connected in
series to each converter to enable the rapid isolation of
one converter and continued pole operation with a sin-
gle converter.

Converter Converter

HVHS

Fig. 12.16 Two
parallel converters
per pole
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This type of arrangement can be also utilized to con-
struct a HVDC project in several stages to spread the
development costs or if the full rating is not required
from the start. In this case, each stage is operating at
the nominal pole voltage. The parallel converters can
be LCCs, VSCs, or a LCC and a VSC.

12.4.4 Staging

One advantage of HVDC is that the project can be con-
structed in stages. Staging is useful if there is no need

for the full HVDC rating from the start. Typical staging
options are as follows:

� In a bipolar HVDC system with a single converter
per pole, one pole is constructed first and the second
pole is added at a later stage.� There are many options for a bipolar system with
series- or parallel-connected converters at each
pole. For example, a single converter could be used
per pole initially, and other converters could then be
added to the poles in stages.

12.5 Line-Commutated Converter (LCC) Fundamentals

In Fig. 12.17, the DC current in the circuit is only
a function of the difference between the two DC volt-
ages Ud1 and Ud2 of the rectifier and the inverter,
respectively, as well as the ohmic resistance of the
line R. Thus,

Id D Ud1 �Ud2

R
:

The DC power Pr at the sending end (rectifier)

D IdUd1 :

The DC power Pi at the receiving end (inverter)

D IdUd2 :

The difference between Pr and Pi is the loss in the trans-
mission circuit.

It will be shown later that neither Ud1 nor Ud2 are
dependent on the frequency or the phase angle between
the two AC systems, which is a significant advantage
when connecting two asynchronous systems.

Reactive power cannot be transmitted over the
HVDC link. Therefore, one AC network does not con-
tribute short-circuit power to the other AC network.

12.5.1 LCC Operation (Rectifier Operation)

LCC technology is based on the six-pulse bridge shown
in Fig. 12.18 [12.2, 10].

As shown in Fig. 12.18, there are six controlled
thyristor valves in the bridge. These valves can be
turned on but not off, and they act as unidirectional
switches. Each valve can only turn on if its anode is
more positive than its cathode and a trigger pulse is ap-

RId

Ud1 Ud2 Fig. 12.17 Electrical
circuit of a LCC

plied to the thyristors. There are two valves for the R
phase and two for each of the other two phases.

The valves are arranged in two groups. The cath-
odes (C) of three of the valves are connected together
and are referred to as the cathode valves; the other three
have their anodes (A) connected together, and are re-
ferred to as the anode valves.

In this six-pulse bridge, the valves are turned on
(triggered) sequentially, with two valves conducting at
any particular moment in time to complete the cur-
rent path, as shown in Fig. 12.19. The six valves are

R

S E

T

Converter
transformer

Thyristor
valve

Cathode

Anode

Ud

Fig. 12.18 Rectifier operation

R 1 3

4 6 2

5

S

T

Ud

Fig. 12.19 Two of the valves (1 and 2) in the six-pulse
bridge conducting at a particular instant



12.5 Line-Commutated Converter (LCC) Fundamentals 943
Section

12.5

R 1 3

4 6 2

5

S

T

Ud

Fig. 12.20 Commutation of valve 1 to valve 3

R 1 3

4 6 2

5

S

T

Ud

Fig. 12.21 Valves 2 and 3 conducting

triggered once per fundamental frequency cycle, which
means that the six-pulse bridge operates at a frequency
of six times the fundamental frequency of the AC sys-
tem. One valve is triggered every 60ı. This means that if
we start with valve 1, valve 2 will be triggered 60ı later,
and so on. Each of the valves will carry the current for
120ı.

The current for the cathode valves shifts between
valves 1, 3, and 5. The current for the anode valves
shifts between valves 2, 4, and 6. Under normal oper-
ating conditions, no two valves in the same phase (e.g.,
valves 1 and 4) can conduct at the same time, as this
would produce a short circuit at the DC terminals and
result in Ud D 0.

When valve 1 is conducting, the current is flowing
in the R phase to the load. It returns through valve 2 to
the T phase, and the voltage RT is applied to the DC
line. When valve 3 is triggered, the current is passed as
shown in Fig. 12.20. The sharing of the current between
valves is referred to as the commutation process.

When the current in valve 1 is completely commu-
tated to valve 3, valve 3 carries all of the current, as
shown in Fig. 12.21. Note that the voltage in the DC
line is then ST.

The same commutation process occurs between
valves 2 and 4 and the remaining valve.

By controlling the moment that a valve is triggered
relative to the zero crossing, the DC voltage Ud can be

S

V4 V6V2

V1

R S T

T R

V3 V5

Fig. 12.22 Commutation instants at phase-to-phase zero-
voltage crossings

controlled. As shown in Fig. 12.22, zero voltage cross-
ings occur for each valve as follows:

� Valve 1 is connected between phases R and T� Valve 2 is connected between phases S and T� Valve 3 is connected between phases S and R� Valve 4 is connected between phases T and R� Valve 5 is connected between phases T and S� Valve 6 is connected between phases R and S.

Therefore, individual valves can be triggered at
zero crossings. If valve triggering is delayed by a time
(also known as a firing or delay angle) ˛, as shown in
Fig. 12.23, the average voltage (taking Id D 0) on the
DC side is

Ud D 3
p
2

 
E cos˛ D 1:35E cos˛ ;

where E (Fig. 12.18) is the line-to-line AC voltage ap-
plied to the valve.

It is clear that the DC voltage can be modified by
changing E, ˛, or both. The maximum DC voltage is
obtained at ˛ D 0, and the average DC voltage is zero
at ˛ D 90ı.

The term .3
p
2= /E is referred to as the ideal no-

load direct voltage or the open circuit voltage of the
converter Udio.

Earlier in the discussion, we introduced the com-
mutation process, which was assumed to occur instan-
taneously. However, this is not realistic, as it would
disobey the laws of physics due to the inductance in
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V4 V6V2

V1
α

V3 V5

Fig. 12.23 Commutation instants with a firing angle of ˛

μ
α

Fig. 12.24 Overlap and firing angles for rectifier DC volt-
ages

the circuit. Because of the inductance in the com-
mutation path, the commutation of the current from,
say, valve 1 to valve 3 will take a finite amount of
time. There will then be an overlap where the cur-
rent will decay to zero in one path (for valve 1) and
rise to its steady-state value in the other path (for
valve 3). This period is referred to as the overlap angle
� (Fig. 12.24).

This angle depends on the inductance in the cir-
cuit. There are several inductances in the circuit, but the
transformer reactance dominates. The inductance in the
circuit is referred to as the commutating reactance XC.
Naturally, the overlap angle � is also a function of the
value of the DC current. The higher the DC current in
the circuit, the longer it takes to commutate from one
valve to another.

The impact of the commutation process and the
overlap angle � is to reduce the output DC voltage Ud

of the converter, as shown in Fig. 12.24. If � is zero,
which means that XC is zero too, the DC voltage only
depends on ˛ in Fig. 12.24.

From Fig. 12.24, it is clear that during the period �,
the voltage at the upper pole is

PVRC PVS
2

D � PVT
2
:

The commutation process and the resulting � reduces
the DC voltage of the converter during rectifier opera-
tion according to the following

Ud D 3
p
2

 
E cos˛� 3I

 
Xc

D 1

2
Udio Œcos˛C cos .˛C�/� ;

Ud D Udio cos˛� 3I

 
Xc :

The above equations can also be written as

Ud D Udio

�

cos˛� dx
Id
IdN

UdioN

Udio

�

;

where N refers to rated values and dx is the commuta-
tion reactance (p.u.)

dx D 3I

 
Xc

IdN
UdioN

:

12.5.2 LCC Operation (Inverter Operation)

As discussed earlier, the DC voltage is zero at a delay
angle of 90ı. If we increase the delay angle ˛ beyond
90ı, the resulting DC voltage will be negative.

During inverter operation, both ˛ and the overlap
angle � have the same definitions as before, but there
is another angle � , the extinction angle, that is impor-
tant too. In order to define this angle, it is necessary to
understand phenomena associated with the valve con-
ducting current.

The valve turns off when the current in the thyristors
falls below a critical level referred to as the holding cur-
rent. The anode current falls at a certain dI=dt to zero
and then continues to move to a negative value in the re-
verse direction by the application of a reverse voltage.
A reverse current will continue to flow until all of the
excess stored charge is removed from the thyristors. If
a forward voltage is reapplied to the valve soon after
the current has passed zero, the thyristor will turn on
again. However, if sufficient time is allowed for all of
the stored charge to be removed by the reverse voltage,
the forward voltage can be reapplied. It is important
to note that the voltage distribution across the series-
connected thyristors is not ideal under such conditions.
The turn-off time is defined as the time taken for the
voltage across the thyristor to turn positive after the an-
ode current has passed through zero. For defining the
extinction angle � it is necessary to take into consider-
ation the turn-off time of the thyristors and any sudden
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δ β

�

i1 i3 i1 i3

Id

Rectifier Inverter Fig. 12.25 Firing, overlap, and
extinction angles during commutation
from valve 1 to valve 3

γ
β

Fig. 12.26 Inverter operation and the resulting DC voltage
of the converter

increase in the DC current as well as any sudden drop
or shift in the AC voltage due to AC disturbances.

The angle between the end of the current in the
valve and the start of the voltage going positive is re-
ferred to as the deionization period or extinction angle
� . The angles ˛, �, and � are related in the following
manner

˛C�C � D   ;

and � C�D ˇ, as shown in Fig. 12.25.
The following inverter equations can be defined in

a similar way to the rectifier equations

Ud D 3
p
2

 
E cos˛� 3I

 
Xc

D 1

2
Udio Œcos˛C cos .˛C�/� ;

Ud D 3
p
2

 
E cos˛� 3I

 
Xc

D 1

2
Udio Œcos˛C cos .˛C�/� ;

Ud D 1

2
Udio fcos Œ � .�C �/�C cos . � �/g

D 1

2
Udio Œcos .�/C cos .�C �/� ;

Ud D 3
p
2

 
E cos � � 3I

 
Xc D Udio cos � � 3I

 
Xc :

Or

Ud D Udio

�

cos � � dx
Id
IdN

UdioN

Udio

�

:

The rectifier and inverter DC voltage equations are sim-
ilar except that ˛ is replaced with � (Fig. 12.26).

12.5.3 Application Example
and Basic Control

The equations used to determine the conditions in
a LCC HVDC system were listed earlier but are re-
peated here for the sake of clarity.

Combined Equations
For the rectifier,

UdR D UdioR

�

cos˛� dx
Id
IdN

UdioN

UdioR

�

:

For the inverter,

UdI D UdioI

�

cos � � dx
Id
IdN

UdioN

UdioI

�

:

For the line,

Id D UdR �UdI

R
:

Additional equations to determine other values are now
presented.

For the overlap angle,

�R D arccos Œcos .˛R/� 2dxR��˛R ;
�I D arccos Œcos .�I/� 2dxI�� �I :

For reactive compensation,

tan .'R/D 2�R C sin .2˛R/� sin .2ıR/

cos .2˛R/� cos .2ıR/
;

ıR D ˛R C�R ;

QR D PR tan .'R/ ;
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P and Q represent the active and reactive power, respec-
tively, while the subscripts R and I correspond to the
rectifier and inverter, respectively.

The remaining variables are the same as those de-
scribed previously

tan .'I/D 2�I C sin .2�I/� sin .2ıI/

cos .2�I/� cos .2ıI/
;

ıI D �I C�I ;

QI D PI tan .'I/ :

Example
Consider the following example based on the Brazilian
Rio Madeira HVDC project:

� Power per bipole: 3000MW (in the rectifier)� One 12-pulse bridge per pole� Rated voltage: ˙600 kV� Rated rectifier angle: ˛ D 15ı
� Minimum rectifier angle: ˛ D 5ı
� Rated inverter minimum angle: � D 17ı
� dx D 0:09 p:u:� Line resistance: 15�� AC system voltage: 500=550kV (both sides)� Rated current: 3000=.2� 600/D 2:5 kA

The aim is to calculate the rated condition values.
In a point-to-point LCC system, one converter (gen-

erally the inverter) controls the DC voltage, and the
other controls the DC current.

On the rectifier side, for a six-pulse bridge, the val-
ues are

UdR D UdioR

�

cos 15� 0:09
1

1

1

1

�

;

UdioR D 342:5kV D 1:35ER ;

ER D 253:7kV :

The nominal ratio of the transformer should therefore
be 500=253:7.

Note that an on-load tap changer (OLTC) should
be included to take care of loading variation at the
high-voltage side of the transformer. This should have
an appropriate tap range, which can be achieved using
a small step:

The overlap angle �D 23:19ı.
The reactive power is 1606MVAr.

The voltage in the inverter and other values are as follows

600� 15� 2:5 D 526 kV per pole ;

PI D 2812MW ;

UdioI D 324:7 kV ;

EI D 240:5 kV :

The overlap angle �D 22:08ı.
The reactive power is 1583MVAr.

Working Principle
In a point-to-point LCC system, one converter controls
the DC voltage (typically the inverter) while the other
(the rectifier) controls the DC current. The general prin-
ciple is shown in Fig. 12.27.

In the steady state, the insertion of Imargin (�Id D
10%) into the inverter loop control leads to the require-
ment that �d is larger than �min. The value of the latter is
chosen and thus defines UdI. Consequently, the inverter
voltage can be controlled.

Now, suppose that the AC voltage of the rectifier is
reduced for any reason. This will cause a reduction in
UdR, so ˛r will decrease to compensate provided that it
is not below ˛min, in which case the OLTC will act to
increase the AC voltage in the rectifier, pulling ˛r up to
the rated value.

Conversely, suppose that the AC voltage in the in-
verterdrops.ThevalueofUdI will thendecrease, so Idwill
tend to rise and ˛r will increase to maintain the current.

These two operational assumptions are just exam-
ples, and it should be noted that the LCC control system
has other features that will described later.

12.5.4 Peak Rectification

Peak rectification, also referred to as amplitude recti-
fication, occurs in any converter with no load [12.10].
The ideal no-load voltage was defined earlier as Udio D
.3

p
2= /E. However, the true no-load voltage will be

higher because the converter can charge the circuit ca-
pacitance on the DC side during an open circuit. While
it is being charged, the capacitance will also discharge
through the high leakage resistance in the DC circuit.
If the time constant for the discharging of the capaci-
tance is longer than the time between converter voltage
peaks, the circuit capacitance will recharge to a higher
value, which explains why this behavior is referred to as
peak or amplitude rectification. The circuit capacitance
discharges in an exponential manner.

Peak or amplitude rectification will occur in any
open-circuited converter, even at firing angles that are
slightly higher than 90ı. This phenomenon is utilized in
HVDC systems during open-circuit testing of the con-
verter station or DC transmission circuit. It can also be
used for the precharge function in multiterminal HVDC
systems.

12.5.5 Changing the Power Direction
in LCC Converters

In LCC technology, the DC current direction is always
the same because thyristor valves can only carry cur-
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Fig. 12.27 Working principle of a point-to-point LCC HVDC system
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+  Pole

Fig. 12.28 Reversing power to the negative pole in an in-
termediate converter. During the reversing process, the S1
switches are closed while the S2 reversing switches are
open; the S1 switches are then opened and the S2 revers-
ing switches are closed

rent in one direction. Therefore, in order to reverse the
power direction in a two-terminal HVDC system, the
DC voltage polarity is reversed but the direction of the
DC current remains the same. In a multiterminal HVDC
system, if all of the terminals reverse their power direc-
tions, then the direction of the current remains the same
but the voltage polarity is reversed.

However, if only one terminal in a multiterminal
system changes its power direction, it must still change
its voltage polarity [12.11]. Since it is connected to
a pole of opposite polarity, reversing switches are re-
quired, and the converter will have full insulation at
both of its terminals, as shown in Fig. 12.28.

12.5.6 Harmonics

Characteristic Harmonics
Cyclic triggering of the valves in a six-pulse bridge pro-
duces harmonics [12.2, 10]. Both the output DC voltage
and the currents that appear in the valve-side phases of
the transformer contain certain characteristic harmonics
that are produced whether the converter is operating as
a rectifier or an inverter.

AC Current Harmonics
Assuming that the AC system is perfectly symmetri-
cal, there is no imbalance in the commutating reactor
XC, or equidistant triggering (firing) of the valves.
For a six-pulse bridge, the harmonics produced in the
current on the valve side of the transformer are of or-
der 6n˙ 1, where n is an integer that takes values
from 1 to n. Therefore, the current harmonics are as fol-
lows:

� 5th and 7th harmonics for n D 1� 11th and 13th harmonics for n D 2� 17th and 19th harmonics for n D 3� Higher harmonics for higher values of n.

The magnitude of the n-th harmonic current is given
by

In D p
6

Id
n 

;

where Id is the DC current.
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Voltage Harmonics
Assuming that the AC system is perfectly symmetri-
cal, there is no imbalance in the commutating reactor
XC, or equidistant triggering (firing) of the valves. The
six-pulse bridge harmonics produced in the DC voltage
are of order 6n, where n is an integer that takes values
from 1 to n. Therefore, the voltage harmonics are as fol-
lows [12.12, 13]:

� 6th for n D 1� 12th for n D 2� 18th for n D 3� Higher harmonics for higher values of n.

Twelve-Pulse Bridges
The previous discussion considered the characteristic
harmonics of a six-pulse bridge. However, we can take
advantage of the design and winding configuration of
a converter transformer to eliminate some of these har-
monics.

In a converter consisting of two six-pulse bridges
connected in series on the DC side (one with a wye–wye
transformer and the other with a wye–delta transformer)
the voltages of the bridges will be 30ı out of phase, so
that their harmonics will also be out of phase. Since 30ı
of the main frequency correspond to half a cycle of the
6th harmonic, the 6th harmonic will be in phase oppo-
sition in the two bridges, and the two bridges will be in
phase for the 12th harmonic.

A similar effect is also seen for the AC current har-
monics (Fig. 12.29). These harmonics will be of order
12n˙ 1; in other words:

� 11th and 13th harmonic for n D 1� 23rd and 25th harmonic for n D 2.

Wye

Wye

Delta

Fig. 12.29 Arrangement of a twelve-pulse bridge

The DC voltage harmonics will be of order 12n, im-
plying:

� 12th harmonic for n D 1� 24th harmonic for n D 2.

Thus, it is clear that the use of a twelve-pulse bridge
eliminates certain harmonics.

Noncharacteristic Harmonics
As mentioned earlier, the characteristic harmonics are
based on ideal conditions. In reality, however, the fol-
lowing issues will influence the harmonics [12.2]:

� Firing error� AC voltage unbalance or distortion� Direct current modulation from the remote station� Imbalance between converter components� Imbalance between the applied voltages of the wye–
wye and wye–delta transformers� Imbalance between the firing angles of the wye–
wye and wye–delta transformers� Induced harmonics due to parallel AC lines sharing
the same right-of-way as the DC line or in some
cases both the DC and the AC lines on the same
tower.

This will result in the generation of noncharacteris-
tic harmonics of all orders. Such harmonics should be
taken into consideration when designing the equipment,
especially the AC and DC filters.

12.5.7 Reactive Power

The operation of the converter results in a phase an-
gle between the fundamental component of the currents
and the phase voltages. In principle, this phase angle is
similar to a power factor. This means that the converter
(a rectifier or an inverter) will consume reactive power.
A rule of thumb is that a typical converter at nominal
firing angles will consume approximately 50�60% of
its rating in reactive power. More precisely, the reac-
tive power consumption is a function of the delay angle
˛, the overlap angle �, and the converter power at that
point of operation.

The converter power factor

cos' D Ud

Udio
;

cos' � 1

2
Œcos˛C cos .˛C�/� :

Pdc D UdId D EI cos' ;
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where Ud is the DC voltage of the converter and Id is its
DC current

EI D Pdc

cos'
;

Q D EI sin' D Pdc tan ' :

The consumption of reactive power by the converter
is compensated by using either shunt capacitor banks
or a combination of shunt banks and shunt AC filters.
This is the typical approach that is used to provide reac-
tive compensation for a converter. However, the reactive
power compensation must be managed together with
the reactive power consumption of the converter as well
as the filters needed to meet the harmonic performance
of the DC system.

In practice, as the DC power of the converter is
ramped upwards, its consumption of reactive power in-
creases. Therefore, shunt elements must be switched on
to avoid excessive reactive power consumption from the
AC system. Reactive power exchange with the AC sys-
tem should be controlled. The magnitude of the steps
due to the switching of the shunt bank are a function
of the robustness of the AC system and are determined
through system studies. Figure 12.30 shows how re-
active power exchange with the AC system can be
maintained in a band between CQ and �Q using this
approach.

As the DC power of the converter is increased, the
reactive power requirements of the converter QConverter

will also increase. If the reactive power demand of
the converter minus the reactive power supplied by
the shunt banks QShunt exceeds CQ (i.e., QConverter �
QShunt >CQ), then another shunt element must be
switched on to ensure that the reactive power remains
between CQ and �Q.

Similarly, as the converter DC power is reduced, its
reactive power requirements will also decrease. If the
reactive power demand of the converter minus the reac-

1 pu

Q Converter

Q Shunt

Q (Mvar)

P (pu)

+Q
0

–Q

Fig. 12.30 Reactive power management in a conventional
converter

tive power supplied by the shunt banks falls below �Q
(i.e., QConverter �QShunt 
 �Q), then a shunt bank must
be switched off. For all the bank switchings one should
take into consideration the harmonic performance spec-
ified.

12.5.8 Capacitor Commutated Converter
(CCC)

In this circuit, series capacitors are connected between
the converter and the AC bus on the valve side of the
converter transformer (Fig. 12.31) [12.14]. It is clear
that the capacitors are insulated at the full DC voltage
from ground. Because of the presence of the capaci-
tors on the valve side, the CCC typically has higher
voltage applied at the valve side than a conventional
converter, resulting in higher stress design requirements
for the snubber circuits and an increased voltage rating
for the arrestor. Depending on the design, and consid-
ering a typical capacitor size of 20�25% of the rating,
the increase in the voltage stress is around 10%. On the
other hand, the short-circuit current due to a valve short
circuit is lower than that for a conventional valve. This
is due to the fast charging of the capacitors, which pro-
duces a counter voltage that limits the peak value.

The typical protective process applied during
a valve short-circuit fault is to block the valves with
no bypass action. However, it is standard in such a de-
sign to assume that the blocking may fail and that three
or four loops of fault current will continue, depending
on the speed of the circuit breaker trip. The capacitor
counter voltage will certainly reduce the loop peak. The
capacitor counter voltage will also reduce the blocking
voltage seen by the valve involved in the short cir-
cuit.

Wye

Wye

Delta

Fig. 12.31 Capacitor commutated converter (CCC)



Section
12.5

950 12 HVDC and Power Electronics

The phase currents of a CCC are very similar to
the phase currents of a conventional converter. The only
difference is that the currents during the overlap interval
include not only the sine wave of fundamental fre-
quency but also a component with the natural frequency
of the capacitor/inductor circuit. As explained earlier,
because the capacitor voltage supports the commutation
of current from one valve to another, the overlap angle
is reduced. This reduction will lead to a slight increase
of 1�2% in the AC harmonics.

In a CCC, the rating of the converter transformer is
reduced because the reactive power that flows through
the transformer is reduced. The no-load losses of the
converter transformer are lowered by the reduced rat-
ing of the unit, but the load losses are increased
due to increased harmonic currents and commutation
jumps.

The presence of the capacitor provides an additional
commutation margin proportional to the direct current.
This results in improved commutation failure perfor-
mance.

12.5.9 AC System Strength

The strength of the AC system—the short-circuit
MVA—plays an important role in the operation of
a HVDC system. The interaction between the DC and
AC systems is a very important consideration in the sys-
tem studies performed before implementing a HVDC
project [12.15].

Such interactions and the overall stability of the sys-
tem can only be determined through studies carried out
during the planning stage, the design phase, and when
the system is operational (as the AC system changes).
Such studies can determine the viability of integrating
a HVDC into an AC network, as well as any enhance-
ment that may be required to achieve this. Figure 12.32
shows how an inverter is typically connected to the AC
network.

The inverter supplies DC power (Pdc) to the AC sys-
tem and consumes reactive power (QC). Most of the
reactive power is supplied by the shunt banks (QS).

C

QS

Pdc

Id

Qc

Fig. 12.32 Connecting an inverter to the AC network

We now need to define some very important quanti-
ties

Short-circuit ratio .SCR/

D System (short circuit) MVA .S/

DC power .Pdc/
;

Effective short-circuit ratio .ESCR/

D System MVA .S/�Capacitor MVAr .Qs/

DC power .Pdc/
:

Both the SCR and the ESCR are quantities that can be
utilized to explore the difficulties that may be encoun-
tered. An ESCR of less than 2.5 is often said to indicate
a weak network that may require some mitigation mea-
sures to overcome any performance issues.

12.5.10 Power Voltage Instability

HVDC systems, especially those utilized for bulk
power transmission, are operated with constant DC
power control [12.16].

The principle of constant power control means that,
for a given operating point, the system is set to transmit
a certain power order Pdc. The DC current reference is
calculated as

Idref D Pdc

Ud
;

where Ud is the DC voltage.
This means that Idref would be expected to be con-

stant at any operating point since both Pdc and Ud are
constant. However, Ud is dependent on the AC system
voltage. If the AC system voltage V decays due to prob-
lems relating to voltage control in the AC network, the
output of the shunt capacitors connected to the con-
verter bus bar will fall in proportion to V2, which will
in turn lead to a further decline in the system voltage V.
Thus, Ud will also decrease and, based on the above
equation, Idref will increase, resulting in greater demand
from the converter for reactive power. This will prompt
a further reduction in V, and in some cases will lead to
a complete collapse of the system.

The power voltage instability depends on:

� The operational control mode of the DC system
(e.g., constant power control or constant current
control)� The AC system strength ESCR� The AC system operating bus voltage criterion� The method of regulating the voltage at the inverter
bus� The inverter control mode.
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The maximum available power (MAP) of a HVDC is
the maximum power that the system can transmit with-
out incurring a system collapse. This can be evaluated by
considering all of the above factors in system studies.

12.5.11 Multi-infeed

In the above analysis, the ESCR is based on the use
of one HVDC link to feed an AC system. However,
in many situations, there are several HVDC links that
terminate in close vicinity (electrically speaking) in an
AC system. Therefore, the performance of each HVDC
link (inverter) will be affected by the presence of the
other DC links. Such interactions are referred to as
multi-infeed interactions. The degree of interaction will
depend on how close the AC buses are to where the DC
links terminate. The following phenomena associated
with multi-infeed interactions are discussed in detail in
CIGRE TB 364 [12.17], published in 2008:

� Transient overvoltages� Commutation failures� Harmonic interaction� Power voltage instability and control interaction.

Although tuning the control system can help to mitigate
these interactions, it is first necessary to study and de-
termine such interactions.

CIGRE TB 364 introduces a first-level indicator of
the degree of interaction between two HVDC links,
which it terms the multi-infeed factor (MIF). This is de-
fined mathematically for AC systems e and n as

MIFe;n D �Ve

�Vn
;

where �Ve is the observed voltage change at bus e for
a small induced voltage change at bus n. A MIF value
of zero implies that the buses are far apart and there
is no interaction, whereas a MIF of 1 means that the
two buses are very close and there will be an interac-
tion. The brochure suggests that a MIF of more than
0.15 is indicative of a possible interaction. It also states
that for interactions between AC systems with many
HVDC systems, a matrix of MIF values can be derived.
MIF values can be evaluated using transient stability or
short-circuit studies.

12.5.12 LCC Control and Protection

The control and protection of an LCCHVDC is achieved
using various functions. These can be categorized into:

� The HVDC controls� The measurement system

Bipole

Conv/VBE

Conv/VBE

Conv/VBE

Conv/VBE

Pole

Pole

Fig. 12.33 LCC control system hierarchy

� The sequence controls� The slow control functions (tap changer control)� The protection.

The steady-state DC voltages of the rectifier and the in-
verter were presented in Sects. 12.5.1 and 12.5.2. It is
clear that the DC voltages are dependent on the con-
verter delay angle/extinction angle and the line-to-line
AC voltages applied to the converter valves. The valve
voltages are governed by the AC system voltage and
the turns ratios of the converter transformers. How-
ever, the valve voltage can be regulated via the on-load
tap changer. Therefore, LCC converter control can be
achieved by controlling either the delay angle ˛ or the
AC voltage of the valve E. Delay angle control is fast
and can be relied upon to respond rapidly, whereas E
control is slow and is typically used to keep the delay
angle within certain margins.

The following control loops are used in a LCC con-
trol system:

� DC power control (an open or closed loop)� DC current control� DC voltage control� Minimum extinction angle � control� Reactive power control� AC voltage control.

The control strategy used for a particular terminal is
not chosen in isolation; the aim is to identify the most
suitable and reliable way of operating the entire HVDC
system. Indeed, several modes of control are actually
assigned to each terminal, with smooth transitions be-
tween them.

A typical LCC control system hierarchy is shown in
Fig. 12.33.

Different control functions may be assigned to the
different levels. This assignment process is part of the
design strategy of any supplier.

To understand the concept of LCC controls, it is
important to note that the aim is to translate a power
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Iac1b1

Iac1b2

Iac2b1

Iac2b2

UdN1
IdN1

UdN2 IdN2

Id1 IdL1Ud1 UdL1

Id2 IdL2Ud2 UdL2

Fig. 12.34
Equipment used
and measurements
performed in
a bipolar system

demand into control pulses that are supplied to the
thyristor valves.

Before we examine the control system, we should
consider where measurements are performed in a typi-
cal converter station, as shown in Fig. 12.34.

The quantities and the measurement locations in-
dicated are typical and can therefore vary for different
projects. The following quantities are measured:

� The DC line current at each pole, IdL� The DC line voltage at each pole, UdL� The DC pole current at each pole, Id1� The DC pole voltage at each pole, Ud� The neutral DC bus voltage at each pole, UdN� The neutral bus DC current at pole 1, IdN1� The AC currents in the converter transformers on
the valve side, Iacb1 and Iacb2.

In Fig. 12.35, the DC reference power (power order)
Pref is an input for the power controls. Dividing Pref by
the sum of the two DC pole voltages Ud1 and Ud2 in
a bipolar HVDC system yields Iref1. This equation still
applies if the system is monopolar (i.e., there is only one
Ud) and if one pole in a bipolar system is not in service
(i.e., Ud1 is equal to zero). This is an important feature
of bipolar HVDC systems, as the remaining pole can
compensate for the loss of power at one pole up to its
rating plus any overload.

If power modulation controls are needed for damp-
ing purposes in the AC systems, the relevant inputs and
signals are taken into consideration as modulation sig-
nals to the current reference. The current reference Iref1
is sent to both the local station and the remote station

via the communication system. To prevent any inter-
action between the DC current controllers for the two
stations, a small current margin (typically 10% of the
rated current) is subtracted from the current reference
at the inverter station. The signal Iref2 is fed to the DC
current controller. Depending on the control strategy
applied, other controllers such as a DC voltage con-
troller (Ud control) and a gamma controller (� control)
may also be active or inactive. However, only the firing
angle (˛ order) of a particular controller is selected at
a given time, which in turn affects the output of firing
pulses during the final stage. Controllers are selected
and deselected dynamically, and the transition or con-
trol mode switchover must be smooth.

12.5.13 LCC Converter Startup (Deblock)

The term deblock refers to converter startup. In the con-
figuration with a single converter per pole, as shown
in Fig. 12.36, deblocking is very straightforward. The
firing pulses for the converter are released at a firing
angle (˛) of 150ı, which is referred to as force retard.
The inverter is typically deblocked before the rectifier.
Because the inverter starts first, it needs to send a signal
to the rectifier via the communication system. Thus, the
rectifier is released after a telecommunication time de-
lay. Following successful deblocking, the firing angle
for the converter (˛) is determined by the appropriate
controller at that station, e.g., the gamma (� ) controller
at the inverter or the DC current (Id) controller at the
rectifier.

The deblocking of series-connected converters per
pole is a little more involved than for a single converter
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Fig. 12.35
Converter control
loops

per pole. There are many possible scenarios. Converters
in series are shown in Fig. 12.37.

If pole 1 is out of operation and pole 2 is in opera-
tion, the bypass switches at pole 2 will be in the open
position and the DC current will pass through the con-
verters at pole 2. On the other hand, the converters at
pole 1 are in the blocked state and the bypass switches
at pole 1 will be in the closed position, so DC current
will flow through the bypass switches at pole 1. This
DC current is referred to as the spill current from pole 2,

DMR

Fig. 12.36 Single
converter per pole
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Spill current I2

Spill current

DMR
I1

Pole 1 out of operation

Pole 2 in operation

Spill current

Spill current

Bypass switch

Pole 2 DC
current

Fig. 12.37 Configuration of converters in series

and is divided between the DMR and pole 1 according
to the relative resistances of the DMR and the pole 1
DC circuit, which includes the DC line or cable.

Bear in mind that the bypass switches are normal
breakers with no ability to interrupt the DC current.
Therefore, zero current must be present in the bypass
switch before it will open and extinguish the arc. In
a typical sequence, the converter is allowed to deblock
at a delay angle ˛ in the rectifier region. By deblocking
at such ˛, the converter will produce a current oppo-
site to the spill current, leading to zero current in the
switch, which in turn extinguishes the arc. The value of
˛ is dependent on the switch characteristics as well as
the speed of separation of the contacts. Delay angles ˛
of between 45ı and 75ı have been utilized.

The second mode of operation involves deblocking
the second converter at a pole. In this case, one con-
verter is deblocked and the second converter is blocked
with a closedbypass switch.Therefore, the closed switch
will carry the actual pole current. This current can be the
full load current of the pole, which is much higher than
the spill current. However, the same sequence described
above for deblockingwith a spill current will also apply.

There are several variations of the above sequence,
but the aim is always to create zero current in the switch.

12.5.14 LCC Converter Faults
and Disturbances

Although there are a wide variety of converter faults
and disturbances that can occur in a HVDC converter
station, we only discuss some of them here.

Anode voltage

Voltage & current

Time

Forward current
IF

Turn-off time

QRR

t

Fig. 12.38 Turn-off process

Inverter Commutation Failure
Inverter commutation failures can occur due to [12.18]:

� AC system faults and disturbances� DC faults or disturbances� Equipment failure.

Among the above causes, equipment failure can usually
be excluded due to the redundancy built into the control
equipment. Therefore, we will concentrate here on AC
faults and disturbances. An AC fault at the converter
busbar will lead to a commutation failure. The sever-
ity of the converter AC bus fault will determine how
fast the inverter will recover from a commutation fail-
ure. A remote AC fault that results in either a reduction,
a phase shift, or a distortion of the inverter commutating
voltage will also induce a commutation failure. A drop
in the valve voltage to approximately 80% for one of
the phases will typically lead to a commutation failure.
However, it is expected that the control systemwill help
the inverter to recover and resume normal operation at
a reduced AC bus voltage. The stronger the AC system,
the lower the probability that a commutation failure will
occur due to a remote AC fault.

A commutation failure occurs due to the physical
characteristics of the thyristor valves in a LCC. There-
fore, in order to understand commutation failures, it to
necessary to examine the turn-off process for thyristors
(Fig. 12.38).

Thyristor turn-off occurs when the current drops
below a certain value (known as the holding current).
During the commutation process, the current falls to
zero, but current will continue to flow in the reverse
direction in the thyristors when a reverse voltage is ap-
plied to them. This reverse current will continue to flow
until all of the excess stored charge is drained from the
thyristors.
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Fig. 12.39 Normal commutation
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Fig. 12.40 Commutation of valve 1 to valve 3

If a forward voltage is reapplied before this excess
reverse charge is removed, the thyristor will turn on
again. The turn-off time is defined as the time from the
point at which the current reaches zero to the point at
which the thyristor voltage turns positive.

The reverse recovery chargeQRR is an important pa-
rameter of thyristors.

The impact of the AC system fault/disturbance is
that insufficient charge is removed from the thyris-
tors before a positive voltage is reapplied. Since it is
a statistical phenomenon, some thyristors will be more
affected than others. However, even if only a few thyris-
tors turn on because of this phenomenon, the whole
valve will be triggered to turn on to protect the thyris-
tors. This results in out-of-turn conduction and thus
a commutation failure. Commutation failure is there-
fore related to a lack of time for the outgoing valve to
fully deionize following an AC disturbance.

In principle, this is due to a decrease in the ex-
tinction angle � . Because of the statistical nature of
thyristor characteristics, the � of the whole valve is set
to be larger than the actual time needed to deionize the
thyristors.

When a commutation failure occurs, it creates a by-
pass at the DC terminals of the bridge, which results
in an increased DC current and an average DC voltage
of zero, so the DC power during the commutation fail-
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1 3 5
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R

Fig. 12.41 Commutation failure
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R

Fig. 12.42 Recovery from commutation failure

ure is momentarily zero. In Fig. 12.39, valves 1 and 2
are conducting normally. When valve 3 is prompted
to fire, the commutation process starts, as shown in
Fig. 12.40.

If an AC fault or disturbance occurs, valve 1 may
not have enough time to fully turn off after commutat-
ing the current to valve 3, so it can conduct current as
soon as a positive voltage is reapplied to it. This out-of-
turn conduction of valve 1 causes valve 3 to extinguish.
When valve 4 is commanded to fire, a short circuit de-
velops on the DC side, as shown in Fig. 12.41.

When valve 5 is commanded to fire (Fig. 12.42), the
bypass is extinguished and recovery takes place so long
as faults do not continue to occur.

If the commutation failure persists, the converter is
removed from service. The commutation failure protec-
tion usually commands a block of the converter.

Valve Short Circuit
This type of fault can be the result of a flashover across
any valve that is not conducting at the time. This will
cause a short circuit between two AC phases of the
transformer on the valve winding side.

Let us suppose that a flashover occurs between the
terminals of valve 3 in Fig. 12.43 while valve 1 is con-
ducting. This results in a short circuit between the R and
S phases.
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Fig. 12.43 Valve short circuit

The valve short-circuit current is calculated based
on the following:

1. The maximum short circuit level of the AC system
2. The minimum commutating reactance
3. The minimum frequency
4. The maximum DC voltage
5. The minimum permissible delay angle ˛, which is

typically 5ı.

Two calculations are performed. The first is for the sin-
gle loop (pulse) of short-circuit current. Because the
converter is blocked, the valve must withstand the AC
voltage, including the overvoltage resulting from the
load rejection due to the blocking of the converter. The
second is for multiple loops (typically three loops) in
which the AC breaker trips and clears the fault. This
multiple loop scenario will occur if converter blocking
fails. However, no forward voltage is reapplied to the
valves in the multiple loops.

12.5.15 Thyristors and Thyristor Valves

The backbone of HVDC LCC technology is the high-
voltage, high-power thyristor. Active silicon thyristors
that are six inches in diameter and have a current rating
of 6:3 kA per device (Fig. 12.44) are currently avail-
able [12.19]. Thyristors with a flat-pack design are the

Fig. 12.44 6-inch light-triggered thyristor with a DC cur-
rent rating of 6.3 kA (© Siemens/Infineon Bipolar)

Anode Cathode

Gate

C

G

A

N1 P2P1 N2

Fig. 12.45 The four layers and three terminals of a thyristor

norm in HVDC valve applications. This type of device
is easy to manipulate mechanically within the valve and
easy to cool. In principle, a thyristor should be sand-
wiched between water-cooled heat sinks.

A thyristor is a semiconductor device with four lay-
ers and three terminals, as shown in Fig. 12.45. The
anode is connected to the P1 layer, the cathode to the
N2 layer, and the gate to the P2 layer.

In the forward blocking mode, when the anode is
positive with respect to the cathode, the thyristor will
conduct a small leakage current, as shown in Fig. 12.46.
If the forward voltage is increased beyond a specific
value, referred to as the breakover voltage (VBO), the
thyristor will turn on. However, this kind of activation is
not desirable as it is not a gated turn-on and it is not pos-
sible to control how the current spreads in the device.
This type of activation can lead to thyristor failure.

In the reverse blocking mode, when the anode is
negative with respect to the cathode, a small leakage
current will flow. However, if the voltage is increased
above the breakdown voltage VR of the junction be-
tween P1 and N1 (see Fig. 12.46), the current increases
rapidly. This breakdown is due to avalanche effects.

The leakage current that flows in both forward and
reverse blocking is temperature dependent, and when
a temperature of 125 ıC is exceeded the leakage current
can increase rapidly and failure can occur.

Forward
current

Reverse
current

Forward voltage

Reverse voltage
VR

Fig. 12.46 Current–voltage characteristic of a thyristor
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Fig. 12.47 500 kV thyristor valves (© Siemens)

When a gate pulse is applied to a thyristor and the
anode is positive with respect to the cathode, the thyris-
tor is turned on. Thyristor gating can be achieved using
either an electrical pulse (i.e., an electrically triggered
thyristor, ETT) or a light pulse (i.e., a light-triggered
thyristor, LTT).

The power dissipation is high during turn-on. The
allowable rate of increase in the anode current dI=dt is
a critical parameter. If the anode current increases too
rapidly it will lead to high power loss in a small area
and the device may fail due to localized heating. This is
mainly due to the increased current density: the current
increases very quickly, meaning that it does not have
sufficient time to spread.

Thyristor Valves
Modern thyristor valves (Fig. 12.47) have the following
features:

� A modular design with stacked thyristors and heat
sinks� Deionized water cooling of the thyristors, valve re-
actors, and snubber resistors� The use of fiber optics for signal transmission be-
tween the thyristor levels and the valve control via
the valve base electronics (VBE).� On board thyristor protection, either electronic or
integrated.

A thyristor valve consists of multiple thyristor levels,
where a thyristor level consists of a thyristor, its heat
sinks, snubber circuits, DC grading resistors, and the
associated electronics (see Fig. 12.48) [12.20].

To N levels in a valve section

Saturable reactor

DC grading resistors

Damping capacitor

Damping resistor

TH1

TH2

Fig. 12.48 Typical thyristor levels

There may be one saturable reactor per thyris-
tor level, or a saturable reactor may serve multiple
thyristor levels in series. The thyristor levels are con-
nected in series, which is achieved mechanically by
including a number of levels in a module or valve sec-
tion together with the necessary cooling manifold and
piping. The valve sections or modules are assembled
into a valve structure together with fiber optic cables,
cooling pipes, and insulators. The valve structure can
include a single valve, a double valve, or a quadruple
valve.

For thyristor valves that use ETT (Fig. 12.49), each
thyristor level is equipped with thyristor electronics that
are termed the gate electronics. The gate electronics re-
ceive trigger pulses in the form of light pulses from the
VBE. These pulses are converted into electrical pulses
that are processed by the gate unit and delivered to the
thyristor gate as electrical signals. The status and con-
dition of each thyristor level are also reported by the
gate electronics to the VBE, and the gate electronics
protect the individual thyristors against forward over-
voltage and steep front voltages dv=dt that may occur
during the thyristor recovery period.

Forward overvoltage can occur during faults or due
to the loss of a firing pulse. Forward overvoltage protec-
tion is referred to as breakover diode protection (BOD).
In most designs, this is a passive element that triggers
the thyristor into conduction based only on the forward
voltage of the forward thyristor. The gate electronics re-
quire power, which is obtained from the voltage across
the thyristor in the off state.
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Fig. 12.49 Thyristor level concept for an ETT

For a light-triggered thyristor (Fig. 12.50) with
integrated self-protection (LTT), the trigger pulses
are transmitted from the VBE as light pulses. Since
the thyristor is triggered by light energy there is

Monitoring

Valve base electronics
VBE

Valve controls

Fig. 12.50 Thyristor level concept for a LTT

no need to convert the pulses to electrical sig-
nals, so the need for gate electronics is elimi-
nated.

12.6 Voltage-Source Converter (VSC)

The voltage-source converter was introduced in 1997,
when it was used at a very low rating (˙10 kV and
3MW) in the Hellsjön project, together with a HVDC
XLPE cable. However, this does not mean that VSC
technology can only be used with HVDC XLPE cables.
VSCs can also be applied to overhead lines, mass-
impregnated (MI) cables, or combinations of HVDC
cables and overhead lines. The semiconductor device
usually employed in VSCs is the insulated gate bipo-
lar transistor (IGBT). A VSC can control the active and
reactive power exchanged with the AC system sepa-
rately.

12.6.1 IGBTs

The IGBT is a three-terminal, four-layer (p-n-p-n)
semiconductor (Fig. 12.51) device with a metal oxide

C

E

G

Fig. 12.51 The symbol for an IGBT

semiconductor (MOS) gate structure and a high input
impedance. It has a very low on-state voltage drop due
to conductivity modulation, and has superior on-state
current density.

It has a wide safe operating area (SOA), which is the
current–voltage region within which a power switch-
ing device can be operated without destructive failure.
For the IGBT, this region is defined by the maximum
collector–emitter voltage VCE and collector current IC
below which the IGBT must be operated to protect it
from damage.

An IGBT can be easily turned on or off. To turn
it on, a positive signal is applied between the gate
and the emitter, and to turn the device off, the sig-
nal between the gate and the emitter must be zero or

Fig. 12.52
Wire-bonded
IGBT [12.21]
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Fig. 12.53 Stakpak module [12.22]

slightly negative. When a positive voltage is applied
from the collector terminal (C) to the emitter terminal
(E), the device is in the forward-blocking mode. Ap-
plying a positive voltage of sufficient level to the gate
(G) will then cause the device to conduct. On the other
hand, when a negative voltage is applied from C to E,
the device becomes reverse biased.

A very important feature of an IGBT is the abil-
ity to limit the short-circuit current that passes through
the device when a short circuit occurs at its terminals.
The IGBT collector current IC is a function of the gate-
emitter voltage VGE and the temperature. The device
will have to be turned off to protect it.

0 90 180 270 360

a) Line-to-neutral voltage (pu)

Degrees

1

0

–1

0 90 180 270 360

b) Line-to-neutral voltage (pu)

Degrees

1

0

–1

Fig. 12.54 (a) Two- and (b) three-level
VSCs [12.23]

Two types of IGBTs are currently available for
HVDC applications: wire-bonded IGBTs (Fig. 12.52)
with low losses and press-pack IGBTs (Fig. 12.53). The
type of IGBT used in a HVDC converter will impact the
converter design.

12.6.2 VSC Design

VSCs for HVDC applications include many IGBTs
connected in series. Many issues must therefore be con-
sidered during VSC design:

� The mechanical design of the converter valves� The cooling requirements within the valve� The control of many IGBTs in the same valve� Minimizing losses� Equipment reliability� The voltage distribution under both transient and
steady-state conditions.

Following the introduction of VSCs for HVDC appli-
cations, a number of converter topologies were uti-
lized in early HVDC projects. All of these topologies
(Fig. 12.54) utilized two- or three-level converters with
pulse width modulation (PWM) [12.24, 25].

As shown by Fig. 12.55, the VSC generates an AC
waveform that has a fundamental frequency and har-
monics. The harmonics can be filtered.

The converter controls the angle of the voltage by
starting with square waves, and it controls the mag-
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Converter units

Phase
reactors

AC filters AC filters

Interphase
transformers

=
~ Uconv

Iconv

Id

IL
Ud

UL

Fig. 12.55 Simplified circuit diagram
for a VSC. Here, Uconv is the rms line-
to-line AC voltage of the converter
unit(s) including harmonics, Uconv-ph

is the rms phase-to-phase AC voltage
of the converter unit(s) including
harmonics, and Iconv is the rms
alternating current of the converter
unit(s) including harmonics [12.23]

nitude of the voltage by controlling the pulse width.
Therefore, a VSC can be represented as the simple cir-
cuit depicted in Fig. 12.55. The VSC electrical circuit
can also be represented as shown in Fig. 12.56.

The rms value of the fundamental frequency com-
ponent of the phase voltage Uconv-ph on the valve side
of the interface reactance for the VSC in square-wave
operation can then be defined as

Uconv-ph(1) D
p
2

 
K�Ude�jı ;

where:

ı is the phase angle between the converter voltage
Uconv and the AC voltage UL

K� is the voltage ratio factor [0 : : : 1].

Ignoring the resistance, the corresponding phase current
in phase (a) can be expressed as

Iconv-a.1/ D Uconv-ph �UL.1/

Z

D
p
2
 
K�Ude�jı �UL.1/e�j0

jX
I

P D Uconv.1/UL.1/

X
sin ı ;

Q D UL.1/
�

UL.1/ �Uconv.1/ cos ı
�

X
:

The direct current of the converter bridge Id can also be
derived using the equality of power on the AC and DC
sides

Id D
p
6

 

UL.1/

X
sin ı :

As can be seen from the Id equation, the active power
is mainly determined by the phase angle between UL.1/

and Uconv.1/. At any given operating point, an increase

~

~

~

Uconv UL

Iconv

X

m n

Fig. 12.56 Representation of a VSC circuit [12.23]

in the phase delay of Uconv.1/ would decrease the ac-
tive power delivered to the AC system. Similarly, at any
given operating point, a decrease in the phase delay of
Uconv.1/ would increase the active power delivered to the
AC system.

The reactive power is defined by the converter volt-
age magnitude (Ucon.i/).

12.6.3 Modular Multilevel Converter

Although the solution discussed above certainly works,
converter losses are high due to the switching losses
from the IGBTs at a PWM frequency of 1260Hz (using
the Cross-Sound Cable project as an example). How-
ever, in 2006, the modular multilevel converter (MMC)
was introduced. The advantages of the MMC are as fol-
lows [12.26, 27]:

� Low converter losses as there is no high-frequency
switching� No AC filter requirements� Low dv=dt upon switching due to small switching
steps.

The smallest block in a MMC configuration, which
is referred to as a submodule (Fig. 12.57), contains two
main components:
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D2IGBT2

IGBT1
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Fig. 12.57 MMC submodule (half
bridge)
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D2IGBT2

IGBT1
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Fig. 12.58 IGBT1 and IGBT2 in the
off state

D1

D2S2

S1

AC

C C

D1

D2IGBT2

IGBT1

AC

Fig. 12.59 IGBT1 triggered into
conduction

� A DC capacitor� Two IGBTs connected across the capacitor.

The AC connection is located at the midpoint of
the two IGBTs, IGBT1 and IGBT2, which are simi-
lar to the controlled switches S1 and S2. When IGBT1
and IGBT2 are in the off state, capacitor C is charged
through diode D1, as shown in Fig. 12.58.

When IGBT1 is triggered into conduction (similar
to S1 being closed), capacitor C will discharge through
IGBT1 to the AC side, as shown in Fig. 12.59.

Voltage Uac

Time

Fig. 12.60 AC
voltage using
a MMC

The resulting AC voltage is as shown in Fig. 12.60.
Basically the output voltage consists of many capacitor
voltages inserted when IGBT1 is conducting.
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D1

D2S2

S1

AC

C C

D1

D2IGBT2

IGBT1

AC

Fig. 12.61 IGBT2 triggered into
conduction

If IGBT2 is switched on (i.e., switch S2 is closed),
then the submodule is bypassed and no voltage builds
up on the capacitor, as shown in Fig. 12.61.

It is important to define the terminology of a multi-
module VSC:

� A submodule is the smallest single phase unit; it con-
sists of two IGBTs and their associated equipment

1

2

Module 1

~

=

~

=

~

=

~

=

~

=

~

=

Module 2

Module n

Module 1

Module 2

Module n

Electronics

IGBT1 D1

IGBT2 D2T1

Fig. 12.62 MMC concept (© Siemens)

� A phase module is obtained by connecting N sub-
modules in series along with one phase reactor to
form either the positive or the negative side of an
AC phase, as shown in Fig. 12.62� A phase arm is obtained when two phase modules
are connected to obtain a complete phase, as shown
in Fig. 12.63� A converter comprises of three phase arms.
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Fig. 12.64 VSC converter (courtesy of Siemens)

Some photos of physical parts of a VSC converter
are depicted in Figs. 12.63 and 12.64.

If more than one submodule, for example N sub-
modules, are connected in series, then each submodule
can be either:

~

~

~

Iac/2

Id

Control
Iac/2

Id/3
Iac

+Ud/2

–Ud/2

+Ud/2

–Ud/2

Desired voltage

+

+

+

+

+

+

Realized voltage

Fig. 12.65
Overview of
the MMC concept
by CIGRE [12.29]

� Off, where IGBTs 1 and 2 are both in the off state� On, where IGBT1 is conducting (on state) and the
capacitor voltage is applied at the terminals� Bypassed, where IGBT2 is conducting (on state).

In principle, a voltage is generated in steps (which de-
pend on the number of submodules connected in series
and the individual status of each submodule) at the
terminals of the phase arm. The switching process of
a submodule is not performed at high frequency, so
the switching losses of the IGBTs are reduced, as are
the total losses of the converter. Figure 12.65 shows
the resulting waveform of the MMC VSC converter.
From the VSC electrical scheme, it is apparent that the
phase voltages are built from the positive and negative
terminals with the addition of a variable source, the
capacitor voltages (Fig. 12.65). Increasing the number
of capacitors leads to a better and smoother AC wave-
form.

A back-to-back VSC converter is shown in more de-
tail in Fig. 12.66. In Fig. 12.66a the single line diagram
of the back-to-back system is shown. In the Fig. 12.66b
the back-to-back alone is shown with the details of the
modules. The positions of the switches at a particular
instant are presented in Fig. 12.67. Note that six arms
with six capacitors per arm are depicted in Fig. 12.67.
Some capacitors are inserted and some are bypassed.
Taking as an example the two arms in series on the
right-hand side of Fig. 12.68, it is clear that the volt-
age Vc is obtained through both arms: one (the lower
arm) includes half the DC voltage plus the voltage of six
capacitors and the other (the upper arm) includes half
of the DC voltage plus the voltage of zero capacitors.
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Fig. 12.66a,b Back-to-back VSC [12.27]

Therefore,

Vtc D �Vdc

2
C nl Vcap D Vdc

2
� nuVcap ;

where nl and nu are the number of capacitors in the
lower and upper arms, respectively.

Note that Fig. 12.67 indicates that there are nlC
nu D 6 voltage components in each of the three
voltage pass. The voltage of each capacitor is
Vdc=6.

12.6.4 Active and Reactive Power Control

As mentioned earlier, a VSC converter can indepen-
dently control active and reactive power and exchange
them with the AC system (Fig. 12.69) [12.23].

The converter can control the output power by
modifying the magnitude and phase of the generated
voltage.

The VSC can control the active power or Ud using
ı or the AC voltage, and the reactive power can be con-
trolled via � (Figs. 12.70 and 12.71).
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Fig. 12.67 Positions of the switches in
a MMC at a specific instant [12.27]
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Fig. 12.69 Converter control compo-
nents [12.23]

Consider a VSC converter that has an output of UC

(or Uconv in Fig. 12.55) and is connected through an
impedance X to the AC system. This converter will
supply or absorb reactive power based on whether the
converter voltage UC is higher or lower than the sys-
tem voltage US (or UL in Fig. 12.55), as shown in
Figs. 12.72, 12.73, and 12.74.

The active power is a function of the angle ı be-
tween the converter voltage UC and the system voltage
US, as shown in Figs. 12.75 and 12.76.

12.6.5 Full-Bridge Converter

In the preceding discussion, the converter was arranged
in a half-bridge configuration. Such an arrangement
works adequately in most VSC applications, but in
a bipolar DC system configuration, where there is
a ground connection on the DC side, large short-circuit
currents are driven to the DC side through the diodes
during a DC-side ground fault (similar to a pole-to-pole
fault in a symmetrical monopole). Such currents can-

δ

–
+

λAorder

Ameasured

–
+Border

Bmeasured

VSC

Fig. 12.70 Direct control of � and ı using parameters
A and B [12.23]

not be controlled by a half-bridge converter, so a full-
bridge converter (see Fig. 12.77) can be utilized instead.
In a full-bridge converter, the current can be controlled
in four quadrants, as shown in Fig. 12.78. The AC side
voltage of the full bridge is basically symmetrical, as
shown in Fig. 12.78.

During a DC fault (pole to ground in a bipolar
system or pole to pole in a symmetrical monopole sys-
tem), the module capacitors in both half- and full-bridge
converters can discharge, producing very large DC cur-
rents. The rate of change in these currents can be very
large, so fast detection and interruption of fault currents
is needed to protect converters. Fast detection of DC
faults is possible by measuring the rates at which DC
currents and voltages increase. Once a fault has been
detected, the fault currents can be interrupted in several
ways in full-bridge MMC converters [12.30].

DC Fault Current Interruption Through Blocking
The most popular DC fault-current interruption mech-
anism used in full-bridge MMC converters is blocking.
As soon as the converter is blocked, all of the converter
module capacitors are inserted via freewheeling diodes
in the direction opposite to that of the fault current.
This can momentarily yield voltages of opposite po-
larity that are more than 2 p:u: at the faulted DC pole,
which quickly reduce the fault current.

Active DC Fault Current Control
One of the main advantages of full-bridge converters
over half-bridge converters is the ability to control both
the AC internal voltage and the DC voltage indepen-
dently (i.e., an extra degree of freedom) over the full
range of DC voltages. If required, the DC pole voltage
can be instantly reversed by inserting the modules in the
opposite direction while maintaining the AC voltage.
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Iac

Uac
Fig. 12.78
Current path in four
quadrants

12.6.6 Symmetrical Monopole

The symmetrical monopole (Fig. 12.79) is one of the
configurations used in VSC converters.

In this configuration, theVSC converter is connected
to the positive and negative poles but not to ground. The
main features of this configuration are as follows:

� The transformer is not exposed to DC voltage, so it
is a regular AC power transformer.� It is implemented with two XLPE cables in most
applications.� A DC ground fault does not result in short-circuit
currents, but it does expose the healthy pole to very
high voltages that can be as high as twice the rated
voltage.� There is no power transfer during any outage.

~~

+Ud/2

–Ud/2
Sys2 Sys2

VSCVSC

Fig. 12.79 Symmetrical monopole

+Ud/2 + ∆U

–Ud/2 + ∆U

∆ ∆

L1

R2

ConvConv

Fig. 12.80 Control of voltage drift

� It can be built from half-bridge converters, as de-
scribed earlier. It can be also constructed with
full-bridge converters, although there is no technical
advantage to doing so if it is a cable-based applica-
tion (the probability of a pole-to-pole fault is small).� Since the system is floating with no intentional
ground connection in a symmetrical monopole, the
DC voltages of the two poles may drift. However,
leakage currents due to the high resistance to ground
(e.g., the DC voltage dividers) on the DC side pre-
vent excessive DC voltage drift.� Another approach that is used to address the prob-
lem is to connect a high impedance (a reactor
plus a resistor) between the transformer and the
converter at one station, as shown in Fig. 12.80.
Under normal conditions, the current in the L1 re-
actor is negligible. The stress during a DC-side
ground fault should be considered when selecting
R2 (Fig. 12.80).

12.6.7 Bipolar Arrangement

In a bipolar arrangement, just as in a LCC, there are
two independent poles arranged in a bipolar configura-
tion with either a ground return or a dedicated metallic
return (Fig. 12.81).

In a bipolar arrangement:

� The transformer is a converter transformer sub-
jected to DC stress.� A ground fault on the DC side is characterized by
high short-circuit currents that impact the AC sys-
tem. These occur because, in addition to the DC
current, an AC current component feeds the fault
through the diodes from the AC side.
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Fig. 12.81 Bipolar arrangement

� Half-bridge or full-bridge converters can be utilized.
However, in the event of a DC-side fault in either the
cable or the overhead transmission line, a half-bridge
converter requires the breaker on the AC side to be
tripped. This is not a problem if cable-based trans-
mission is used. However, in the case of an overhead
line (which can frequently suffer weather-induced
DC line faults), AC breaker tripping is problem-
atic. This is because a restart is performed follow-
ing a DC line deionization period in HVDC. A full-
bridge converter is capable of deionizing the DC line
without the need to trip the AC circuit breaker.

12.6.8 Converter Charging

In a typical MMC, the capacitors and (if present) DC
cables are charged through the diodes before the con-
verter is started. The capacitors and the cables are
charged as soon as the AC breaker is closed. A prein-
sertion resistor (charging resistor) is utilized to limit
the charging current. When a half-bridge converter
is used, the capacitors and the cables are charged to
approximately the peak of the line-to-line-to-line volt-
age.

12.7 DC Grid

As converter technologies (especially MMC technol-
ogy) are now mature, researchers are considering
a configuration in which converters are connected via
a meshed grid. This would increase the reliability of the
HVDC transmission system. Studies of this configura-
tion have been carried out by CIGRE, which has created
specific working groups to discuss issues such as:

� HVDC feasibility [12.31]� The preparation of connection agreements or
grid code for multiterminal schemes and DC
grids [12.32]� The development of HVDC converter models for
a HVDC grid [12.33]� Control methodologies for direct voltage and power
flow in a meshed HVDC grid [12.34]� Protection and local control of DC grids [12.35]� The design of HVDC grids for optimal reliability
and availability performance [12.36].

The aim is to bring knowledge of DC grid technology
up to the same level as that for AC grids.

Figure 12.82 shows an example of the CIGRE test
system, which integrates offshore and onshore renew-
able generation into AC power systems [12.33].

The test system consists of two onshore and four
offshore AC networks (the buses labeled Ba) and three
DC systems (DCS1, DCS2, and DCS3). System DCS1

utilizes point-to-point cable transmission, ˙200 kV,
and employs a symmetrical monopole configuration.
System DCS2 is a ˙200 kV multiterminal system with
symmetrical monopoles. System DCS3 is a DC meshed
grid, ˙400 kV, that uses a bipolar configuration, over-
head lines, and cables.

There are many VSC AC/DC converters and two
DC/DC converters in the test system. One of the DC/DC
converters (Cd-B1) causes small changes in the Bb–
B1x bus to control the power in the Bb–B1x to Bb–E1
circuit. The other DC/DC converter (Cd-E1) connects
the 400 and 200 kV DC systems.

In a symmetrical monopole configuration, the need
for or the occurrence of an outage in one pole (converter
or line) causes both poles to disconnect. In a bipolar
configuration, the system can remain in operation with
only one pole; this type of operation is usually termed
an asymmetrical configuration.

The interconnection of systems (AC and DC)
is achieved through converters (controllable devices),
which allows the systems to be independent. Therefore,
the power flow can be calculated separately for each
system.

There are many challenges that must be overcome
in order to develop a system like the one described. For
instance, as of 2018, the capacity of a VSC was below
2000MW, whereas the capacity of a LCC was about
6000MW at ˙800 kV. Also, a DC cable with ethylene-
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system [12.33]

propylene-rubber (EPR) insulation is limited to 320 kV,
although 500 kV cables may become available soon. In-
deed, some 500 kV high-capacity oil-filled cables are
already on the market.

DC/DC converters (buck–boost configuration) are
in use in industrial systems with low power ratings. The
use of a combination of components (DC/AC converter,
transformer, and AC/DC converter) in DC/DC convert-
ers such as Cd-E1 has been proposed. The transformer
may be single-phased and designed for a specific fre-
quency (not necessarily 50 or 60Hz).

The main challenge, however, is to develop fast-
acting DC breakers. Some engineers believe that, if the
transient current capability of an IGBT is taken into ac-
count, the fault clearing time (i.e., the time from the
instant the fault is detected until the current is inter-
rupted) should be less than about 5ms to avoid system
collapse. A protection relay in an AC system can de-
tect a fault in 8�15ms, and the breaker will open in
about 20�40ms. Thus, new devices (based on power
electronics) will need to be developed for DC grid ap-
plications [12.31].

Some manufacturers have, however, developed pro-
totypes of a hybrid DC breaker; see, for example,
Fig. 12.83. During steady-state operation, the mechan-
ical and load commutation switches are closed. When

a fault is detected, the commutation switch opens and
the current is rerouted to the main DC breaker. The
mechanical switch also opens (there is no arcing). The
main breaker then trips and the current is rerouted to the
varistor branch. The current decreases to zero and the
residual DC breaker is opened. To reconnect the line,
the reverse procedure is carried out. Note that mechan-
ical and load commutation switches are also employed
to reduce losses, which are high in the main circuit
breaker.

Other manufacturers believe that for DC grid ap-
plications, a full-bridge architecture must be used in
the VSC. A half-bridge architecture is generally used
in the bipolar configuration. When a pole-to-ground
fault occurs, the short-circuit current circulates through
the diodes (see Fig. 12.57), which may damage the
converter. In a point-to-point transmission system, this
threat (damage) is prevented by opening the AC breaker
sufficiently rapidly (this approach is used in the Caprivi
Link HVDC Scheme). Although the use of the full-
bridge architecture may result in greater reliability, it
is also more expensive.

One of the CIGRE working groups (B4-72) is con-
sidering possible applications of DC grids and is pro-
ducing benchmark models that include VSCs, LCCs,
breakers, and other related devices.
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Finally, it is important to mention that the increasing
generation of renewable energy will have an impact on
new HVDC systems. Some wind power plants (specif-
ically those that use type 4 wind turbines) employ the
full converter architecture to connect them to AC feed-
ers. Photovoltaic power plants generate DC voltage
and are connected to AC feeders through inverters. In

all of these cases, a voltage and frequency transient
ride-through capability is required, and this is easily
obtained with VSC converters. Offshore wind farms
located far (e.g., 100 km) from the shore must be con-
nected to the grid via DC cables.

All of these factors will enhance the application of
DC grids in a meshed configuration.

12.8 Future Trends

As discussed above, future developments in this field
are likely to include (among others):

� EPR insulated cables with a voltage rating of
500 kV or more.� VSCs with high power rating capacities.� The development of economic full-bridge convert-
ers.

� The development of fast DC circuit breakers based
on power electronics.� Offshore DC grids. When developing an offshore
DC grid, it is important to identify the required
converter characteristics, determining the operating
points, DC voltage level, amount of reserve, DC
grid fault behavior, type of testing, and the DC grid
behavior during AC faults.
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13. Power System Protection

Peter Schegner

A protection system is an essential requirement for
the safe and reliable operation of an electric power
system. An electric power system is part of an in-
frastructure that covers a large area and in which
faults cannot be avoided in general. The protec-
tion system must guarantee that faulty equipment
is disconnected from the system as quickly as pos-
sible in order to ensure the continued operation of
the rest of the electric power system.

At the beginning of this chapter, the general
requirements for a selective protection system and
its basic concepts are presented. This is followed
by a description of the criteria that can be used to
detect faults in electric power systems. Current and
voltage transformers are required to measure high
voltages and currents. The selection and dimen-
sioning of these are described in the following. The
basic selective protection functions are explained
and their implementation is described in the fol-
lowing section. Additional functions that are used
to increase the performance and selectivity of the
protection system are also presented. At the end
of this chapter, some examples are presented to
illustrate the structure of the protection system for
selected electric equipment.
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13.1 Background

Fault and hazard conditions cannot be avoided in
broadly distributed electric power systems, so their im-
pact on the electric power system has to be minimized
by using a selective protection system. The essential
task of the protection system is to switch off faulty
equipment very quickly and selectively [13.1]. The
objectives are to significantly reduce the damage to
the faulty equipment, to protect equipment exposed to
short-circuit currents from overloading, and to ensure
the safety of people and animals against step and touch
voltages. The protection system must ensure that the
fault does not extend and that the function and stabil-
ity of the entire electric power system are guaranteed.

13.1.1 General Requirements

In addition to the requirements applicable to all techni-
cal systems, such as small size, low maintenance, easy
operation, and reasonable price, the following addi-
tional requirements must be met by protection systems:

Selectivity of Protection
According to [13.2], selectivity is the ability of a protec-
tion system to identify the faulty section and phase of an
electric power system. The term selectivity includes the
identification of the faulty equipment and its position
inside the electric power system, as well as the detailed
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state of the fault, characterized by its type and behav-
ior. The requirement for selectivity is of fundamental
importance to ensure that only faulty equipment is dis-
connected from the electric power system and that the
actions of the protection system are appropriate for each
fault situation.

Sufficiently Fast Response Time
The requirement for a sufficiently fast response time of
the protection system results from two important facts:
on the one hand, the amount of damage depends on
the duration of the fault, while on the other hand, the
stability of the overall electric power system is also
directly affected by the duration of the fault. This ap-
plies, for example, to arc faults, which lead to a rapid
increase of the temperature in the surroundings of the
arc. This may result in an explosion of encapsulated
equipment as well as thermal and mechanical overload
of all current-carrying components. In addition, loss of
stability of generators and other consequences could
arise.

When determining the response time, a trade-off
must be achieved between technical requirements and
economic expenditure. In practice, the response time
required for a protection system depends on the electric
equipment to be protected, ranging from a few millisec-
onds (e.g., for trolley wires of electric railways) to a few
minutes for overload protection (e.g., for transformers).

Reliability of Protection
Reliability is an important feature of any technical
system. Commonly, reliability requirements are subdi-
vided into different aspects, as the technical approaches
used to improve reliability in different fields can vary
greatly and even be contradictory. Often, reliability is
divided into dependability and security. In order to in-
crease the dependability (functional reliability), i.e., to
reduce the probability of outage of the technical system,
several redundant and diverse devices may be operated
in parallel at the same time. Finally, a one-of-n deci-
sion is implemented. On the other hand, to increase
the safety against malfunctions, several devices may be
connected in series, meaning that n devices must reach
the same decision to cause a response of the techni-
cal system. This illustrates the contradictory solutions
to increasing the reliability of any technical system.
The objective must be a technically reasonable solu-
tion.

The reliability of a protection system is strongly
related to the definition of incorrect operation of pro-
tection. In [13.2], incorrect operation of protection is
defined as the failure to operate or an unwanted opera-
tion. Failure to operate means that there is a fault in the

electric power system but the protection system does
not operate or misoperates. An unwanted operation of
the protection system is the activity of the system dur-
ing normal network operation or during a fault in the
energy system that lies outside the zone of the protec-
tion system.

For protection systems, any unnecessary interven-
tion in the form of switching off fault-free primary
equipment is an undesirable event. A malfunction, i.e.,
the misoperation of the protection system during a pri-
mary fault, is extremely critical. In any case, the pro-
tection system must be, in principle, more reliable than
the protected system, i.e., the primary equipment of the
electric power system.

Accuracy and Sensitivity of Protection
These requirements are related to the implementation
of the protection function, including both its measuring
accuracy and timing.

The timing is important for the selectivity of the
protection system. In modern numerical protective de-
vices, the timing depends only on the runtime of the
software. Therefore, nowadays there are in general no
timing problems associated with aging of hardware or
other environmental effects such as temperature.

However, timing may still vary, even for numerical
protective devices. This variation depends on the soft-
ware implementation and the calculation time of the
protection algorithm, which defines the cycle time of
the software. These fluctuations should lie in the range
of a few milliseconds.

An additional challenge is the measurement accu-
racy of the protection system. On the one hand, currents
in the range of 10% of the rated current have to be mea-
sured with high accuracy in order to start, for example,
impedance calculations. On the other hand, the short-
circuit current could be more than 50 times the rated
current, and this high current should also be measured
with high accuracy. The measurement range of the cur-
rent path should be 1�100, with an error below 1%.

Only if these requirements are fulfilled is selective
and accurate fault location realizable.

Economic Adequacy of Protection
The costs of the protection system must be reasonable
in relation to the value and importance of the primary
equipment to be protected; for example, the protection
system for a low-voltage network with a small num-
ber of customers should be simpler and cheaper than
the protection system for a transmission transformer.
As a rule of thumb, the price of the protection system
should lie in the range of 2�5% of the value of the pri-
mary equipment.
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13.1.2 General Protection Concepts

The protection system is part of the secondary equip-
ment of any electric power system. The main parts of
the secondary equipment are the control and protec-
tion systems [13.3]. One of the special challenges faced
by the protection system is that it must function auto-
matically in critical network conditions without support
from operating personnel. Furthermore, it is expected
that the protection system will work properly even if
extreme voltage and current conditions are present in
the electric power system.

Protection Zones
In order to meet the general requirements described
above, the entire electric power system is divided into
so-called protection zones. Figure 13.1a shows an ex-
ample of an electric power system, which is divided into
several protection zones. The borders of the protection
zones are defined by the current measurements, i.e., the
position of the current transformers installed in the elec-
tric power system. Theoretically, each piece of electric
equipment should be assigned to a separate protection
zone. Therefore, to achieve overlapping of the pro-
tection zones, theoretically, two current measurements
should be carried out at the interface between protec-
tion zones. This is shown in Fig. 13.1b. However, this

Busbar I protection zone

Feeder 
protection 
zone

Busbar II protection zone

Busbar I protection zone

Busbar II protection zone

Feeder 
protection 
zone

M

Protection 
zone

b)a) c)

Fig. 13.1a–c Layout of protection zones. (a) Electric power system with protection zones, (b) ideal protection zone,
(c) real protection zone

theoretical requirement of overlapping protection zones
is not implemented in practice due to the high costs in-
volved; rather, the current measurement is carried out
at only one place. In order to implement two indepen-
dent protection systems for adjacent protection zones,
two separate secondary windings of the current trans-
former are used, resulting in the arrangement shown
in Fig. 13.1c. The adjacent protection zones no longer
overlap, but only touch each other. In the event of a fault
in the small area between the current transformer and
circuit-breaker, the busbar is switched off unnecessar-
ily while the fault will still be transmitted via the line.
The fault is switched off by the backup protection sys-
tem, which is explained below. The small, nonselective
area described above is therefore acceptable.

Backup Protection System
In order to achieve the necessary reliability of the pro-
tection system, a backup protection system is provided
for each protection zone. A backup protection sys-
tem is a fully redundant protection system. According
to [13.2], a protection system consists of at least a pro-
tective device, a separate secondary winding of the in-
strument transformer, independent wiring, independent
tripping circuits, its own auxiliary supply, and where
provided its own communication system. The circuit-
breakers are excluded. This is illustrated in Fig. 13.2.
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In the past, there was a distinction between the so-
called main and backup protection systems. However,
today, there is no such prioritization between the two
protection systems, indicating that both work on an
equal and independent basis.

It should be noted that the possibility of a failure
of the circuit-breaker must also be taken into account
when designing the backup protection, although by def-
inition the circuit-breaker is not part of the protection
system.

There are two fundamentally different concepts for
implementing backup protection systems, viz. remote
backup protection and local backup protection.
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Fig. 13.3a,b Backup protection schema. (a) Remote backup protection. (b) Local backup protection with additional
circuit-breaker failure protection (CBFP)

In the case of remote backup protection, the faulty
equipment is switched off by the protection system of
an adjacent protection zone, as illustrated in Fig. 13.3a.
To achieve this, all the protection systems in the elec-
tric neighborhood of the fault should also detect faults
in adjacent protection zones. If the fault is not switched
off within a specified time, the reach of all the protec-
tion zones is extended. These extended protection zones
now also include the electric equipment of the neigh-
boring protection zones. If the short circuit is located
in this extended protection zone, a trip is triggered.
When using this type of backup protection, a malfunc-
tion of the protection system leads to a nonselective
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trip with an additional time delay. Remote backup pro-
tection covers the malfunction of both the protection
system and the circuit-breaker. The concept of remote
backup protection is typically used in distribution net-
works.

In contrast, local backup protection is character-
ized by the local duplication of the entire protection
system. According to Fig. 13.3b, this duplication af-
fects not only the actual protected device but also the
complete wiring and power supply up to the tripping
coil of the circuit-breaker. To prevent systematic faults
in protective devices from failure to operate, devices
from different manufacturers are normally used, and

optimally different protection principles should also be
used.

Since the malfunction of the circuit-breaker is not
included in this concept, circuit-breaker backup pro-
tection must always be installed in addition. This can
be achieved, for example, by an additional communica-
tion link to the next circuit-breaker with corresponding
logic. Such local backup protection is used in high-
voltage and extrahigh-voltage networks. The expense is
considerably higher, but significant shorter fault clear-
ance times can be achieved in the event of protective or
power switch malfunctions [13.4], which is necessary
for the stability of such networks.

13.2 Protection Criteria

In this section, physical quantities that can be used to
identify faults in electric power systems, i.e., so-called
protection criteria, are presented. These protection cri-
teria should be able to discriminate between operating,
fault, and hazard status in the electric power system. In
the simplest case, a physical quantity (e.g., current, tem-
perature, or pressure) is compared with an adjustable
threshold value. In addition, a special tripping charac-
teristic (depending on a physical quantity) or sets of
tripping characteristic (e.g., depending on several phys-
ical quantities) can be used to classify the network
status.

These protection criteria can be divided into electric
and nonelectric categories.

13.2.1 Electric Protection Criteria

The voltage and current, as well as values derived
therefrom, can be used as protection criteria. Such de-
rived values can include, for example, the impedance,
admittance, and active, reactive, or apparent power.
In addition, the phase angle between the voltage and
current can also be used as a criterion for the fault con-
dition of an electric power system. Not only the voltage
and current of the natural system (e.g., line currents
and phase-to-earth voltage or phase-to-phase voltages)
but also the voltages and currents of the symmetrical
components are evaluated. In addition, dielectric and
magnetic fields or electric charges can also be used as
protection criteria for special applications.

Selected electric protection criteria are described
in more detail below. For this purpose, the measuring
circuits are shown schematically, the typical range of
values is explained, then a statement on selectivity is
made.

Overcurrent Criterion
Figure 13.4a shows the basic measuring diagram for the
overcurrent criterion. The overcurrent protective device
is typically connected by a current transformer. The
tasks of the current transformer are explained in the fol-
lowing section. In the simplest case, the circuit-breaker
is actuated when a preset current threshold is exceeded.

In order to guarantee reliable and secure discrimi-
nation between operational and failure status based on
the overcurrent criterion, the following conditions must
be observed

Ipi < c IscminI c< 1 ; (13.1)

Ido <
1

c
IomaxI c< 1 ; (13.2)

with:

Ipi pick-up current
Ido drop-off current
Iscmin minimum short-circuit current
Iomax maximum operation current
c constant factor.

This relation between the different current levels is
additionally illustrated in Fig. 13.4b. The necessary dif-
ference between the pick-up and drop-off current is
explained at the end of this chapter.

For the overcurrent criterion, the following condi-
tions must be observed:

The security factor c takes into account the mea-
surement accuracy of the current transformers and the
protective device itself, as well as the inaccuracy in de-
termining the current settings. It must be considered
that the maximum operating current at particular times,
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e.g., during start-up processes, may be significantly
higher than the rated current of the equipment. The cal-
culation of the minimum short-circuit current must take
into account, in addition to the specifications of [13.5],
the most unfavorable switching condition (weakest sup-
ply) and the most critical fault location, as well as the
most unfavorable fault conditions (high equipment tem-
perature, fault transition resistance).

Selective short-circuit clearing based on the over-
current criterion can only be achieved by introducing
an additional delay time. This may lead to conflicts
between the requirement for short fault clearing time
and the selectivity of the protection system. In addition,
the maximum fault clearing time prescribed by the up-
stream network operator must be observed.

Depending on the application, the overcurrent crite-
rion can be applied directly to the line currents as well as
the positive-, negative-, and zero-sequence currents of
the symmetrical components. In some cases, the levels
of single harmonics of the current are used as criteria.

In addition, it is important to consider whether the
rms value, the maximum amplitude, or only the funda-
mental value of the current will be rated. Especially in
critical borderline cases, this choice can lead to very di-
verse reactions of the protection system.

Differential Current
The basic principle of differential protection has been
known for a long time. In differential protection, the
measured values are compared according to their mag-
nitude and phase position. This can be done, for exam-
ple, by a direct comparison of instantaneous values. It is
also possible to compare the magnitude and phase angle
of the current.

Differential current protection is the simplest and
most commonly used form of differential protection.
From a theoretical point of view, the procedure is based
on Kirchhoff’s circuit law, which states that the geo-
metric sum of the currents at a node must be zero at all
times.

The principal circuit used for unstabilized current
differential protection is shown in Fig. 13.5.

Current transformers are connected at the ends of
the protected object, thereby defining the differential

I>

Protected object 
KI KIIKA–

IA– IB–
IK–

IK–

IKB–

I'A– I'B–∆I'–

I>

Protected object 
KI KIIKA–

IA– IB–

IKB–

I'A– I'B–∆I'–

|∆I'| ≈ 0–

|∆I'| >> 0–

a)

b)

Fig. 13.5a,b Basis of the unstabilized current differential
criterion. (a) Current differential protection with an exter-
nal fault, (b) current differential protection with an internal
fault

protection zone. The measuring direction of the current
transformers is of great importance here. Usually, the
measuring direction is oriented towards the protected
object. This is indicated in the figure by the points on
the current transformers and the counting direction of
the current arrows. However, the direction of the current
arrows on the current transformers thus does not cor-
respond to the physical direction of the current, which
depends on the position of the fault and of the power
source. This representation of the principle is based on
the assumption that the current transformers have an
identical ratio.

The secondary windings of the current transform-
ers are connected in series. The following relationship
applies to the differential current

j�I0j D jI 0
A C I 0

Bj ; (13.3)
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with:

j�I0j absolute value of the differential current on the
secondary side

I0
A secondary current from side A
I0
B secondary current from side B.

The current split for an external fault is shown in
Fig. 13.5a. In this case, the measured currents and the
differential current are as follows

I0
A D KIIA D KIIKA ; (13.4)

I0
B D KIIB D �KIIKA ; (13.5)

j�I0j D jKIIKA C .�KIIKA/j D 0 ; (13.6)

with:

KI transformation ratio of the current transformer
IA primary current from side A
IB primary current from side B
IKA short-circuit current from side A.

It can be seen that, if a fault occurs outside the pro-
tected object, the measured currents cancel each other
and no differential current flows via the differential
branch.

Figure 13.5b illustrates a fault within the protected
object, resulting in the following current distribution

I0
A D KIIA D KIIKA ; (13.7)

I0
B D KIIB D KIIKB ; (13.8)

j�I0j D jKIIKA CKIIKBj ¤ 0 ; (13.9)

with:

KI transformation ratio of the current transformer
IA primary current from side A
IB primary current from side B
IKB short-circuit current from side A.

The short-circuit current components (IKA and IKB)
of both sides depend on the short-circuit power of the
respective connected networks. If no feeding network
is connected to one of the sides, this portion of the
short-circuit current may become zero. However, it is
important that none of the short-circuit current com-
ponents be negative in relation to the defined counting
direction. This ensures that, in the case of a fault within
the differential protection zone, a differential current al-
ways occurs.

As explained above, this principle is referred to as
unstabilized current differential protection. This crite-
rion is applicable to all spatially concentrated protected

Protected object 
KI KI

IA– IB–

|Isub| = Istab–

I'A– I'B–

|∆I'| = Idiff–

1:m

1:n

Fig. 13.6 Basis of the stabilized current differential crite-
rion

objects. In this basic form, current differential protec-
tion is not used, since even the slightest inaccuracies in
the current transformers can lead to considerable differ-
ential currents in the event of high short-circuit currents
outside the protection zone, in which case nonselective
tripping could occur.

In practice, the so-called stabilized differential pro-
tection function is used, as shown in Fig. 13.6.

In addition to the differential current, the through
current or stabilizing current Istab is also measured in
this case. According to Fig. 13.6, this current can be
simply determined using the following relationship

Idiff D jI 0
A C I 0

Bj n ; (13.10)

with Idiff is the secondary differential current, n is the
ratio of the secondary current transformer,

Istab D jI0
A � I 0

Bjm ; (13.11)

with Istab being the secondary stabilizing current and m
the ratio of the secondary current transformer.

In modern numerical protective devices, other def-
initions of the stabilizing current are also used, for
example,

Istab alt D jI0
Aj C jI0

Bj : (13.12)

Based on this definition, the stabilizing current can be
calculated more easily, and the definition is also appli-
cable for three-winding power transformers.

Figure 13.7 shows a diagram of the differential and
stabilizing current for various faults and network situ-
ations. All currents are referred to the rated current Ir
of the primary terminal of the power transformer. The
stabilizing current is estimated according to (13.11).

Curve (a) shows the resultant correlation between
the differential and stabilizing current for a short-circuit
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Fig. 13.7 Basis of the stabilized
current differential characteristic

outside the protection zone. It is assumed that the two
current transformers on both sides of the protected ob-
ject work without measuring errors. Curve (b) results if
it is assumed that the current transformers have a rel-
ative measurement error of ˙2:5%. This measurement
error is still within the accuracy definition of the current
transformer. It can be seen that a significant differential
current already occurs.

Curve (c) is obtained in the case of a short circuit
within the protected object that is supplied from both
sides with identical short-circuit power. If only one net-
work feeds the fault, the curve (d) applies.

This results in the tripping characteristic for stabi-
lized differential protection shown in Fig. 13.7. Such
a multistage tripping characteristic is used very often
and can be applied to achieve high sensitivity for low
short-circuit currents and increased stability for high
through currents due to short circuits outside the pro-
tected zone.

The principle of stabilized differential protection is
state of the art today. Differential protective devices dif-
fer in their definition of the differential and stabilization
currents.

Further Current Criteria
In addition to the overcurrent criterion described above,
the current rise can also be used as a criterion. In math-
ematical terms, the derivative of the current di=dt is

monitored. In this way, the maximum current value can
be determined before it reaches its maximum value.
This is a very fast method, but it is not a fault location
selective criterion. An additional delay time to achieve
a selective reaction does not make sense, because it
reduces the fast operation time of this criterion. There-
fore, this criterion can only be used for clearly spatially
delimited electric equipment that requires a very fast
fault clearing time. A typical application for this cri-
terion is the protection of the contact wire of electric
railway systems.

A further criterion is the so-called off-system cur-
rent. This criterion can only be applied to clearly spa-
tially delimited electric equipment that is completely
isolated from the earth potential. Via a coupling device,
such as a capacitor, an external current is injected with
a frequency that does not match the system frequency.
The external current circuit is closed via the parasitic
capacitance of the primary electric equipment. If a gal-
vanic connection appears between the primary electric
equipment and earth, e.g., when an earth fault occurs,
the current in the external circuit increases. This off-
system current criterion is very sensitive. In Germany,
it is used to monitor the windings of large generators.

General Voltage Criteria
Figure 13.8 shows the basic measuring diagram of the
zero-sequence voltage. The open-circuit voltage at the
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Fig. 13.8 Zero-sequence overvoltage criterion with the
connection to the primary system

delta winding of the three voltage transformers is pro-
portional to the zero-sequence voltage. If this voltage
exceeds a defined threshold, there is an earth fault in
the electric power system. This can be used for signal-
ing or disconnection, depending on the type of star point
treatment of the electric power system.

This criterion cannot be used to determine the loca-
tion of the earth fault, which implies that it can only be
used in a nonunit protection schema. This criterion is
used in conjunction with other criteria for the detection
of earth faults in all electric equipment.

Further Voltage Criteria
In addition to the aforementioned overvoltage crite-
rion, there are also undervoltage criteria. Both types
of voltage criteria are often used together with other
criteria.

The phase-to-earth and phase-to-phase voltages as
well as the positive-, negative-, and zero-sequence volt-
ages can be used as inputs for the voltage criteria. For
special applications, single harmonics of the voltage
may also be used as criteria.

Derived Characteristic Criteria
Both the voltage and current can be used as input sig-
nals for the mentioned criteria. These electric signals
are used to calculate the impedance, admittance, but
also the active, reactive, or apparent power. In addition,
the angle between the current and voltage can also be
calculated as a criterion. The simplest case is a logical
combination of an undervoltage and overcurrent crite-
rion.

The basic connection for measuring voltage and
current is shown in Fig. 13.9.

The undervoltage/overcurrent derived criterion is
a logical combination of voltage and current thresholds.
It can be formulated as

��ˇ

ˇVm

ˇ

ˇ < V<
�^ .Im > Ib/

_ �jImj > I>


; (13.13)

Circuit
breaker

Voltage
transformer

Current
transformer

V< & I>
or
Z<

Vm–

Im–

Fig. 13.9 Measurement of voltage and current for derived
characteristic criteria

with:

ˇ

ˇVm

ˇ

ˇ absolute value of the measured voltage
jImj absolute value of the measured current
V< threshold for minimum operational voltage
Ib threshold for base point current
I> threshold for overcurrent.

Figure 13.10a illustrates a situation in which the
maximum operating current Iomax is greater than the
minimum short-circuit current Iscmin. In this case, the
relations defined in (13.1) and (13.2) cannot be fulfilled.
Therefore, the pick-up and drop-off current must be set
above the maximum operation current. The lower part
of the figure clearly shows that there is a wide current
range in which a fault will not be detected by the over-
current criterion.

The logical combination of the undervoltage and
overcurrent criteria according to (13.13) is illustrated in
the top of Fig. 13.10. The value of the base point current
could be 10% of the rated operation current. Based on
the logical operation, the fault situation is identified. It
can be clearly seen that, based on this logical operation,
faults with current below the rated current can also be
detected.

Figure 13.10b additionally illustrates the corre-
sponding fault detection area in the impedance versus
current diagram. The three curves in the middle repre-
sent the absolute value of the measured impedance at
the maximum and minimum operational voltage (Vomax

and Vomin). The lowest curve shows the lowest accept-
able impedance during normal operation as a function
of the current; this corresponds to the V< threshold. The
area below this curve represents the additional protected
impedance region.

Another derived criterion is the underimpedance
criterion. The basis of this criterion is the assumption
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Fig. 13.10a–c Discrimination between fault and normal
operation by derived electric criteria. (a) Derived criterion:
undervoltage and overcurrent criterion, (b) resulting fault
detection area, (c) simple criterion: overcurrent criterion

that there is a correlation between the impedance mea-
sured during a short circuit and the distance to the short
circuit. In this way, the location of the fault can be
calculated directly from the impedance value, if the
impedance per length of the electric line is known.
The single line diagram in Fig. 13.11a illustrates this
situation. The second part of this figure shows the elec-
tric circuit. It can be clearly seen that the impedance
measured at the start of the line indicates the distance
between the measurement and the fault location.

Based on the voltage loop in Fig. 13.11b, the fault
impedance can be calculated from the measured voltage
Vm and current Im as

lsc

Xb' lSC Rb' lSC

Z<
Vm–

Vm–

Im–

Im–

a)

b)

Fig. 13.11a,b Relation between fault impedance and fault
location. (a) Single line diagram, (b) electric circuit

Zm D Vm

Im
D �

R0
1 C jX0

1

�

lSC ; (13.14)

with:

Zm complex value of the calculated impedance
Vm complex value of the measured voltage
Im complex value of the measured current
R0
1 length-related positive-sequence resistance of the

line
X0
1 length-related positive-sequence reactance of the

line
lSC distance between measurement point and fault lo-

cation.

Figure 13.12 illustrates (13.14) in the complexX=R-
plane. The impedance straight line represents the con-
stant X=R-ratio of the transmission line. The position
along this straight line changes depending on the fault
distance lSC.

Figure 13.12 illustrates how either the reactance
or resistance of the fault loop can be used to deter-

j ∙ X

j ∙ X'1 ∙ lsc

R'1 ∙ lsc

α
R

Impedance
straight line

Impedance 
line angle Fig. 13.12 Fault

distance in the
complex plane



13.2 Protection Criteria 985
Section

13.2

mine the fault distance. This is only valid for an ideal
fault without additional contact or arc resistance. In
real applications of this criterion, the fault distance
is determined based on the reactance. The mentioned
contact resistance does not considerably disturb the
reactance. The underimpedance criterion is used to pro-
tect overhead transmission lines, cables, transformers,
and generators. It is a universal criterion.

13.2.2 Nonelectric Criteria

The following list presents the numerous nonelectric
physical variables that can also be used to detect faults
in electric power systems:

� Temperature
Temperature measurements are used for transform-
ers, electric machines, generator cables, and over-
head lines. Such temperature measurements are
partly carried out using simple sensors (e.g., PT100
resistance thermometers), but also with the help of
infrared temperature measurement instruments.� Gas pressure
The pressure of the gas can be used as a fault in-
dicator for air- and gas-insulated switchgear (GIS)
or gas-insulated lines (GILs). Very different tech-
niques for measuring the pressure of the gas are
available, including simple pressure equalization
flaps up to modern temperature-compensated pres-
sure sensor technology.� Light
Light is often used for the identification of arcs
in closed or encapsulated switchgear. Either simple
point-based light sensors or fiber-optic cables can
be used as sensors.� Structure-borne noises
Noise can be used to detect partial discharges in
gas-insulated switchgear. Special microphones for
structure-borne sound can be used for this purpose.� Oil flow rate and oil level
The oil flow rate is often used for oil-filled electric
equipment. The oil flow rate between the electric
equipment and oil storage is measured. During nor-
mal operation, this flow rate is determined by the
thermal behavior of the equipment. If a fault oc-
curs, the resulting decomposition of the oil results
in a very high flow rate.

Table 13.1 Comparison of absolute and relative selective protection criteria

Type of protection criteria Example Remote backup protection Supplementary measures to achieve selectivity
Absolute selective �I; �' Not suitable Stabilization
Relative selective Z <; I > Suitable Time graduation

Type of protection criteria Example Remote backup protection Supplementary measures to achieve selectivity
Absolute selective �I; �' Not suitable Stabilization
Relative selective Z <; I > Suitable Time graduation

This list presents only a small selection of the nonelec-
tric criteria, which are often used as additional diverse
criteria for the protection of electric equipment.

13.2.3 Notes on Protection Criteria

Below, general information related to the protection cri-
teria is given. First, a classification of the protection
criteria is presented, based on the underlying charac-
teristics of each which define the overall behavior.

All set points must include hysteresis in order to
achieve a stable and predefined response according to
the chosen protection criterion. Before implementation
of such criteria in hardware, this behavior was achieved
based on the physical effect itself. In modern software
implementations, this behavior must be implemented as
a software function. Additionally, general information
about the treatment of the settings of protective devices
are given. The final note relates to the determination of
direction.

Classification of Protection Criteria
In general, protection criteria can be categorized into
absolute selective criteria (unit protection) and relative
selective protection criteria (nonunit protection).

Absolute selective criteria are characterized by the
fact that faulty equipment can be identified unambigu-
ously. Absolute selective criteria enable fault location
determination without additional information or equip-
ment. When using these criteria, faults outside the
considered protection zone cannot be detected, thus
these criteria are not suitable for remote backup pro-
tection.

Relative selective criteria detect a fault in the elec-
tric power system but identify the faulty equipment only
ambiguously. As a rule, a time delay is used to achieve
selective identification of faulty equipment. These cri-
teria are always suitable for remote backup protection.

Table 13.1 illustrates the different types of protec-
tion criteria and provides additional examples.

Hysteresis of Set Points
All set-point values or tripping characteristics are ex-
ecuted with hysteresis, as shown in Fig. 13.13. In this
regard, a so-called disengaging ratio is defined. This
disengaging ratio is necessary to ensure stable operation
of the protective device (without chattering). In the case
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of electromagnetic protective devices, this function is
included in the design. In the case of modern numerical
protective devices, this function must be implemented
in the software.

The disengaging ratio is defined as

fdr D xdo
xpi

; (13.15)

with:

fdr disengaging ratio
xpi pick-up value
xdo drop-off value.

The disengaging ratio fdr is smaller than 1 for
all protection criteria that monitor the exceeding of
a threshold, e.g., the overcurrent threshold. Depending
on the application, this disengaging ratio should lie be-
tween 0:75 and 0:99.

When monitoring whether a quantity falls below
a threshold, the disengaging ratio must be higher than
1, e.g., for undervoltage monitoring.

Settings of Protective Devices
Protective devices, with rare exceptions, are designed
as so-called secondary devices, meaning that they are
connected to the electric power system via current and
voltage transformers. For this reason, protective devices
are always set in relation to these secondary values.

With the introduction of numerical protective de-
vices, it becomes possible in principle to carry out the
setting using primary values, if the ratio of the voltage
and current transformers is specified. However, in or-
der to be backwards compatible and to avoid confusion,
the setting of protective devices remains based on sec-
ondary values today.

This results in the following setting calculation for
current values

Is set D Is r CT
Ip rCT

Ip set D 1

wr CT
Ip set ; (13.16)

with:

Is set secondary set value of the current
Is r CT secondary rated current of the current transformer
Ip rCT primary rated current of the current transformer
Ip set primary set value of the current.

Here, the currents Ip rCT and Is rCT are the primary
and secondary rated values of the current transform-
ers, while the calculated secondary set value is Is set. In
practice, the setting is often determined based on the
nominal input value of the protective device.

The secondary impedances are calculated as

Zs set D
Ip r CT
Is r CT
Up r VT

Us r VT

Zp set D 1

wr CTwrVT
Zp set ; (13.17)

with:

Zs set secondary set value of the impedance
Us rVT secondary rated voltage of the voltage trans-

former
Up rVT primary rated voltage of the voltage transformer
Zp set primary set value of the impedance.

The voltages Up rVT and Us rVT are the primary and
secondary values of the voltage transformer.

Directional Decision
All relative selective protection criteria generally re-
quire a directional decision in meshed electric power
systems or electric power systems with changing flow
directions. In these cases, it must be determined
whether the fault is in the direction of the protected ob-
ject or not.

In addition to the current, the voltage is also re-
quired to determine the short-circuit direction. The
short-circuit direction is derived from the angle between
the current and voltage. Such directional determination
can be negatively influenced by numerous factors, in-
cluding, for example, the resistance=reactance ratio of
the short-circuit loop, the level of the load current, and
the compensation of overhead lines. The following de-
scription illustrates only the general principles of direc-
tional estimation; for detailed information, see [13.6].

In principle, the short-circuit direction could be de-
termined from the sign of the short-circuit impedance or
admittance. However, this method is not used, because
this information is not reliable in critical short-circuit
situations, e.g., nearby three-phase fault conditions.
Therefore, a separate directional determination function
is always implemented.

There are different technical solutions for determin-
ing the direction. In Europe, short-circuit loops in the
natural system are usually evaluated. This means, for
example, that in the case of a single phase-to-earth fault,
the phase-to-earth voltage and the phase current of the
faulty conductor are compared. However, this method
becomes problematic with very small fault voltages,
which is typical of nearby faults.
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To determine the fault direction correctly even in
these cases, the directional decision is often based on
nonfault voltages, particular in overcurrent protection
devices. In this case, the voltage of a loop, which is not
affected by the fault, is used as a reference. An addi-
tional angle correction must be applied. It should be
noted that, for all protection devices in electric power
systems, the selection of the nonfault voltage must be
made according to the same principle, which is nor-
mally the set point of each protective device.

In the case of a nearby three-phase fault, all volt-
age loops will have very low values. Therefore, the
above-described procedure based on the nonfault volt-
age cannot be used. With the introduction of numerical
protective devices, a so-called voltage storage func-
tion can be implemented. In this case, the shape of
the voltage before the fault is repeated periodically.
The prerequisites for this are, on the one hand, a high-
precision frequency measurement, and on the other
hand, that the network frequency changes only slightly

during a short circuit. The use of the voltage storage
function has been tested in modern numerical selec-
tive protective devices and is state of the art today. This
function correctly determines the direction of the short
circuit, even if there is no voltage at all.

If the fault direction cannot be determined, for ex-
ample, in the case when the voltage storage is empty
and this function is not available, a preorientation is
usually specified. This preorientation is typically set
to the protected object, which normally leads to trip-
ping.

Fault direction estimation in Anglo-American coun-
tries is often based on the direction evaluation of the
symmetrical components. In the simplest case, the short-
circuit direction is calculated based on the positive-
sequence system. Since it is necessary to increase the
reliability of directional estimation in the case of crit-
ical faults, procedures which additionally consider the
directional decision in the negative- and zero-sequence
systems can be applied.

13.3 Requirements on Current and Voltage Transformers

Only a few primary protective devices directly analyze
the primary voltage and current values. These are usu-
ally limited to low and medium voltage levels.

Due to the huge amplitudes and high potentials of
the voltage and current signals, they cannot be directly
processed by secondary protective devices. The signals
must therefore be adapted by voltage and current trans-
formers or corresponding dividers.

The main tasks of the current and voltage transform-
ers are:

� conversion of standardized primary values to stan-
dardized secondary values� electric insulation of the protective devices against
the high-voltage potential of the protected object� exact instantaneous transformation of the primary
values of current and voltage over the entire work-
ing range of the protective device� supply of auxiliary power for transformer-powered
protective devices.

A distinction is made between transformers for pro-
tection or measurement applications in terms of their
accuracy and transformation characteristics. The fol-
lowing information is focused on the requirements for
protection applications.

13.3.1 Inductive Current Transformers

Inductive current transformers are inductive transform-
ers that are operated in short circuit. The primary side

has only a few turns (in extreme cases only one), while
the secondary side has a large number of turns. The pri-
mary side is operated in series with the electric power
system, thus the current is impressed. With an ideal
current transformer, the secondary current is therefore
completely independent of the load. The secondary side
acts as a theoretically ideal controlled current source. If
the short circuit on the secondary side of the current
transformer is opened during operation, large and dan-
gerous overvoltages can occur.

A fundamental distinction is made between current
transformers for measuring and protection purposes.
Current transformers for measuring purposes must ex-
hibit very high accuracy up to their rated current. These
types of current transformers are used for billing. If
the flowing current exceeds the rated value, the current
transformer should saturate to protect the connected
secondary devices. Current transformers for protection
purposes must have a very wide measuring range, i.e.,
from 1% up to 100 times the rated current. The ratio of
the measurement range is 1�1000.

The characteristics of current transformers for pro-
tection purposes are explained in more detail below.
The international standard [13.7] specifies a number
of standardized nominal values for the primary and
secondary rated currents of such current transform-
ers. Is r D 1A has become established worldwide as the
standardized secondary rated current, although some-
times the value Is r D 5A is used.

Due to the necessary magnetizing current and the
nonlinear behavior of the iron core, real current trans-
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Fig. 13.14 Simplified equivalent
circuit of an inductive current
transformer

formers do not exhibit ideal transfer behavior [13.8].
Measurement errors occur, depending on the one hand
on the load (burden) and on the other on the setup of the
iron core. A current transformer is dimensioned by the
manufacturer for the rated burden, but in normal opera-
tion, it is loaded with a different burden. In addition, the
exponentially decaying part of the short-circuit current
at the installation site must also be taken into account.
Therefore, it is necessary to dimension current trans-
formers for each installation site.

As the stationary and transient magnetic flux can be
superimposed in the magnetic circuit, the sizing of cur-
rent transformers can also be divided into a stationary
and transient dimension step. This requires that current
transformers must always be dimensioned for the sta-
tionary and transient short-circuit current, taking into
account the operational burden of the current trans-
former when connected.

Such dimensioning is achieved by calculating a sta-
tionary dimension factor Ko st and a transient dimension
factor Ktf dc. The maximum secondary short-circuit cur-
rent that can be transferred for an accuracy limit time
of t0al by the current transformer without saturation can
then be calculated using the equation

Ismax D Ko st

Ktf dc
Is r ; (13.18)

Ipmax D Ko st

Ktf dc
Ip r ; (13.19)

with:

Ko st stationary dimension factor
Ktf dc transient dimension factor

wr CT D Ip rCT
Is r CT

; (13.20)

is the rated transformation ratio of the current trans-
former.

The method for dimensioning of current transform-
ers relies on the equivalent circuit diagram shown in
Fig. 13.14, divided into three parts. The first part is
an ideal current transformer with a theoretical ideal
transformation ratio. This means that all further cur-
rents, voltages, and impedances are referred to the
secondary side of the current transformer. The second
part represents the nonlinear behavior of the real cur-
rent transformer. This includes the leakage inductance
of the primary and secondary winding, the resistance
of the secondary winding, and the nonlinear and stray
magnetization impedance. The third part is a model of
the burden of the current transformer at the installation
site. This burden includes both the wiring and the input
impedances of the connected protective devices or other
secondary equipment.

The nonlinear physical behavior is very difficult to
describe, so simplifications are necessary. First, hys-
teresis is neglected and the magnetizing characteristic
is simplified to the original curve with saturation [13.9],
as shown by the dashed line in Fig. 13.15. In the next
step, the linear part of this curve is represented by a sin-
gle, constant inductance Lh, corresponding to the slope
of the magnetizing curve in Fig. 13.15. In this case, the
saturation is neglected too.

i

ψ
L

Fig. 13.15 Simplified model of the nonlinear inductance Lh
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Fig. 13.16 Phasor diagram of current transformer in the
linear range

With this simplified linear analytical model, the
magnetic behavior is only described correctly for a de-
magnetized current transformer. There should be no
remanence present in the iron core, therefore the current
transformer should be slotted to significantly reduce the
remanence. This model is only valid up to the first satu-
ration of the iron core, the so-called accuracy limit time
t0al.

Stationary Dimension
For steady-state dimensioning of current transformers,
it is assumed that both the primary and secondary cur-
rents are sinusoidal. The current transformer is only
operated up to the saturation limit. The error occurs due
to the magnetizing current of the inductance Lh. Based
on some assumptions, the resulting measurement error
is illustrated as a vector diagram in Fig. 13.16, revealing
that the measurement error of the current transformer
results from the magnetizing current i�. The secondary
current is obtained by phasor subtraction of the mag-
netizing current from the ideally transferred primary
current. The resulting secondary current has an error
on the absolute value and angle in the linear operating
range of the current transformer.

The magnetizing current is very small compared
with the nominal current of a current transformer in
this range. The accuracy of the current transformer for
protection purposes is defined by the accuracy classes
presented in Table 13.2. The calculation of the mag-
nitude of errors at the rated current and at the rated

Table 13.2 Accuracy classes of current transformers for protection applications according to [13.7]

Accuracy class Measurement error at the
primary rated current (%)

Phase displacement at the
primary rated current (min)

Measurement error at the primary
rated accuracy limit current (%)

5P 1 60 5
10P 3 – 10

Accuracy class Measurement error at the
primary rated current (%)

Phase displacement at the
primary rated current (min)

Measurement error at the primary
rated accuracy limit current (%)

5P 1 60 5
10P 3 – 10

accuracy limit current are calculated according to [13.7]
in two different ways. The first calculation method
assumes a sinusoidal primary and secondary current.
Therefore, this calculation is based on rms values.
The second method assumes a small distortion of the
secondary current. The calculation of the accuracy is
carried out in the time domain.

Assuming that the current transformer is operated in
the linear range, there is no saturation and all currents
and voltages are sinusoidal. In this case, the calculation
for an inductive current transformer represented by the
equivalent circuit diagram shown in Fig. 13.14 can be
carried out using phasors.

To a first approximation, the main field voltage Vh in
Fig. 13.14 is identical to the voltage on the burden and
the voltage on the secondary winding. If this main field
voltage Vh at the magnetizing inductance Lh exceeds
the so-called knee-point voltage Vh sat, the current trans-
former leaves its linear range, causing an abrupt increase
of themagnetizing current. The current transformer goes
into saturation and can no longer be described using pha-
sors. From the equivalent circuit diagram, it is immedi-
ately visible that, with a lower burden (lower resistance),
a greater current can flow until the knee-point voltage is
reached. There are different approaches for determining
the knee-point voltage. Unfortunately, these also give
different results, so the method used to determine the
knee-point voltage must always be known.

The manufacturer designs the current transformer
in such a way that it reaches the saturation point at the
rated accuracy limit current, when the rated burden is
applied to the current transformer. According to stan-
dards, the rated burden occurs at cos.'/D 0:8, resulting
in

Vh sat D Kr stIs r j.Rs CT CRr B/C j! .Ls � CLr B/j ;
(13.21)

with:

Rs CT resistance of secondary winding
Ls � leakage inductance of secondary winding
Rr B rated resistance of the burden
Lr B rated inductance of the burden
Is r secondary rated current
Kr st rated stationary accuracy limit factor
Uh sat saturation voltage of magnetizing inductance.
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Normally, the current transformer is not operated
at its rated burden, as the burden in the application
depends on the wiring and the connected protective de-
vices. Normally, the operational burden is lower than
the rated burden, but the knee-point voltage is the same.
The following equation is therefore valid for the opera-
tion mode

Vh sat D Ko stIs r j.Rs CT CRoB/C j! .Ls � C LoB/j ;
(13.22)

with:

RoB operation resistance of the burden
LoB operation inductance of the burden
Ko st operation stationary accuracy limit factor.

Combining (13.21) and (13.22), the stationary accu-
racy limit factor can be calculated as

Ko st D Kr st
j.Rs CT CRr B/C j! .Ls � C Lr B/j
j.Rs CT CRoB/C j! .Ls � C LoB/j :

(13.23)

The leakage inductance of the secondary winding is
very small and can be neglected, thus

Ko st D Kr st
jRs CT C Zr Bj
jRs CT CZoBj : (13.24)

The impedance angle of the operating burden is often
not known, therefore only the resistance of the operat-
ing burden is used. To avoid oversizing, the absolute
value of the rated burden is simply used. This leads to
the following simplified equation for the calculation of
the stationary operational accuracy limit factor

Ko st D Kr st
Rs CT C jZr Bj
Rs CTs CRoB

: (13.25)

Transient Dimension
Depending on the inception time of a short-circuit
fault, an exponentially decaying direct-current compo-
nent results in the primary short-circuit current. This
short-circuit current can be expressed as (13.26)

ip D p
2I00

SC

h

e� t
TP cos .�/� cos .!tC �/

i

; (13.26)

with:

TP D LP=RP primary time constant
� D � �# fault angle
� switching angle or fault inception angle
# D arctan.XP=RP/D arctan .!TP/ phase angle of the

short-circuit impedance.

i

0 0.02 0.04 0.06 0.08 0.10

0

t (s)

Primary short-circuit current 
transformed to the secondary side

Secondary short-circuit current of 
a current transformer with saturation

Fig. 13.17 Primary and secondary currents of current trans-
former with exponentially decaying direct-current compo-
nent

The primary time constant of the short-circuit cur-
rent Tp, also referred to as the network time constant,
is determined by the R=X ratio of the primary network
at the installation point of the current transformer. This
time constant depends mainly on the voltage level and
the structure of the network. It can take values from
a few tens to several hundreds of milliseconds. This
time constant must be determined by the network op-
erator.

Figure 13.17 shows the transient transfer behavior
of a current transformer. The primary short-circuit cur-
rent has a time constant of Tp D 100ms. This is typical
for medium-voltage networks. The secondary time con-
stant of the converter is Ts D 300ms. The second curve
shows the current transformer’s transfer behavior. In
this case, the current transformer saturates after 12ms.

On the secondary side of the current transformer,
the time constant of the short-circuit current and the
time constant of the current transformer Ts itself super-
impose.

The magnetic flux resulting in the current trans-
former is the integral of the main field voltage over
time. For a purely sinusoidal main field voltage, the
magnetic flux reaches its maximum after a half-wave,
since the current transformer is magnetized with oppo-
site polarity in the next half-wave. This balance is lost
due to the direct-current (DC) component of the short-
circuit current. The current transformer is additionally
magnetized by the DC component until the saturation
flow is reached.

In addition, the duty cycle must be taken into ac-
count. If the short-circuit current is only a switch-off,
viz. the so-called C–0 cycle, there is no additional
magnetization. In combination with the auto-reclosing
function, the duty cycle would be C–0–C–0. After
a short interruption, the short-circuit current could flow
again, and an additional magnetization would occur.
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Table 13.3 Different types of current transformers for protection according to [13.7, 10]

Type of current
transformer

Threshold for
remanence flux

Description

P No Definition of the accuracy by rated accuracy factor for symmetrical short-circuit current
PR Yes
PX No Definition of current transformer behavior by parameters of the magnetizing curve
PXR Yes
TPX No Closed-core current transformer for specified transient duty cycle
TPY Yes Gapped (low-remanence) current transformer for specified transient duty cycle
TPZ Yes Linear current transformer (no remanence)

Type of current
transformer

Threshold for
remanence flux

Description

P No Definition of the accuracy by rated accuracy factor for symmetrical short-circuit current
PR Yes
PX No Definition of current transformer behavior by parameters of the magnetizing curve
PXR Yes
TPX No Closed-core current transformer for specified transient duty cycle
TPY Yes Gapped (low-remanence) current transformer for specified transient duty cycle
TPZ Yes Linear current transformer (no remanence)

This leads to additional requirements on current trans-
formers.

In the following, a C–0 cycle is assumed. The calcu-
lation of the transient dimension factor is based on the
differential equation for the simplified equivalent circuit
of an inductive current transformer shown in Fig. 13.14.
The transient factor is obtained from the ratio Ktf.t/ be-
tween the time-dependent magnetic flux and the peak
value of the sinusoidal component

Ktf.t/D  .t/
O sinus

D Lhi�.t/
O sinus

; (13.27)

with:

Ktf.t/ time-dependent ratio of the magnetic flux
 .t/ time-dependent magnetic flux
O sinus peak value of the sinusoidal magnetic flux.

The calculation of this time-dependent factor is il-
lustrated in detail in [13.11]. Taking into account some
simplifications and the worst-case assumption, the fol-
lowing equation published in [13.10] results

Ktf dc
�

t0al
�D !TPTS

TP �TS

�

e� t0al
TP � e� t0al

TS

�

C 1 ; (13.28)

with:

Ktf dc
�

t0al
�

transient dimension factor as a function of the
accuracy time

t0al accuracy limit time.

The entire dimensioning of the current transformer
for the C–0 cycle can now be carried out according
to (13.28).

For the dimensioning of a current transformer for
a C–0–C–0 cycle, the demagnetization during the idle
period and the remanence of the current transformer
must be taken into account. It is assumed that the short-
circuit current after the reclosing maintains the same
polarity as immediately before switching off, i.e., the

worst-case situation,

Ktf dc
�

t0al; t
00
al

�D
�

!TPTS
TP �TS

�

e� t0al
TP � e� t0al

TS

�

C 1

�

e� .tdtCt00al/
TS

C
�

!TPTS
TP �TS

�

e� t00al
TP � e� t00al

TS

�

C1

�

;

(13.29)

with:

tdt dead time during auto-reclosing
t00al accuracy limit time for the second current flow.

The remanence is taken into account by the defini-
tion of different types of current transformers, as listed
in Table 13.3 according to standards [13.7] and [13.10].

13.3.2 Inductive Voltage Transformers

Inductive voltage transformers are inductive transform-
ers that are operated in almost no-load condition. The
primary side has a large number of windings, while
the secondary side has a small number of windings.
A short-circuit on the secondary side of the voltage
transformer can lead to overload and thermal damage of
the voltage transformer. Therefore, voltage transform-
ers must be protected against overload.

The standard [13.12] specifies a number of fixed
values for the primary and secondary rated voltages.
Vs r D 100V has become established as the secondary
rated voltage in many countries. The standard [13.12]
defines different accuracy levels for voltage transform-
ers depending on their application. This includes not
only the accuracy levels but also the ranges of the
nominal voltage at which these accuracy levels apply.
Table 13.4 lists the requirements for voltage trans-
formers for protection applications. The given accuracy
values must be guaranteed in the voltage range from 5%
of the rated voltage up to the rated voltage multiplied
by the rated voltage factor to be selected by the cus-
tomer (typically 1:2, 1:5, or 1:9). A range of burdens
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Table 13.4 Different types of voltage transformers for pro-
tection applications according to [13.12]

Accuracy
class

Measurement error
at the primary rated
voltage (%)

Phase displacement
at the primary rated
voltage (min)

3P 3 120
6P 6 240

Accuracy
class

Measurement error
at the primary rated
voltage (%)

Phase displacement
at the primary rated
voltage (min)

3P 3 120
6P 6 240

over which these values must be guaranteed is also de-
fined in the standards.

In contrast to a current transformer, no further di-
mensioning is required for a voltage transformer with

regard to the transfer behavior as long as it is bur-
dened with a load identical to or below its rated bur-
den. A small burden for a voltage transformer implies
a small current at a large voltage, which corresponds to
a large impedance on the secondary side.

Because voltage transformers must not be over-
loaded, they must be protected with a fuse or voltage
transformer automatic fuse. It is important that the trip-
ping of this automatic fuse be signaled to the protec-
tive devices, in particular to distant protection; other-
wise, there is the danger of overfunctioning, as zero
impedancewill be calculated in the absence of a voltage.

13.4 General Protection Functions

This section illustrates the three main and most widely
used protection functions. When implementing these
protection functions in devices, there are minor differ-
ences between manufacturers. These minor differences
are not illustrated, but only the basic functional con-
cept. In order to obtain an understanding of the detailed
differences, manufacturers’ manuals must be studied in
detail.

Initially, the protection function was implemented
using mechanical relays. Therefore, even today, protec-
tive devices are often called protection relays. However,
modern protective devices are based on microproces-
sors, and the functions are implemented using highly
complex signal-theoretical algorithms. For this reason,
the term protective device is increasingly being used.

13.4.1 Introduction to Protection Functions

Function Numbers
Individual protection functions are often identified us-
ing the ANSI device number system [13.13]. Device
numbers are used to identify the functions of devices
shown on a schematic diagram. Some examples of de-
vice numbers are shown in Table 13.5. One physical
device may correspond to one function number or may
have many function numbers associated with it, as is the
case with new, numerical protective devices.

Table 13.5 Example ANSI device numbers according
to [13.13]

Device number Description
50 Instantaneous overcurrent relay
51 AC time overcurrent relay
51N AC time neutral overcurrent
51P AC time phase overcurrent
59 Overvoltage relay
59N Neutral overvoltage
59P Phase overvoltage

Device number Description
50 Instantaneous overcurrent relay
51 AC time overcurrent relay
51N AC time neutral overcurrent
51P AC time phase overcurrent
59 Overvoltage relay
59N Neutral overvoltage
59P Phase overvoltage

A suffix letter or number may be used with the de-
vice number; for example, the suffix N is used if the de-
vice is connected to the neutral (e.g., 59N indicates pro-
tection against neutral voltage displacement), whereas
the suffixes X, Y , and Z are used for auxiliary devices.

Starting
As illustrated above, a distinction is made between ab-
solute and relative selective protection criteria. It has
been illustrated that relative selective protection crite-
ria need a time delay for selective fault clearing and
the back-up functionality. To implement this time de-
lay, a common time base for all protective devices in
the same network is needed. This is achieved by the so-
called starting element.

The main task of the starting element is to detect
short circuits in the electric power system, independent
of their location, aiming to detect short circuits in not
only its own but also distant protection zones.

The starting element has the task of starting the in-
ternal time base for all protective devices. In this way,
the starting element defines a common reference time
point for all protective devices. There are also protec-
tive functions where the starting element has additional
functions.

Depending on the protection criterion applied, dif-
ferent methods can be used to implement the starting
element. In some cases, the procedures are very sim-
ple, to ensure the starting of the protective devices and
avoid the requirement for additional setting parame-
ters. However, there are also very complex algorithms.
The individual methods for implementing the starting
elements are explained in detail when the respective
protective function is described.

Release Characteristic
Special release characteristics apply to achieve a de-
fined behavior of protective devices in case of repeated
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Fig. 13.18a,b Function of the inde-
pendent reset time: (a) Immediate
release after switch-off command,
(b) delayed release after switch-off
command (adapted from [13.14])

intermittent faults or faults occurring in rapid succes-
sion. A fundamental differentiation is made between
instantaneous, independent, and dependent release be-
havior.

Instantaneous Release. If no intended delay is fore-
seen, the protective device must release itself when the

drop-off value Ido of the input quantity is reached. This
applies for both types of overcurrent protective devices
described below.

Independent Release. With this method, the protec-
tive device must remain active for a fixed reset time
after the value of the characteristic quantity falls below
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Table 13.6 Examples of inverse time characteristic functions (adapted from [13.14])

Typ Trip time Release time Description

tTT D TP

"
k�

I
IS

�˛�1
C c

#
tRT D TP

tr

1�
�

I
IS

�˛

k (s) c (s) ˛ tr (s) ˛

A 0.14 0 0.01 a a Inverse
B 13.5 0 1 a a Very inverse
C 80 0 2 a a Extremely inverse
D 0.0515 0.1140 0.02 4.85 2 IEEE moderately inverse
E 19.61 0.491 2 21.6 2 IEEE very inverse
F 28.2 0.1217 2 29.1 2 IEEE extremely inverse

Typ Trip time Release time Description

tTT D TP

"
k�

I
IS

�˛�1
C c

#
tRT D TP

tr

1�
�

I
IS

�˛

k (s) c (s) ˛ tr (s) ˛

A 0.14 0 0.01 a a Inverse
B 13.5 0 1 a a Very inverse
C 80 0 2 a a Extremely inverse
D 0.0515 0.1140 0.02 4.85 2 IEEE moderately inverse
E 19.61 0.491 2 21.6 2 IEEE very inverse
F 28.2 0.1217 2 29.1 2 IEEE extremely inverse

a To be defined by the manufacturer

the drop-off value; the starting element is set to zero.
All other internal functions of the protective device re-
main at the reached operating states, but without being
reset. This also applies to the time delay counter of the
time zones, which remain active and stop counting, but
are not set to zero.

The basic behavior is shown in Fig. 13.18. If the char-
acteristic quantity, e.g., the current, exceeds the pick-up
value, the protective device is triggered after an internal
response time. The starting signal and the active status
are set. If these two signals are active, all functions of the
protective devices work; in particular, the internal time
zones are started. If the characteristic quantity falls be-
low the drop-off value, the starting signal is reset after
an internal release time, and the adjusted reset time tRT is
started. Only the active status is now present. The inter-
nal protection functions are stopped but not reset. After
the release time has elapsed, the internal active state and
thus all internal protective device functions are reset tre.
It is assumed that the adjusted delay time to switch off
the circuit-breaker ttripp has not yet been reached.As seen
in the first part of Fig. 13.18a,b, the actual release time
consists of the internal response time and the adjusted re-
lease time setting.

The second part of Fig. 13.18a,b explains the be-
havior when a starting signal occurs again within the
release time. Whenever the starting signal is set, all in-
ternal protective device functions continue to run from
the previously stored state, since the starting and active
signal are present. This applies in particular to all time
zones. If the adjusted delay time to switch off is reached,
the protective device issues the switch-off command.

If the characteristic quantity falls below the drop-
off threshold after the switch-off command, the starting
signal is reset after an internal response time. The
manufacturer of the protective device can now spec-
ify in which way the protective device behaves: either
the adjusted release time is started again, as shown in
Fig. 13.18b, or as shown in Fig. 13.18a, the protective
device is immediately released.

Dependent Release. The logic of dependent release is
identical to that of independent release. The difference
is that the release time does not correspond to a fixed
adjusted time value but is dependent on the value of
the time delay counter and the current flowing after the
reset of the starting element. The time delay counter
will be integrated upward while the starting element
is active and downward after the reset of the starting
element. The speed of these upward and downward in-
tegrations depends on the actual flowing current and the
selected delay function according to Table 13.6. The
logic is shown in Fig. 13.19. Again, there are the two
different behaviors after a switch-off command, which
is explained in the independent release function.

The release time can be calculated using

tp
Z

0

1

tTT .G/
dt�

tRT
Z

0

1

tP .G/
dt D 0 : (13.30)

In this case, tp is the time during which the starting
signal is active. It is assumed that this time is shorter
than the switch-off command time ttripp. The resulting
release time is tRT. These relations are very easy to un-
derstand for two constant currents during and after the
starting signal.

Grading Time
All relative selective protection criteria require a delay
time to achieve selectivity. The aspects to be taken into
account when determining the delay time are explained
below.

Figure 13.20 shows two protective devices in neigh-
boring protection zones. The short circuit is to be
switched off by protective device B, whereas protective
device A supplies backup protection for protective de-
vice B.

Protective device B requires the following times un-
til the short circuit is cleared:
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Fig. 13.19 Function for the dependent
reset time (adapted from [13.14])
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Fig. 13.20 Explanation of definition
of the grading time

� tBSt is the internal starting time of protective de-
vice B. This time depends on the implementation
of the algorithms used.� tBDl is the adjusted delay time of protective de-
vice B. This delay time is assumed to be zero to
estimate the grading time.

� tBME is the delay time caused by the error of the
internal time measurement of protective device B.
This value is particularly critical for electronic and
electromechanical protective devices.� tBES is the delay time due to external switching re-
lays for controlling the circuit-breaker.
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� tBCB is the circuit-breaker opening time. This is the
time from the switch-off command to the interrup-
tion of the current. This includes not only the time
to open the power switch contacts but also the arc
extinguishing time.

In addition to the delays caused by protective de-
vice B, the delays caused by protective device A must
also be taken into account:

� tASt is the internal starting time of protective de-
vice A. This time depends on the implementation
of the algorithms used.� tAME is the delay time caused by the error of the
internal time measurement of protective device A.
This is particularly critical for electronic and elec-
tromechanical protective devices.� tA it is the internal release time of protective de-
vice A. This time depends on the implementation
of the algorithms used.� tARt is the additional adjusted release time of pro-
tective device A.

The required grading time �tgt is estimated as the sum
of the times listed above. The worst-case times, mean-
ing the maximum times, must always be selected

�tgt D tBSt C tBME C tBES C tBCB

C tASt C tAME C tA it C tARt : (13.31)

The required grading time thus depends largely on the
technology used. Numerical protective devices have
considerably shorter starting times than electromechan-
ical protective devices. Additionally, the accuracy of
the internal measurement time is considerably higher
and independent of the temperature and age of the
protective device. This also applies to circuit-breakers.

Sensitive zero current measurement

A/D

L1 L2 L3

Protective device

Fig. 13.21 Connection schema for overcurrent protection

Modern circuit-breakers have a short opening time. In
addition, the variation of the switch-off times, depend-
ing on the temperature, is considerably smaller.

Typical grading times range from 200 to 600ms.
The shorter time applies exclusively to stations which
are equipped with numerical protective devices and
modern circuit-breakers. The longer times apply to sta-
tions with electromechanical protective devices and old
circuit-breakers.

Usually, grid operators consider the issues de-
scribed above only once when calculating the grading
time. A grading time that is valid for the entire network
is then defined and applied, with modifications being
made only in exceptional cases.

13.4.2 Overcurrent Protection

In the case of overcurrent protection, a basic distinction
is made between independent and dependent overcur-
rent protection.

As shown in Fig. 13.21, overcurrent protective de-
vices are connected in the same way regardless of the
type of overcurrent protection function. Overcurrent
protection devices have at least three current inputs for
the phase currents. Often, a fourth current input is used
for the zero-sequence current measurement. The zero-
sequence current can theoretically also be calculated
internally from the measured phase currents, but direct
measurement is always more accurate. Therefore, over-
current protective devices often have these fourth cur-
rent inputs. In distribution networks with isolated star
point or resonance star point earthing, a ring-type cur-
rent transformer with a more sensitive transformation
ratio is often used. Therefore, versions of overcurrent
protective devices with a fifth current input are also
available.

The inputs of all types of protective devices are
completely galvanically isolated. Different technical
solutions are available to achieve this, such as the use
of current transformers inside each protective device.
The feasible measuring ranges of protective devices are
specified in the standard [13.15], with 1A and 5A be-
ing typically preferred.

Instantiations of Overcurrent Protection
The instantaneous overcurrent (IOC) or definite time
overcurrent (DTOC) function is typically used by Eu-
ropean electric distribution network operators. Modern
DTOC devices offer multistage overcurrent protection
functions. Figure 13.22 illustrates a four-stage over-
current function. There are four independent settings
for the current thresholds and related delay times.
The smallest current threshold automatically gives the
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Four-stage overcurrent
DTOC function

Starting

II1 I2 I3 I4

t1

t2

t3

t4

tE

t

Fig. 13.22 Current–time characteristic of four-stage defi-
nite time overcurrent device

threshold for the starting function. There is no addi-
tional setting for the starting function. This results in
simple handling for this type of protection function. If
the flowing current is above this smallest threshold, al-
most all the internal timers are started.

Modern numerical DTOC protective devices have
up to six overcurrent stages. On the one hand, this
large number of overcurrent stages makes it possible to
implement short tripping times for high-current faults
within their own protection zone, while on the other
hand, it is possible to implement multistage backup pro-
tection. This large number of overcurrent stages can be
easily and cheaply implemented in numerical overcur-
rent protective devices, since the same programing code
is called for each stage. The number of useful over-
current stages depends on the topology of the electric
power system.

The calculation of the flowing current from the sam-
pled values can be achieved using different types of
algorithms. It is possible to estimate the rms value, the
amplitude of the fundamental value, or the peak value.
Depending on the manufacturer, different solutions are
offered. There are overcurrent protective devices were
one of the above-mentioned algorithms is fixed, but also
devices where the customer can select the calculation
algorithm.

In addition to the analysis of the phase currents,
overcurrent protective devices also include the zero-
sequence and negative-sequence current. The evalua-
tion of the zero-sequent current is used for the detection
of single phase-to-earth faults, whereas the evaluation
of the negative-sequence current is used for the detec-
tion of an imbalance in the network.

In addition to the classic overcurrent functions,
modern numerical overcurrent protective devices now
offer other functions that improve the selective short-
circuit detection. These include, for example, trans-

former inrush detection and power-on stabilization for
protection of capacitor banks.

To achieve selective short-circuit clearance in net-
works with ring structures, the short-circuit direction
is additionally required. To determine the short-circuit
direction, voltage information is also needed. There-
fore, overcurrent protective devices that are additionally
equipped with voltage inputs are also available. Based
on the voltage information, various further functions,
such as overvoltage protection, are implemented.

The focus of the further explanations presented
below will be on the basic function of overcurrent
protection. Further information on the mentioned addi-
tional function is available in the book [13.16].

Inverse Time-Delay Overcurrent Protection
Inverse time-delay overcurrent protection or inverse
definite minimum time (IDMT) devices are typically
used in North and South America for the protection of
distribution lines [13.17]. With this overcurrent func-
tion, the tripping time is inversely proportional to the
short-circuit current. Numerous different tripping time
characteristics and reset time characteristics are defined
in different standards, the best known being [13.14].

The basic parameters of these current–time charac-
teristic curves are the so-called reference setting current
(IS) or pick-up current and the time factor TP or time
multiplier setting (TMS). The current–time characteris-
tic is always defined in relation to the reference setting
current. In addition, the starting signal is seeded when
the reference setting current is reached, implying that
the overcurrent device starts operating. The TMS factor
defines the general behavior of the overcurrent device.
When this multiplier is adjusted to below 10, an in-
verse time characteristic is obtained. Multiplier factors
between 10 and 20 result in a DTOC-like time charac-
teristic. In Table 13.6, the most often-used inverse-time
characteristics according to [13.14] are defined.

The time-dependent characteristic curves must be
observed by the protective devices in a range from IT to
ID. IT is the lowest current value at which the protective
device is guaranteed to operate. The determination of
the delay time starts from this value. The ratio IT=IS
must be less than 1:3. This implies that the protective
device must operate correctly at a maximum of 30%
above the reference value IS.

All protective devices with a dependent characteris-
tic curvemust guarantee a shortest tripping time starting
from a current value ID. From this current onwards, the
protective device can operate with a constant tripping
time. This means that, from this current value on-
wards, dependent overcurrent time protection becomes



Section
13.4

998 13 Power System Protection

tTT (s)

IT/IS IG/IS I/IS I/IS

1 5 10 15 20 25 30

103

102

101

100

10–1

0 0.2 0.4 0.6 0.8 1.0

a) tRT (s)
103

102

101

100

10–1

b)

IEEE moderately inverse

IEEE very inverse

IEEE extremely inverse

Excitation

IEEE moderately inverse

IEEE very inverse

IEEE extremely inverse

Fig. 13.23a,b
Examples of
current–time
characteristic of
inverse time–
current protective
devices (adapted
from [13.14]).
(a) Tripping time,
(b) release time

independent overcurrent time protection. The shortest
guaranteed tripping time must be calculated using

tc .ID/D TP

2

6

4

k
�

ID
IS

	˛ � 1
C c

3

7

5 ; (13.32)

with:

k parameter of the IDMT function [13.14]
˛ parameter of the IDMT function [13.14]
c parameter of the IDMT function [13.14]
ID highest current value at which the IDMT function is

guaranteed to operate
IS reference current value of the IDMT function
TP time factor of the IDMT function.

For clarification, the different time dependences are
represented graphically in Fig. 13.23a,b. In Fig. 13.23a,
the three IEEE [13.14] inverse time tripping curves are
shown. The TMS is set to 1 for this illustration. Depend-

ing on the flowing short-circuit current, the tripping
time lies in the range from 100 s down to a few mil-
liseconds. The advantage is that faults with a very high
short-circuit current will be switched off in a very short
time. This reduces the damage to the faulty equipment
and the mechanical and thermal stresses on the devices
carrying the short-circuit current. This figure shows the
limits for the currents IT=IS and ID=IS. It can be seen
that, from the current ratio ID=IS onwards, the protec-
tive device operates with a constant time delay.

Figure 13.23b illustrates the dependence be-
tween the current and the release time according to
IEEE [13.14]. If the current ratio I=IS is near 1, then
the release time is above 100 s.

Just as for the DTOC function, not only the phase
currents but also the zero- and negative-sequence cur-
rents are evaluated.

The right of Fig. 13.23 illustrates the reset time for
the IEEE inverse time characteristic. Again, the TMS is
set to 1. It can be seen that, for small fault currents, the
reset time could be in the range of 100 s. This feature



13.4 General Protection Functions 999
Section

13.4

stabilizes the protection function against intermittent
faults with weak currents.

13.4.3 Transformer Differential Protection

The basic principle of differential protection was ex-
plained in Sect. 13.2. As described above, only the
stabilized differential protection function is used today.
In order to achieve a reliable and stable behavior of
the differential protection, each modern differential pro-
tective device has a number of additional functions, as
explained below.

Saturation Discriminator
High short-circuit through currents can cause the sat-
uration of one of the two current transformers. This
results in a differential current and will lead to trip-
ping of the differential protective device. This should
be avoided by correct dimensioning of the current
transformers. In addition, it is generally required that
identical current transformers be used on both sides
of the protected object, where possible. Since, despite
the above-mentionedmeasures, one-sided current trans-
former saturation can occur, a saturation discriminator
is used to stabilize the differential protection.

The principal function of the saturation discrimina-
tor is based on the assumption that all current trans-
formers operate saturation free in the first milliseconds.
In this case, the differential current Idiff will be small but
the stabilization current Istab will be high.

This behavior is illustrated in the bottom of
Fig. 13.24. From the starting operating point (P1), the

2 4 6 8 10
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0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0
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Idiff/IS
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P3

PF

Tripping zone

Fig. 13.24 Explanation of the saturation discriminator
function

differential/stabilization current trajectory jumps to P2.
This point indicates a high stabilization but low differ-
ential current. If one of the current transformers starts
to saturate, the trajectory moves from point P2 to P3 in-
side the tripping zone, because the differential current
increases. In this case, the switching off is blocked. If
the saturation of the current transformer drops, the tra-
jectory moves in steps back to point P2. If the external
fault is switched off, the trajectory jumps back to the
operational point P1.

In the case of an internal fault, the differential/sta-
bilization current trajectory jumps directly from the
operation point P1 to the fault point PF. In this case,
switching off by the circuit-breaker is initiated.

This saturation discriminator analysis explains the
movement of the differential/stabilization current tra-
jectory. In this way, any external or internal fault with
saturation of the current transformer can be discrimi-
nated.

Inrush Detection
A high transient current can occur when switching on
transformers or other electric equipment with an iron
core. The reason is the saturation of the iron core, which
depends on the remanence and the switching instant.
These so-called inrush currents with amplitude up to 10
times the nominal current can occur for several 100ms.
This is illustrated in Fig. 13.25.

The unsymmetrical inrush current leads to an un-
symmetrical voltage drop across the long connection
lines. This results in an unsymmetrical voltage at the
connection point, which is comparable to a small DC
voltage offset. This DC voltage offset leads to satura-
tion of other electric equipment with an iron core that
has not been switched, an effect called sympathetic in-
rush.

The inrush current only flows from one side into the
electric equipment. From the point of view of the differ-
ential protection function, this current therefore always
indicates an internal fault. To avoid malfunction, the
inrush stabilization function is necessary for the differ-
ential protection function.

Inrush stabilization is based on an analysis of the
frequency spectrum of the differential current. Fig-
ure 13.26 shows a typical frequency spectrum for an
inrush current. The second harmonic reaches values up
to 50% of the fundamental current. A typical threshold
to identify the inrush current is 20�30% of the fun-
damental current. During normal operation, the second
harmonic will never reach this level.

Additional Functions for Power Transformers
Additional functions are required to provide differential
protection for transformers. Very often, the rated cur-
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Fig. 13.26 Frequency spectrum of an inrush current

rent of a power transformer and a current transformer
are not identical. In addition, three-phase transform-
ers may exhibit a phase shift between the different
terminals of the transformer. Both effects have to be
considered for the application of a differential protec-
tion schema.

Normalization of the Measured Currents
The rated current at each terminal of a power trans-
former is determined by the rated voltage at this termi-
nal and the rated power of the winding of the terminal.
Therefore, the values of the rated current of a power
transformer are not compatible with the standard values
for current transformers according to [13.7]. In order
to reduce the reserve requirement, grid operators some-

times use selected values of the rated currents defined in
the standard. There is always a mismatch between the
rated current of the power transformer, current trans-
former, and protective device.

Previously, an adjustment transformer was used
to interconnect the current transformer and protective
device. This adjustment transformer was individually
dimensioned and built, and this approach was not very
flexible and was prone to errors.

Normalization of the measured currents includes
two steps. First, all the currents are transformed to the
primary terminal of the power transformer, taking into
account the transformer ratio of the current transform-
ers and the power transformer itself. In the second step,
these currents are referred to the rated current of the
primary terminal of the power transformer. Today, mod-
ern numerical differential protective devices calculate
an internal adjustment factor kx based on the parameters
of the power and current transformers. The measure-
ments of the protective device are then scaled internally
using this adjustment factor. The superscript symbol (00)
is used to indicate that the current is normalized.

The calculation of the adjustment factor is explained
below.

To estimate the currents at each terminal of the
power transformer, the measured currents must be mul-
tiplied by the current transformation ratio of the used
current transformers. The current on the primary termi-
nal of the power transformer can be calculated as

Ip PT D Ipm
Ip rCTP
Is rCTP

; (13.33)

with:
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Ip PT current at the primary terminal of the power
transformer

Ipm measured current at the primary terminal of the
power transformer

Ip rCTP primary rated current of the current transformer
on the primary terminal of the power transformer

Is rCTP secondary rated current of the current trans-
former on the primary terminal of the power
transformer.

A related calculation can be done for the secondary
terminal of the power transformer using

Is PT D Ism
Ip rCTS
Is s CTS

; (13.34)

with:

Is PT current at the secondary terminal of the power
transformer

Ism measured current at the secondary terminal of
the power transformer

Ip rCTS primary rated current of the current transformer
on the secondary terminal of the power trans-
former

Is rCTS secondary rated current of the current trans-
former on the secondary terminal of the power
transformer.

The calculations of the differential and stabilizing
currents are carried out at the primary terminal of the
power transformer. Therefore, all the currents must con-
verted to this side of the power transformer. The current
transformation ratio of the power transformer can be
calculated as

uv ps PT D Vp r PT

Vs r PT
D Sp r PT

p
3Is r PT

Ss r PT
p
3Ip r PT

; (13.35)

with:

uv ps PT voltage transformation ratio between the pri-
mary and secondary terminal of the power trans-
former

Vp r PT rated voltage at the primary terminal of the
power transformer

Vs r PT rated voltage at the secondary terminal of the
power transformer

Sp r PT rated apparent power at the primary terminal of
the power transformer

Ss r PT rated apparent power at the secondary terminal
of the power transformer

Ip r PT rated current at the primary terminal of the
power transformer

Is r PT rated current at the secondary terminal of the
power transformer.

Usually, the apparent powers of the primary and
secondary terminal of a power transformer are identi-
cal. However, power transformers with three terminals
often have different apparent powers at each terminal.
Therefore, this general equation is selected to calculate
the transformation ratio of a power transformer.

The secondary current referred to the primary side
of the power transformer is calculated as

I0
s PT D Is PT

1

uVps PT
D Is PT

Ss r PTIp r PT
Sp r PTIs r PT

; (13.36)

with:

I0
s PT secondary current referred to the primary side of

the power transformer

Normally, the currents are scaled by the rated cur-
rent of the primary terminal

I00
s D Is PT

1

uVps PT

1

Ip r PT
D Is PT

Ss r PT
Sp r PT

Is r PT

D Ism
Ip rCTS
Is rCTS

Ss r PT
Sp r PT

Is r PT D Ismks ; (13.37)

with:

I00
s normalized secondary current on the primary termi-
nal of the power transformer

ks internal adjustment factor for the secondary termi-
nal.

This results in the general internal adjustment factor
kx,

kx D Ir p CTx
Ir s CTx

Sr x PT
Sr p PTIr x PT

; (13.38)

with:

kx general internal adjustment factor, where x
stands for s (secondary), p (primary), or t (ter-
tiary)

Ip rCTx primary rated current of the current transformer
on terminal x of the power transformer

Is rCTx secondary rated current of the current trans-
former on terminal x of the power transformer

Sp r PT rated apparent power at the primary terminal of
the power transformer

Sx r PT rated apparent power at terminal x of the power
transformer

Ix r PT rated current at terminal x of the power trans-
former.

Depending on the design of the numerical differen-
tial protective device, the adjustment factor can only
be calculated for a defined ratio of the rated currents.



Section
13.4

1002 13 Power System Protection

If there is a large mismatch between the rated current
of the power transformer and the rated primary current
of the current transformer, the signal at the input of
the protective device will be very low and noisy. This
inaccuracy would be increased by multiplication with
a huge adjustment factor, so depending on the manu-
facture, the adjustment factor is limited.

Vector Group Adjustment
Power transformers are built with different types of con-
nection of the windings. Typical winding connections
are delta and star connection. Depending on the con-
nection type and winding scheme applied, a phase shift
appears between the currents at the terminals of the
power transformer. This is defined by the vector group
of the transformer.

Previously, phase adjustment transformers were in-
terconnected between the current transformer and pro-
tective device to eliminate this phase shift. However, the
phase adjustment transformer must be individually di-
mensioned and built. This was not very flexible and was
prone to errors.

Modern numerical differential protective devices
use a so-called vector group adjustment matrix. The
structure and calculation of this matrix are explained
below.

The calculation of the transformer differential cur-
rent is based on the winding currents. The winding
currents are calculated by means of the measured termi-
nal currents. It is assumed that all the terminal currents
are normalized. For windings with star connection, the
measured terminal currents are identical to the winding
currents. For windings with delta connection, it must
be considered that the voltage ratios and winding ratios
are not identical. For delta winding, the currents can be
calculated by

I 00
s aW D 1p

3
I 00
p a ; (13.39)

I00
s bW D 1p

3
I 00
p b ; (13.40)

I 00
s cW D 1p

3
I 00
p c ; (13.41)

with:

I00
p a normalized primary terminal current of phase a
I00
p b normalized primary terminal current of phase b
I00
p c normalized primary terminal current of phase c
I00
s aW normalized secondary winding current of the delta

winding phase a
I00
s bW normalized secondary winding current of the

delta winding phase b
I00
s cW normalized secondary winding current of the delta

winding phase c.

I

II

III

Primary winding Secondary winding

I"p a–

I"p b–

I"p c–

I"s a–

I"s b–

I"s c–

I"s a W–

I"s b W–

I"s c W–

Fig. 13.27 Example for the calculation of the vector group
adjustment matrix

According to Fig. 13.27, the measured terminal cur-
rents do not correspond to the winding currents. There
is one branching point (node) between these two cur-
rents. The following current equations result at these
branching points, where the calculation is performed
using the currents whose values have already been ad-
justed to the rated current of the current transformers

Node IW I00
s a D I00

s aW � I 00
s cW ; (13.42)

Node IIW I00
s b D I00

s bW � I 00
s aW ; (13.43)

Node IIIW I00
s c D I00

s cW � I 00
s bW ; (13.44)

with:

I 00
s a normalized secondary terminal current of phase a
I 00
s b normalized secondary terminal current of phase b
I 00
s c normalized secondary terminal current of phase c.

Using this equation system alone, the winding cur-
rents cannot be calculated; An additional equation is
needed:

Node I minus node II results in

I00
s a � I 00

s b D I00
s aW � I00

s cW � I00
s bW C I 00

s aW ; (13.45)

I00
s a � I 00

s b D 2I00
s aW � �I 00

s cW C I 00
s bW

�

C I00
s aW � I 00

s aW ; (13.46)

I00
s a � I 00

s b D 3I00
s aW � �I 00

s cW C I 00
s bW C I00

s aW

�

:
(13.47)

The sum of the three winding currents corresponds
to three times the zero-sequence current in the trans-
former of the rate current adjustment and normalized
currents. Due to the rate current adjustment and nor-
malization of all currents, the current in the secondary
winding is equal to the current in the primary winding,
yielding

1

3

�

I 00
s a � I00

s b

�D I 00
s aW � I 00

0W

D 1p
3

�

I00
p a � I 00

0

	

: (13.48)
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This calculation is repeated also for node II minus
node III and node II minus node I.

Finally, the following matrix equation results

0

@

I00
p a

I 00
p b

I00
p c

1

A� I0
0

„ ƒ‚ …

i00�p

D 1p
3

0

@

1 �1 0
0 1 �1

�1 0 1

1

A

0

@

I00
s a
I 00
s b
I00
s c

1

A

„ƒ‚…

i00s

:

(13.49)

This equation can be written as

i00�p D fv s Ss i00s ; (13.50)

with:

fv p winding factor of secondary terminal
Ss vector group adjustment matrix
i00s vector of the measured and normalized current of

the secondary terminal
i00�p vector of the measured and normalized current of

the primary terminal without the zero-sequence cur-
rent.

13.4.4 Busbar Differential Protection

Different protection criteria (Sect. 13.2.1) are used
for busbar protection. For applications in distribution
networks, only the binary starting signals from other
protection devices, e.g., for overcurrent protection of
the feeders, are logically linked to detect busbar faults.
For a single-busbar substation with only a single feed-in
and a small number of outgoing feeders, without feed-
in, so-called backward interlocking is used. This is an
effective, fast, and inexpensive busbar protection solu-
tion for simple busbar systems [13.18]. In general, no
additional equipment is required. As described above,
a definite direction of the energy flow—from the trans-
portation to the distribution network—is necessary.

In the past, power differences or phase shifts of the
currents between all the feeders of a busbar were used to
detect busbar faults [13.19]. In addition, so-called high-
impedance differential busbar protection devices are
also used outside of Europe [13.20]. This type of bus-
bar protection is usually recommended for small busbar
systems with few feeders. The advantage of this tech-
nology is its good performance, immunity to current
transformer saturation, and relatively low cost [13.21].
With the introduction of numerical protection devices,
the significance of this type of busbar differential pro-
tection has decreased.

In modern low-impedance differential busbar pro-
tection, the currents are digitized immediately at the
current transformers and then processed numerically.
This principle is a lot more flexible [13.22]; for exam-
ple, current transformers with different transformation
ratios and transmission behavior can be used. In ad-
dition, it is much easier to extend the protection sys-
tem [13.23]. Such low-impedance differential busbar
protection is described in detail below.

Modern busbar protection devices are based on the
stabilized current differential principle (Sect. 13.2.1).
For larger busbar substations with several busbar sec-
tions or reverse busbars, a subdivision into discriminat-
ing zones is implemented [13.24]. The current sum is
calculated for each independently operated discriminat-
ing zone and is zero under normal operation conditions
or if a fault occurs outside the discriminating zone. The
described procedure is physically based on Kirchhoff’s
current law, which states that the currents flowing into
a node must be equal to the current flowing out of it.
This means that the sum of all the currents flowing into
a node is zero if the direction of the currents is taken
into account. This natural law is valid for alternating
currents at any time or to the complex current phasor
with the correctly calculated phase.

The principle of low-impedance differential bus-
bar protection is illustrated in Fig. 13.28, which shows
a double busbar system. The number and structure of
discriminating zones are defined by the position of the
disconnectors. Ideally, the discriminating zones should
correspond to the protection zones (Sect. 13.1.2). How-
ever, this is not feasible technically, since the protection
zones are bordered by the current transformers and not
by the disconnectors and circuit-breakers. If a short cir-
cuit occurs between the current transformer and circuit-
breaker of an outgoing feeder, it is no longer located
within the protection zone but lies in the correspond-
ing discriminating zone. Nonselective tripping occurs
for this small area of the busbar system.

The equations presented below apply to the protec-
tion zones within the two discriminating zones (DZs) of
the double busbar substation considering the position
of the disconnectors illustrated in Fig. 13.28. During
normal operation, the following sum of the primary cur-
rents applies to each discriminating zone

DZ I (normal operation):

IpDZIA C IpDZIB C IpDZIF D�IpDZI D 0 ; (13.51)

DZ II (normal operation):

IpDZIIC C IpDZII E D�IpDZII D 0 : (13.52)
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Fig. 13.28 Double
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with two busbar
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two discriminating
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The total primary current for the entire busbar sub-
station can be calculated for normal operation as

Total busbar system (normal operation):

�IpDZI C�IpDZII D 0 : (13.53)

A prerequisite for the correct calculation of the pri-
mary current sum is a standardized measuring direction
for the current transformers. This must be ensured dur-
ing the installation of the current transformers. It could
be decided, for example, that currents flowing into the
busbar are positive while currents flowing out of it are
negative.

If one of (13.51)–(13.53) is not fulfilled, there is
a fault within the busbar system. These simple relations
form the basis for low-impedance busbar differential
protection. Theoretically, only the current sum can be
used to differentiate between the faultless and faulty
states within the discrimination zone. The current sum
can be calculated by using either the instantaneous
values of the currents or the complex current phasor,
mentioned above. In these equations, the representa-
tion of the current phasors is used. In numerical busbar
differential protection systems, the current sum is cal-
culated on a phase-selective basis. In the event of
a short circuit within a discrimination zone, all the
circuit-breakers assigned to this discrimination zone are
selectively opened. The goal is to disconnect from the
faultless network only the part of the busbar that is af-
fected by the fault.

However, numerous inaccuracies in the measure-
ment system must be taken into account when im-
plementing busbar protection systems, e.g., the devi-
ations of the transmission ratio of the used current
transformers within their fault tolerances, the station-
ary and dynamic transmission behavior of the current

transformers, and the measurement errors of the entire
measurement chain.

Normalization of the Measured Secondary
Currents

In this straightforward form, the calculation of the cur-
rent sum applies only to the primary currents in the
substation. Like all protective devices, the busbar pro-
tection system is connected to the primary system via
current transformers. The current transformers reduce
the currents according to their transmission ratio true
to scale. The phase angle of the currents is retained.
The following equation corresponds to the current sum
of discriminating zone I (DZ I) for the secondary mea-
sured currents, where the nominal transmission ratios of
the current transformers are considered (Sect. 13.3.1)

Is IAwr CTA C Is IBwr CTB C Is I Fwr CTF D 0 : (13.54)

The equation for the current sum calculation based
on the currents measured on the secondary side of
the current transformers and their nominal transforma-
tion ratios is mathematically accurate, but can suffer
from numerical problems if implemented in numeri-
cal protection devices. For this reason, manufacturers
of protective devices internally convert the current to
a fictitious uniform busbar reference current, similar to
the implementation in transformer differential protec-
tion devices.

Stabilization of Busbar Differential Protection
If a busbar protection algorithm were to be based only
on the calculation of the current sum, measurement
errors in the current transformers, for example, could
already lead to unwanted tripping. If the short circuit
occurs near the busbar, the outgoing short-circuit cur-
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rent is divided between several feeders. These parts of
the short-circuit currents are considerably smaller. Due
to the percentage errors of the current transformers, this
can result in significant residual currents. For this rea-
son, busbar differential protection also works with sta-
bilization. Further details can be found in Sect. 13.2.1.
This implies that, for busbar differential protection,
a stabilization characteristic similar to that for trans-
former differential protection must be set.

Synchronized Data Acquisition
Due to the spatial extent of large busbar systems, the
current signals cannot be transmitted as analog values
to a central data acquisition system. Therefore, modern
busbar protection devices work with decentralized data
acquisition units. In addition to the analog signals, the
feeder-related binary input and output are also recorded
there. For the current sum calculation explained above,
however, it is a precondition that all analog information
be acquired synchronously. Today, manufacturers of
busbar protection devices use proprietary communica-
tion protocols to guarantee this. Physically, fiber-optic
connections to the central device are often used. These
enable very high data rates and can ensure electromag-
netic compatibility at the same time.

Discriminating Zone
As explained above, large busbar systems will be di-
vided into discriminating zones. The discriminating
zones are defined by the position of the disconnectors
within the topology of the busbar system and the current
position of these disconnectors.When the disconnectors
are switched on, the downstream circuit-breakers form
the physical border of the discriminating zone. The dis-
criminating zone defines which measured current val-
ues are merged to become a current node. The structure
of the discriminating zone can be determined by logi-
cal operations or by a topological calculation algorithm.
Both methods are used in practical applications.

Due to the long operation times of disconnectors,
which can extend several tens of seconds, the follow-
ing states of the disconnector have to be taken into
account: switched on, switched off, and fault/intermedi-
ate position. There are different strategies for handling
the fault/intermediate position of a disconnector. The
discriminating zone can be completely blocked. A bus-
bar fault occurring at that time results in a complete
switch-off of all circuit-breakers of this busbar system
by the comprehensive check zone. Alternatively, the
fault/intermediate position of the disconnector can be
substituted by a predefined switch position. This substi-
tute value is selected such that reliable tripping occurs
in an extended discriminating zone. Within very large
busbar systems with a large number of discriminating

zones, this prevents the protection system from com-
pletely switching off the whole busbar system if a short
circuit occurs during this transition period.

Check Zone
In the check zone, the actual positions of the discon-
nectors are not taken into account. The sum of all the
measured currents of the entire busbar substation is cal-
culated. In the case of an internal short circuit, this leads
to a nonselective switch-off of the entire busbar system.
The check zone acts as a backup function for when an
internal short circuit in a busbar is not detected within
the associated discriminating zone.

The check zone could also be used to stabilize the
operation of the busbar protection device. If an inter-
nal short circuit is detected in one of the discriminating
zones but not within the check zone at the same, the
tripping is blocked. Such miscalculation of the current
sum within the discriminating zone could be caused, for
example, by an incorrect assignment of a feeder to this
discriminating zone.

Saturation Discriminator
In the event of a high-current short circuit near the
busbar substation, current transformer saturation may
occur. A saturation discriminator is used in order to
achieve a stable behavior of the busbar differential pro-
tection system, similar to the one used in transformer
differential protection systems. The functionality of the
saturation discriminator is explained in Sect. 13.4.3.
The detailed technical realization of the saturation dis-
criminator depends on the manufacturer of the busbar
protection device. In addition, it depends on whether the
current sum is calculated using instantaneous values or
phasors.

Additional Functions
The busbar protection device records a large amount of
information from the whole busbar system. It is aware
of the current switching status of disconnectors and cir-
cuits breakers and can respond very quickly. Therefore,
a number of additional functions are integrated into nu-
merical busbar protection systems today; these are not
busbar protection functions in the strict sense, but they
improve the selectivity and reaction time of the overall
protection system.

Circuit-Breaker Failure Protection. If a fault oc-
curs within the discriminating zone, all circuit-breakers
which border this discriminating zone receive the
switch-off command. The circuit-breaker failure pro-
tection function checks whether the current flowing
through these circuit-breakers is very small within an
adjustable time after a trip command. If the current does
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Fig. 13.29a,b Illustration of calculation loop depending on the fault type. (a) Phase-to-phase calculation loop, (b) phase-
to-earth calculation loop

not drop below a minimum value, a trip signal is sent
to the circuit-breaker at the other end of the connected
line. This enables quick identification of a busbar fault
in case of a malfunction of the circuit-breaker of a bus-
bar feeder. This function improves the stability of the
electrical power transmission system.

Direct Tripping of a Discriminating Zone Through
External Signals. This fallback function is used in the
case of a circuit-breaker malfunction in the event of
a short circuit on the line. The short circuit on the line is
detected by the line protection device. The line protec-
tion device sends an off command to the corresponding
circuit-breaker. If this circuit-breaker malfunctions, the
short-circuit current can only be interrupted by open-
ing all of the circuit-breakers which belong to the same
discriminating zone. An external trip signal at the corre-
sponding feeder is used to notify the busbar protection
system that all circuit-breakers assigned to this discrim-
inating zone should be switched off. As this is a very
critical function—as a major part of a busbar system
is switched off—this function is ensured by secondary
information, which can be either an additional binary
enable signal or an internal current threshold. The exter-
nal trip signal is only accepted if the current threshold
is exceeded or a binary enable signal is present at the
same time. In addition, the time sequence of the trip
and enable signals is usually monitored to avoid over-
functions.

13.4.5 Distance Protection

The distance protection criterion was explained in
Sect. 13.2.1 based on a single-phase example. Real
distance protection devices have at least three current
inputs for the phase currents and three voltage inputs

for the phase-to-earth voltages. Further technical spec-
ifications are described in [13.25]. Depending on the
additional functions, for example, a sensitive earth fault
detection or so-called zero-current compensation for
double circuit lines, additional current and/or voltage
inputs may also be present. However, only the three cur-
rent and voltage inputs mentioned above are required
for the basic distance protection function. For the con-
nection and dimensioning of the current transformers,
the information given for overcurrent protection and the
current transformer apply.

Calculation of the Loop Impedance
in a Three-Phase System

Depending on the type of short circuit, different cal-
culation loops have to be used. Figure 13.29 shows an
example of a single-phase fault and a two-phase fault.
The first case results in a single phase-to-phase calcu-
lation loop, for which the following equation can be
applied

IL1Z
0
1lsc � IL2Z

0
1lsc D VL1 �VL2 : (13.55)

The equation for calculating the fault impedance of
a phase-to-phase calculation loop can thereby be ob-
tained. To calculate the fault distance, only the positive-
sequence reactance per unit length has to be known

VL1 �VL2

IL1 � IL2
D Z0

1lsc D R0
1lsc C jX0

1lsc : (13.56)

A phase-to-earth fault results in a phase-to-earth cal-
culation loop, for which the following equation can be
applied

IL1Z
0
1lsc � IEZ

0
Elsc D VL1 : (13.57)
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The positive-sequence reactance per unit length and the
earth reactance per unit length have to be known for
the further calculation. The goal is to obtain identical
equations to calculate the fault distance independent of
the fault type. Therefore, the equation is converted and
the so-called complex kE-factor introduced

Z0
1lsc

�

IL1 � IE
Z0
E

Z0
1

�

D Z0
1lsc

�

IL1 � IEkE
�

D VL1 : (13.58)

This results in

VL1

IL1 � IEkE
D Z0

1lsc D R0
1lsc C jX0

1lsc ; (13.59)

kE D Z0
E

Z0
1

D Z0
0 �Z0

1

3Z0
1

: (13.60)

From (13.60), it can be seen that the complex fac-
tor kE can be interpreted as a weighting factor for the
earth return current, which is constant for specific ca-
bles or overhead line arrangements. It should be pointed
out that the factor kE depends on the zero-sequence
impedance. This includes not only the conductivity of
the earth itself, but also all conductive material in the
earth. The calculation of this impedance is therefore
problematic, especially in cities, and it has to be mea-
sured.

There are different definitions for the kE factor
depending on the manufacturer. However, all the defi-
nitions are based on (13.57); For example, this equation
can be split into real and imaginary parts to get a real kR
factor for the resistance and a real kX factor for the reac-
tance. A common feature of all the methods is that the
positive-sequence reactance per unit length is always
used to calculate the fault distance.

Functionally, a distinction is made between
a switched or full distance protection schema. In the
case of a multiphase fault, the fault distance can be cal-
culated in all fault-affected phase-to-earth and phase-
to-phase loops. In the case of a two-phase-to-earth fault
(Fig. 13.30), there are two phase-to-earth loops and one
phase-to-phase loop, for which the fault distance can be
calculated. In the case of the switched distance schema
based on complex logic, one of these loops is selected.
This should be the same loop for all the distance
protection devices in a physically connected electrical
network. In Europe, the switched distance protection
schema is typically used in medium- and high-voltage
networks [13.26]. The full distance protection schema
is applied worldwide in extrahigh-voltage networks.
A mixture of the two different distance protection
schemas should be avoided, as complex short-circuit
sequences may result in nonselective tripping.

Measured values

Two-
phase-
to-earth
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R'1 lscX'1 lsc
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Phase-to-earth 
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Phase-to-phase 
calculation loop

Fig. 13.30 Illustration of switched and full distance pro-
tection schemas

The differentiation between switched and full dis-
tance protection schemas has its origin in electrome-
chanical and analog protection devices. When using
these technologies, each measurement loop was imple-
mented in separate hardware. For the switched distance
protection schema, only one measurement unit and sim-
ple switching logic were needed.

Figure 13.31 shows themain functions of a switched
distance protection system. In comparisonwith overcur-
rent protection, significantly more subfunctionsmust be
configured by the user. This increases the complexity of
distance protection applications.

Switch distance protection calculates the fault direc-
tion and distance, then selects a distance zone based on
the selected calculation loop.

Distance Measuring System
The concept of distance protection was explained in
Sect. 13.2.1. The measured reactance is used to de-
termine the distance between the measuring point and
the short-circuit location. This is done because the
measured resistance could be biased by a short-circuit
resistance at the fault location and additionally, in the
case of an arc fault, by the arc fault resistance. The
realization of the impedance measurement function by
electromechanical relays or analog circuits does not al-
low separate evaluation of the resistance and reactance,
as should be done ideally.

The tripping characteristic of electromechanical or
analog technology-based distance protection [13.27] in
the complex R–X plane results in circles or a so-called
mho characteristic (admittance circle) [13.6]. This is
illustrated in Fig. 13.32. The introduction of modern nu-
merical protection devices enabled an optimized design
of the tripping characteristic. The goal was to achieve
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Fig. 13.32a–c Illustration of various tripping characteristics. (a) Tripping characteristic of an electromechanical device.
(b)Mho characteristic (admittance circle). (c) Polygonal tripping characteristic

the largest possible and user-adjustable arc resistance
reserve or compensation. This leads to the polygonal
tripping characteristic curves which are typical today.
The mixed use of distance protection devices with mho
and polygonal tripping characteristics is possible, but
problematic. In Europe, the use of the polygonal trip-
ping characteristic curve has been established on all
voltage levels due to its many advantages.

Starting System
The goal of the starting system is to differentiate be-
tween the fault condition and the normal operation

status. In contrast, the focus of the described distance
measuring system is only on the protected object, e.g.,
an overhead line, and not on the overall electrical en-
ergy system. This starting function should detect all
abnormal states in the complete electrical energy net-
work. A distinction from the permitted load range has to
be made. In general, a distinction is made between the
overcurrent, undervoltage, and underimpedance start-
ing functions. Numerical distance protection devices
today work in parallel with all three types of starting
functions. In detail, these functions can have different
specifications depending on the manufacturer.
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Fig. 13.33 Illustration of the overcurrent and undervoltage
starting function

Overcurrent and Undervoltage Starting Function.
The overcurrent and undervoltage starting function is
illustrated in Fig. 13.33. The permissible operating
range is marked in the current–voltage plane by a gray
area. This operation range is limited by the permissible
voltage range and the maximum permissible operating
current, taking into account a temporary overload. It has
to be considered that the switched-off line is also a per-
missible operating state. Here, the voltage and current
are zero, or very small for measuring reasons. These ef-
fects results in the gamma-shaped permissible operating
range displayed.

It can be seen that a simple overcurrent starting
threshold I	 does not optimally adapt to the permissible
operating range. In the case of a week in-feed, the volt-
age drops below the permissible operating voltage but
the short-circuit current does not reach the overcurrent
starting threshold, so the fault would not be detected.

The undervoltage starting function (V�) with an ad-
ditional enabling current threshold (I>) provides a much
better adaptation to the permissible operating range.
The enabling current threshold is necessary to identify
the switched-off status. This is illustrated in Fig. 13.33.

Underimpedance Starting Function. In the case
of underimpedance starting, the actual measured
impedance is compared with the permissible load
impedance. The principle is shown in Fig. 13.34. It is
assumed that the permissible load always has a very
large ohmic component. A pure reactive load is not re-
garded as a permissible operating condition.

In the case of electromechanical and electronic dis-
tance protection devices, the shape of the starting char-

acteristic in the R–X plane is often a technology-based
circular characteristic or one of its variants, similar to
the distance measurement system.

With today’s numerical distance protection devices,
the characteristic of the starting area depends on the
manufacturer. Different variants are shown in Fig. 13.35.
The goal is to approximate as closely as possible the
impedance characteristic of the permissible load.

Starting Logic. The different presented starting func-
tions must be logically combined to reach an overall de-
cision. Among other features, the type of neutral point
treatment of the electrical network has to be taken into
account. In addition, its function should eliminate im-
plausible decisions of the underimpedance, overcurrent,
or undervoltage starting functions. Such implausible de-
cisions of these functions may result from incorrect set-
tings. The goal of the starting logic is to ensure a clear
identification of the fault type and the faulty phases.

One of these logical criteria is explained in the fol-
lowing. Figure 13.36 shows a phase-to-earth fault. The
underimpedance starting function does not know which
type of fault occurred. Therefore, the impedances of all
three phase-to-earth calculation loops are calculated by

VL1

IL1 � IEkE
D Z0

1lsc D ZL1�E ; (13.61)

VL2

IL2 � IEkE
D Z0

1lsc D ZL2�E ; (13.62)

VL3

IL1 � IEkE
D Z0

1lsc D ZL3�E : (13.63)

The impedances calculated in phase-to-earth loop
L2–E and phase-to-earth loop L3–E do not make sense
physically. Since the earth return current is included in
(13.62) and (13.63), small impedances are calculated.
For a selected situation, the calculated phase-to-earth
impedances are given in Fig. 13.36. It can be seen that
there are two phase-to-earth loop impedances (L1–E,
L2–E) within the underimpedance starting characteris-
tic. To avoid a wrong decision of the starting function,
the starting logic selects the smallest phase-to-earth
loop impedance and rejects all loop impedances that are
1.5-times higher. The result is a correct detection of the
single phase-to-earth fault in the phase L1–E.

Switching Logic. The switching logic is only neces-
sary for switched distance protection schemas. Based
on the final decisions of the starting logic and on given
rules, which have to be selected by the user, the mea-
suring loop is determined. This measuring loop is used
by the distance measuring system to calculate the fault
distance.
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General Information on the Application
of Distance Protection

These illustrations show that the complexity of dis-
tance protection is considerably higher in comparison
with overcurrent protection. On the other hand, dis-
tance protection significantly improves the quality of
short-circuit detection and clearing. Especially in crit-
ical fault situations, e.g., weak in-feed situations, the
distance protection still ensures a high degree of selec-
tivity in the clarification of short circuits. This is the
reason why distance protection is very often used in
extrahigh-voltage networks. In these networks, distance
protection is the standard protection schema.

Due to the growing number of decentralized gener-
ation plants in the distribution network, it will become
necessary to use distance protection at this voltage level
increasingly as well. One challenge here is the high pa-
rameterization demands mentioned above.

13.4.6 Additional Functions

With the aid of so-called additional functions, the
command time of the protection system should be re-
duced, its selectivity increased, and the interruption
time shortened. In addition, there are special functions
for detecting critical conditions of selected equipment
or the entire electric power system that are not directly
caused by a short circuit, e.g., overloads, earth faults,
power swings, and frequency deviations. The most
important additional functions are briefly described be-
low.

Auto-Reclosing
A large fraction of the short circuits that occur in an
overhead line network are arc faults, caused by atmo-
spheric or switching overvoltages. After the fault has
been switched off, these arcs extinguish themselves and
the overhead line can be reconnected. Especially at the
extrahigh-voltage level, more than 90% of faults that
occur can be eliminated immediately in this way.

In principle, the automatic reclosing (AR) function
gives the circuit-breaker an on command at the end of
the dead time. However, additional requirements must
be met before this function can be implemented; For
example, the drive of the circuit-breaker must be able
to operate the switching sequence off–on–off, it must
be ensured that the type of fault is suitable for automatic
reclosing and that the short circuit has been completely
switched off. Depending on the length of the dead time,
it may be necessary to check the synchronicity of the
power system before switching on.

One-, two-, or three-pole automatic reclosing can
be carried out in high- and extrahigh-voltage networks.

A precondition is that each pole of the circuit-breaker
has its own drive.

Signal Comparison
Signal comparison methods are used for the following
applications:

� protection of the total line length of an overhead line
or cable within the time first zone� protection of short transmission lines with distance
protection (where the impedance of the line is
smaller than the smallest possible stetting)� reduction of the operation time for a fault near the
far-end station (reducing stability problems).

In general, the selectivity and response time of the pro-
tective device are increased with the help of such signal
comparison methods. For this purpose, binary infor-
mation is exchanged between the protective devices
installed at both sides of the protection object, which
could be an overhead transmission line or transformer
but also switchgear. There is no exchange of measured
values or other analog information.

To avoid the unwanted operation of a protective de-
vice, the received binary information is always linked
to local information, to give permission or block a local
decision. The advantage of signal comparison is that the
requirements for signal transmission in terms of speed
and bandwidth are very low.

Regarding signal comparison methods, a funda-
mental distinction is made between unblocking and
blocking methods. The unblocking methods are more
oriented towards avoiding unwanted operation. If, for
example, the expected binary signal is not received due
to a transmission fault, there is no unblocking and the
backup function of the protective device is activated,
leading to delayed but selective fault tripping. This type
of signal comparison is often used in Central Europe.
The basic decision of the blocking method is based on
local information, e.g., an impedance measurement. If
no blocking signal arrives within a short delay time, the
protective device trips the fault. These methods guaran-
tee a short fault clearing time, albeit with the danger of
unwanted or unnecessary tripping. This method is often
used in the USA.

The permissive overreach distance protection
schema is now explained. This schema belongs to the
unblocking methods. It is illustrated in Fig. 13.37. The
line is protected by a distance protective device. The
so-called overreach zone A is set between 120�150%
of the total line length on both sides of the line. A bi-
nary signal is transmitted if a fault is detected within
this overreach zone A. There is no direct tripping of
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the line, because a short circuit in this zone will also
be signaled if a real fault occurs beyond the next sta-
tion.

When the distance protective device receives a bi-
nary signal, a logical link to the local decision of zone A
will be performed. If both conditions are fulfilled, the

circuit-breaker will be tripped. This method guarantees
a short operation time independent of the location of
the short circuit. The permissive overreach distance pro-
tection schema is often used for the protection of short
transmission lines. A reliable communication channel
is necessary.

13.5 Outlook on Protection Systems

The development in the field of selective protection sys-
tems is characterized by the changing requirements of
electrical power systems and by developments in the
fields of communications and computer technology.

13.5.1 Changes in the Electrical Power
System

Due to the increased integration of small and decentral-
ized generation units into the electrical power system,
new requirements for protection arise.

Reduction of Short-Circuit Current
Small and decentralized generation units, e.g., wind
power plants or photovoltaic systems, are often con-
nected to the grid via power electronics. The maximum
short-circuit current of these devices is restricted by
the thermal limits of the electronic components and
normally lies in the range of the rated load current.
Therefore, overcurrent protective devices can no longer
differentiate between the normal load and the fault situ-
ation. Thus, additional criteria are needed. One solution
could be the application of distance protection. The
drawback is the high complexity and price of this pro-
tection schema. Due to the increasing availability of

high-speed communication links, differential protection
schemas could be implemented more easily. The disad-
vantage of this solution is the lack of a backup function
and its high dependency on the reliability of the com-
munication link.

Changing Short-Circuit Current Direction
Decentralized generation units are often based on re-
newables, thus the in-feed is heavily feature depen-
dent [13.29]. This results in a high dynamic in the
magnitude and rapid direction changes of the short-
circuit current. This makes it very difficult to determine
the settings for protection devices. Today, one option is
to adapt the settings of protection devices remotely, de-
pending on the load situation. Generally, precalculated
settings are used. Another idea is so-called adaptive
protection [13.30], where each protection device esti-
mates its own settings automatically based on the actual
situation of the electrical grid [13.31].

Heavily Loaded Transport Lines
Another challenge is the transportation of huge amounts
of electrical energy over long distances. In some cases,
so-called high-temperature low-sag (HTLS) conductors
are used to increase the transmission capacity. The clear
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distinction between the load and the short-circuit areas
shown in Sect. 13.4.5 is then often no longer possible.
It may happen that the maximum permissible transmis-
sion power is limited by the protection system and not
by the physics of the overhead line. This is not accept-
able, so new protection schemas have to be developed.

Overall System Protection
The protection system was originally designed to de-
tect faulty equipment in the electrical system based on
locally available information (e.g., voltage, current) and
to switch off faulty equipment as fast as possible. Due to
the presented challenges in secure and reliable detection
of faults in electrical networks, this equipment-based
approach of classical protection schemas is critically
discussed. The idea is to complement the equipment-
based approach by an overall system protection schema.
Such concepts are technically possible today due to the
availability of fast communication links and powerful
computers.

The advantage of overall system protection is that
not only equipment-based faults but also critical system
status (e.g., power swings, resonances) can be detected
and eliminated. New algorithms must be developed for
this purpose.

13.5.2 Technological Drivers

In the case of electromechanical protective devices,
the individual functions of a protection system were
usually separate boxes. With the introduction of ana-
log circuit technology, the protective functions were
implemented on printed circuit boards. In numerical
protection devices, the protection functions are only
software modules. To date, protective devices remain

individual, dedicated pieces of equipment; they fulfil all
the necessary protection functions related to [13.13].

Common Protection
and Communication Devices

The increased use of communications technology also
within switchgear, for example, to transmit sampled
values from current and voltage transformers, enables
new system architectures for protective devices. One
approach that has been discussed is thus to imple-
ment the protective function as a subfunction on the
communication controller, where the necessary local in-
formation (e.g., voltage, current) is already available.
The reliability and availability of the protective function
based on such a concept must be critically evaluated.

Protection in the Cloud
Another idea is the implementation of virtual protective
devices in the cloud. New communication technologies
such as 5G guarantee low latency. Therefore, this stan-
dard will be used in industry automation. The possible
application of this technology for protection systems is
also being investigated in initial research projects. The
very high computing power required for 5G technology
meets the requirements for protection technology.

13.5.3 General Requirements

As described above, protection technology is devel-
oping very rapidly. However, it has to be taken into
account that protection systems play an essential role in
the safe and reliable supply of electrical energy. Com-
pliance with the basic requirements for protection sys-
tems outlined in Sect. 13.1.1 must be critically reviewed
before new technologies can be introduced in this field.
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14. Information Systems and Telecommunications

Carlos Samitier

Since the very beginnings of the power grid,
telecommunications has been a necessary com-
ponent to operate the system. The evolution of
information technology and the improvement of
its capabilities open new opportunities to improve
system operation, which evolved from a man-
ual operation to a more automated one and is
presently a fully automated system that is paving
the way to the deployment of smart grids and the
future use of artificial intelligence. This chapter
depicts the working principles and technologies
used to manage and operate the power grid.
The first part is devoted to operational appli-
cations. These are the brain of the system and
gather information from the field and make de-
cisions to automatically control the grid and take
the required actions to protect its components
from fault or other events that may impair the
stability of the system. The most important appli-
cations and analyses of their telecommunications
requirements are identified. These requirements
will be the input for telecommunications tech-
nology selection and network design. The second
part of this chapter is focused on telecommuni-
cations technologies and networks. A review of
telecommunication technologies used to imple-
ment power utilities operational services is given.
Telecom services are classified, and their attributes
are described in order to give an understanding
of further classifications and their operational
applications. Network design is introduced in
order to highlight the key differentiated aspect
of power-system automation telecom networks.
Finally, cybersecurity aspects are introduced, pro-
viding key aspects and a reference to international
standards that should be applied. Smart grid
architecture and components are also briefly de-
scribed.
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14.1 The Role of Information and Communication (ICT) in a Power Grid

As explained in previous chapters, a power grid is
a complex distributed system, whose main function is
the supply of electricity to customers distributed in
over a wide area, the technical difficulty being the re-
quirements for maintaining almost constant voltage and
frequency. To achieve this, a balance between gen-
eration and consumption must be maintained. As the
consumption changes continuously, generation must be
accommodated in realtime.

This functionality is implemented by a number of
applications, some of them working at the system level,
several supporting grid nodes functionality, substations,
generation plants, etc., and others directly related to pri-
mary equipment and other field devices.

As these applications require data interchange be-
tween them, as well as remote data access, telecommu-
nications is required, thus becoming a necessary com-
ponent to assure grid functionality. Applications and
telecommunications infrastructure form a distributed
system, whose key function is to maintain the stability
and continuity of the system by providing services to op-
erate and protect the grid. This system can be considered
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Fig. 14.1 ICT overview

as the brain and nervous systemof a power grid.Without
its functionality, a grid cannot maintain its operation.

Figure 14.1 shows the main ICT components. Con-
trol centers gather field information, process it, and pro-
vide the interfaces for human interaction. To implement
such functionality, a telecommunications infrastructure
providing specialized operational services is required,
as shown in Fig. 14.1.

This generic structure is replicated in every site, so
every substation or generation plant is equipped with
a site control application that allows operations to be
carried out on site. Similarly, every substation bay has
a local controller with similar functionality to super-
vise and operate the bay’s primary devices. Substations
and generation plants require a local communications
infrastructure that is, nowadays, implemented using
a local area network (LAN) that connects intelligent
electronic devices (IED) that carry out operation func-
tions in the local environment. Their communications
capabilities together with the wide area network (WAN)
allow local information to be consolidated by control
center applications.
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ICT provides a logical view of the power grid.
Primary devices components, values, status, etc., are
stored and processed by local operational applications
and transmitted to control centers

Both applications and telecom infrastructure need
to fulfil very demanding performance requirements, the
most critical being the realtime response together with
a very high availability and dependability.

The term realtime has a specific meaning for op-
erational applications; it applies to service latency or
application response time. It can be understood in dif-
ferent manners, and it is not only matter of time but
also of the reliability of the response time. That is
to say, performance measurements based on statistics
cannot be used for critical functions, as once the max-
imum delay is exceeded, the operation is considered
faulty. In the operational environment, every operation
has to be carried out before the maximum accepted
delay.

The maximum response time depends on every op-
erational application and can range from 1 s to 3ms.
The requirements for time synchronization functions
are expressed in functions of the synchronization er-
ror. Some precision time synchronization applications
require a synchronization error lower than a tenth of
a microsecond.

Some applications require a quite deterministic la-
tency, whereas others accept some latency variation,
but all of them require a bounded delay. Consequently,
mission-critical applications and telecom services will
need to be implemented to achieve these operational re-
quirements.

These application requirements impose tough de-
sign conditions for the telecommunications infrastruc-
ture. Telecommunications networks as well as internal
substation communications should be as reliable as op-
erational application requirements. Due to this, even
using the same technology as telecom operators, de-
sign, configuration, and operation are rather different,
as is explained later in the telecommunications section
(Sect. 14.3).

The aforementioned characteristics of operational
applications made them quite different from the infor-
mation technologies used in business applications, not
only in the way technologies are used but also with re-
spect to the application design. The main differences
are:

� IT systems are focused on information, whereas op-
erational applications are focused on the process.
Their functionality is to optimize and maintain the
operation of the process; information is only re-
quired to achieve their functionality.� IT reliability and dependability requirements are not
as high as for operational applications, which can

be considered mission critical, as their reliability
and dependability requirements are several orders
of magnitude higher than IT applications.� Short service interruptions used to be accepted for
IT applications, but service interruption of some
critical operational applications may lead to catas-
trophic situations, so these applications should be
designed to be fault tolerant.

The operation of the power grid is carried out using
a number of collaborative applications, some work-
ing in a centralized way, and others being distributed
along the grid. Applications working at system level are
normally located at control centers. These applications
interact with operational applications located at every
site using the telecommunications services provided by
a telecommunications infrastructure.

Primary ICT goals have evolved over time. The first
use of operational applications was focused on the re-
mote control of field devices. Simple telecom services
using point-to-point telecommunications channels were
used to support this functionality.

This approach evolved towards the control of the
power grid as a system. New applications were de-
veloped to provide a view of the grid and optimize
its performance. This approach required enhancing
the telecommunications infrastructure both to improve
communications with grid sites and also between appli-
cations at control centers.

The next step was focused on business performance,
that is to say, how grid operations, asset-management,
condition monitoring of primary equipment, other field
devices, etc., impact on business performance. New
applications were developed, and interchange of infor-
mation with IT applications became a must. This led to
the development of new control center architecture and
data modeling requirements, which paved the way to
the latest development, the smart grid concept.

Smart grid implies total interoperability, which is
achieved by standardizing the following key concepts:

� Information modeling. Object modeling and stan-
dardized semantics are applied to every component
of the power grid.� Information services. Information interchange is
standardized considering data modeling properties.� Communications services. Object communications,
which is implemented using message interchange,
is defined using abstract communications services,
which provides isolation from actual telecom tech-
nology. Consequently,many different telecommuni-
cations technologies can be used, thereby allowing
optimization of cost and performance.� Application interface allowing integration at the
business level.
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Following this trend, modern applications model all
primary equipment in a standardized way, thereby sim-
plifying information interchange between applications,
and use standard communications interfaces. This new
architecture is defined by the IEC 61850 series of stan-
dards and is the foundation of modern operational ICT
systems.

The use of standard protocols and the increased
need for information interchange between operation
and IT systems, the use of public telecommunications

infrastructures, and the Internet introduced a number
of opportunities for cybersecurity attacks. The number
of attacks are growing day by day. Therefore, there is
a need to take protection measures to reduce the risk of
successful cyberattacks.

Cybersecurity is a necessary component in all
modern operational systems. Cybersecurity protection
measures must be considered from the design phase
throughout the system’s life cycle, as explained in the
cybersecurity section (Sect. 14.4).

14.2 Operational Applications

This section identifies operational applications, shows
its functionality and develops architectural details, and
describes information interchange. The focus of this
section is on identifying operational applications’ func-
tionality, and how they interact each other to support
power-grid operations.

Therefore, architecture, data modeling, information
interchange, interfaces, and interoperability are of pri-
mary interest to understand how they form an integrated
system. Furthermore, these subjects are a primary
source of information to define telecommunications re-
quirements.

These applications are implemented using propri-
etary algorithms; consequently, they are different for
each system supplier. Nevertheless, data modeling se-
mantics and protocols are standard in order to assure
interoperability, as will be explained in following sec-
tions. The description and working principles of these
algorithms are out of the scope of this chapter, since
our focus is on information structure and the required
telecommunications services. Operational applications
are distributed along the grid forming subsystems, sys-
tems, and systems of systems.

Legacy ICT technologies were based on a set of
independent applications unable to share information;
due to this, the same piece of information acquired in
the field was coded in different ways and transmitted
to different applications using different protocols. The
use of object-oriented technologies paved the way to the
implementation of a common information bus that en-
ables application integration. This evolution started in
two parts, at control centers for enterprise application
integration and at fields for substation automation sys-
tems.

In a modern grid, including the smart grid, appli-
cations are designed using standard data modeling and
communications services, so they can share and in-
terchange information, thereby forming an integrated
system that provides the functionality to operate, man-

age, and maintain the grid and its relations with IT
applications and the energy market.

Operational applications provide operational ser-
vices implemented using the following components:

� Applications running on servers and other devices
with communications and processing capabilities
called intelligent electronic devices (IEDs).� Operator interfaces implemented by terminals that
provide the human–machine interface (HMI) or by
IEDs displays.� Communications infrastructure providing telecom-
munications services. These services can be based
on internet protocol (IP) connectivity or merely on
bit transport services to connect legacy devices.

The most important system used to operate the grid
are the energy management system (EMS) and the dis-
tribution management system (DMS). EMS and DMS
include a number of operational applications, each
with its own application domain with specific working
modes and performance requirements.

14.2.1 Energy Management System

The energy management system (EMS) is a realtime
high-performance distributed set of applications and
tools used by the operators of a power grid to monitor,
control, and optimize the performance of the generation
and transmission system.

EMS is composed of the following applications.

Realtime Supervisory Control
and Data Acquisition (SCADA)

SCADA provides data acquisition and supervisory con-
trol of field information and devices. It includes alarm
and event logging, control operation, and other facilities
to operate the grid. Further information and architecture
are provided later on.
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Generation Dispatch and Control
This provides the functions required to dispatch gener-
ators according to the criteria settled by grid operator
with the aim of maintaining grid stability.

Energy Scheduling and Accounting
This provides the functionality to interact with the
energy market, including interchange scheduling, ac-
counting, and weather demand forecast.

Transmission Security Management
This provides facilities and advanced functions to an-
alyze and optimize the use of grid assets in a reliable
and secure manner. State estimation is the most im-
portant function. The state estimator (SE) uses data
provided by SCADA and other field devices to create
a realtime model of the grid, which is used to opti-
mize power flows. The reliability of SE depends to
a great extent on the precision of phasor measurement
units (PMU). Modern PMUs take 30 or more sam-
ples of the current and voltage values and time stamp
themwith a common reference clock synchronized with
the global positioning system (GPS) universal clock.
This provides time-coherent information of the values
in all the grid nodes. The higher the number of sam-
ples, the higher precision and realtime performance
of the calculation results. Nevertheless, this introduces
a considerable traffic load on the telecommunications
infrastructure and an increasing processing strain on the
data processing infrastructure.

Operator Training Simulator
This provides a number of functions to check different
network operations using a realistic interface with the
same models, icons, and functionality as the real EMS
application. This application allows testing the effect of
different operations on the functioning of the network
status.

14.2.2 Distribution Management System

A distributionmanagement system (DMS) is a set of ap-
plications that provides services to monitor and control
the distribution grid in a reliable and efficient manner.

The key advantages brought about by DMS are:

� Reduction in the duration of outages� Improvement of the operational efficiency� Determination the resources required to restore
faults quickly and efficiently� Improvement of outage communications to cus-
tomers with more accurate information and esti-
mated restoration time

� Improvement of service reliability by reducing the
outage effect through a more accurate grid configu-
ration and state.

DMS uses the services and information provided by
SCADA to implement a number of functions described
in following paragraphs.

Network Connectivity Analysis
Distribution grids usually include a large number of
customers and field equipment with changing config-
urations, so it may be difficult for the operator to
identify functionality from a graphical connectivity dis-
play. Network connectivity analysis is a function that
provides connectivity information obtained from the
information of the position of switches and breakers,
which determine the feeding point of a due load. Net-
work connectivity function informs the operator about
the operating state of the distribution grid, indicating
working schemes such as radial mode, loops, or paral-
lel configurations.

Maintenance Schedule
and Safety Management

Safety measures to protect field personnel is a key issue
for power utilities. Grid operators schedule grid recon-
figuration to isolate a section of the network to make it
safe before work can be carried out. Schedules must be
validated before implementation to verify their suitabil-
ity and effect on network stability. Switching operations
can combine telecontrol commands with manual op-
erations of nonautomated apparatus. When a section
has been secured, a working order is issued. Once the
work has been finished, this function will facilitate the
restoration of the working configuration by controlling
the order of commands and manual operations.

Power Flow
Power flow, or load flow, is an application that calcu-
lates voltage and currents at different parts of the power
grid in normal steady-state conditions. It is very impor-
tant to know the working conditions of grid elements
in order to analyze whether they can withstand stress
without any damage or degradation of their life span.
Furthermore, from economical point of view, losses
should be kept as low as possible when considering sys-
tem constraints and the risk that the system falls in an
unstable mode should be limited.

Power-flow calculation is carried out from the volt-
ages of every power bus of the grid. As power-flow
calculation is a nonlinear problem, numerical methods
are employed. Market products implement proprietary
algorithms.
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Modern power flow algorithms consider nonlinear-
ities and a set of constraints to determine the optimal
power flow. Operational limits can also be calculated
using these algorithms. Limits such as active or reactive
power of a generator, current and voltage upper limits,
tap position of a power transformer, etc., can be deter-
mined by power-flow algorithms.

Voltage and Reactive Power Control
Voltage and reactive power control application man-
age voltage levels and reactive power throughout the
grid. There are two primary mechanisms to control
voltage across the grid, load tap changers in power
transformers and capacitor banks. Voltage and reactive
power control applications interact with tap changers
and capacitor bank local controllers to maintain volt-
age levels in selected power bus. This interaction is
normally implemented using SCADA, which gathers
voltage information from the field and issues control
commands to field devices, as explained in the follow-
ing sections. In fact, regulation of apparatus to achieve
the set point level sent by the control center application
is implemented by a local automatic control system that
modifies the working point of the apparatus to achieve
the desired voltage level. Ampacity of power lines and
feeders can also be controlled by this application, with
the advantage that the effect of the reactive power is
considered in the calculation of the current flow.

Load Balancing
Load balancing using feeder configuration is essential
to manage load-congested areas. A load-balancing ap-
plication monitors the status of the distribution grid,
identifies overload areas, and allows the operator to
reroute the loads to other parts of the network. Load
balancing can also be used for loss minimization. The
load balancing application uses optimal power-flow al-
gorithms and switching plans to minimize losses.

Distribution Load Forecasting
A load forecast is essential to the operation and plan-
ning of a distribution grid. The load forecasting appli-
cation helps the grid operator make important decisions
with respect to grid configuration planning and load
switching, as well as identifying the need for future grid
development.

Load forecasting is carried out both in the short
term – up to one day – and in the long term – up to
one year to forecast the load in the long term; external
factors such as weather, holidays, etc., should be con-
sidered.

Several mathematical models have been developed
for load forecasting based on different techniques such
as multiple regression, exponential smoothing, stochas-

tic time series, fuzzy logic, neuronal networks, and
knowledge-based systems. None of them have been
standardized, so each power utility requires that algo-
rithm that better suits its topology and operation modes.

Fault Location and Restoration
The reliability of the power supply depends to a great
extent on the number of outages and their duration. Re-
ducing the outage time duration is, therefore, important
to fulfil reliability requirements.

The fault locator and system restoration application
reduces outage time by helping the operator locate the
fault and suggesting a switching plan or, in some cases,
automating service recovery. SCADA provides the in-
formation to locate the fault. Once located, a switching
action plan is implemented. The switching operation
can be carried out manually or automatically. In any
case, switching is implemented using SCADA services.

Load Shedding
Unexpected changes in network conditions may lead
to instabilities and critical failures. A load shedding
scheme detects predetermined network conditions and
performs a predefined set of control actions to re-
establish normal conditions.

Load shedding is a component of a wide area pro-
tection scheme, the remedial action scheme (RAS).
Consequently, it may act by tripping loads in response
to some condition detected in the wide area protected
by RAS or due to some condition detected in the distri-
bution network.

14.2.3 SCADA

Supervisory control and data acquisition is a dis-
tributed control system that uses intelligent electronic
devices (IEDs) and networked data communications
to supervise and control different aspects of a power
grid. SCADA services and functionality are provided
through a graphical operator interface that shows the
grid status of supervised elements and allows process
commands to be issued.

SCADA architecture and implementation evolved
from monolithic proprietary solutions to distributed
systems using standard communications protocols to
the latest architecture based on IEC 61850 series of
standards, which defines protocols, communications
services, data models, and object semantics.

Figure 14.2 shows the SCADA architecture. The
SCADA system is structured as levels that perform dif-
ferent processes.

Level 0: field level. This includes primary equipment
and other field apparatus. This level provides field infor-
mation such as voltages, current, status, alarms, etc.
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Level 1: bay level. This comprises bay control and
supervision functionality. These functions are carried
out by an IED, the bay control unit, which gathers field
information, and execute commands whether issued lo-
cally or remotely. It can also perform logic functions
related to bay operation.

Level 2: substation level. This includes all the func-
tions to supervise and control the whole substation or
plant. These functions are implemented by a substation
controller, which in fact is a local SCADA system that
gathers substation information, execute commands, log
system activity, carry out logical functions, and provide
a graphical operator interface that allows local super-
vision and operation of the substation, as well as the
substation information display.

Level 3: control center level. The SCADA applica-
tion located at control center servers provides supervi-
sion and control services of the power grid and gathers
grid information and shares it with other control center
applications.

SCADA typically uses a database that contains data
elements called points, which represent each specific
field element. Points may hold field values such as ana-
logue magnitudes or status, or can be used to issue
commands. Modern architecture based on IEC 61850
standard uses objects instead of points. Objects pro-
vide a powerful functionality and a richer information
structure, which enables interoperability with other ap-
plications, as explained in following sections.

SCADA functionality at substation level works in
a similar way. It gets all the information from the sub-
station field and filters and groups this information be-
fore sending it to the control center. Furthermore, using
this information implements some local logical func-
tions related to supervision of the operation and status
of substation devices. Substation SCADA is configured

to filter and process field information before send it to
the control center. Some legacy SCADA implementa-
tions use different protocols inside the substation and
from substation to control center. Modern approaches
unify protocols and data models at all SCADA lev-
els.

The man–machine interface (MMI) or the human–
machine interface (HMI) provides the view of the
system and the interaction interface to the SCADA op-
erator. Grid and substation information is presented to
operating personnel in a graphical way in the form of
mimic diagrams, which are a schematic representation
of the grid or a particular site. Alarms, status, values,
etc., are presented in realtime on the MMI display.

Mimic diagrams consist of line diagrams, symbols,
and icons that represent the grid structure and process
elements. Status and values of mimic elements are up-
dated in realtime.

MMI is also used to host the graphical inter-
face of other SCADA functions, such as the historian
that stores time-stamped data, events, and alarms in
a database. Historian database information can be re-
trieved to analyze faults or unusual events. This infor-
mation can be shown as a text list or in a graphical way.
Alarm handling is a very important SCADA function-
ality that uses MMI to present its events. It classifies
alarms according to their severity and provides facili-
ties for alarm management according to the operator’s
criteria.

SCADA monitors field values to determine when
an alarm condition is present. Once an alarm or other
event occurs, actions will be taken depending on the
logic implemented at any SCADA level from 0 to 4.
This event can be generated directly by a change in the
status of a field signal or indirectly when is the result
of a calculation carried out from several signals, like in
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the case of analogue ones or a result of a logic function.
The activation of an alarm rises and an indicator gen-
erates an alarm report, etc. This event can be presented
and processed at any SCADA level, but in any case, it
is presented to the SCADA operator using the MMI.
Alarms can be classified into different levels of severity
and can have a different status, such as pending, recog-
nized, and cleared. The level of severity and the status
are clearly identified by color codes, font type, blinking
text, etc.

SCADA provides services to other control center
applications. Data interchange was formerly propri-
etary, later based on generic standards, and finally, fully
standardized in an open and distributed power utility ar-
chitecture, as described in following sections.

To perform all the above-mentioned functions,
SCADA requires a telecommunications infrastructure
that becomes a key component to guarantee system
performance and reliability. Two different types of
communications infrastructure are required: local com-
munications inside substations and plants and wide area
network communications to connect substations to the
control center. The most important requirements for
SCADA communications are availability and reliabil-
ity. Nowadays, SCADA uses standard communications
protocols that have been specifically designed for this
application, efficiency and reliability being its most
important characteristics. Details on communications
technologies and SCADA protocols can be found in the
telecommunications section (Sect. 14.3).

14.2.4 Asset Management
and Condition Monitoring

Asset management applications provide the functional-
ity to guarantee the service level of physical assets in
the most cost-effective manner with an acceptable and
manageable risk. Although the concept includes the en-
tire life cycle of the asset, from design to disposal, asset
management applications are focused on operating con-
ditions, maintenance, repair, and refurbishing.

Asset management is a centralized application that
provides functionality to support risk-based manage-
ment decisions. The decision process is rather complex
due to the fact that both short-term and long-term deci-
sions should be supported on the grounds of a holistic
approach.

The decision-making process must consider aspects
such as:

� System development plans� System performance impact� Economic aspects such as price, cost, and benefit� Impact on safety and society.

An asset management application should integrate
data related to primary equipment, secondary equip-
ment, and IT infrastructure. This integration simplifies
the two key challenges, the integration and correlation
of heterogeneous operational systems and integration
with other business applications such as enterprise
resource planning (ERP), customer relationship man-
agement (CRM), etc. A new power-system operational
architecture and associated technologies make this in-
tegration possible, as will be explained later in this
section.

Using the information provided by SCADA and
other field devices, an asset management application
extracts key information from the huge amount of data
gathered from the grid. These data are linked with other
relevant information related to economic aspects, social
and environmental information, etc., to make decisions
to improve asset management.

Condition monitoring is a complementary tool of
asset management. Condition monitoring is the pro-
cess that monitors parameters that provide information
about the working condition of an apparatus in order to
identify a significant change that is indicative of a devel-
oping fault. Condition monitoring is a key component
of predictive maintenance and provides very relevant
information to the asset management application.

Condition monitoring information allows mainte-
nance to be scheduled and other actions be taken to pre-
vent failure and avoid its consequences. Conditionmon-
itoring is normally applied to primary equipment such
as power transformers, breakers, rotating machines, etc.
Traditional architecture consists of specialized equip-
ment associated with the primary device and located
in the same location. This device processes specific
parameters such as pressures, gases, etc., to identify
anomalous conditions. A summary of the findings is
transmitted to the asset management application. Nowa-
days, modern implementations based on IEC 61850
architecture models this monitoring function in a stan-
dardized way, so most sophisticated applications able to
correlate information of different nature can be imple-
mented. For further details, see Sect. 14.3.9.

14.2.5 System Protection Schemes and
the Protection Management Center

Protection of power system is a very important func-
tion to detect and isolate faults in order to protect the
equipment and limit their effect on the grid. Chapter 13
has already presented different protection schemes that
are specialized in clearing faults related to substation
equipment, power lines, or cables.

In addition to these schemes, there are other schemes
specialized in protecting the system as a whole. These
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schemes combine protection and control functionality
and rely on telecommunications services to perform
their task.

A system protection scheme (SPS) is defined ac-
cording to the North American Electricity Reliability
Council (NERC) as follows.

An automatic protection system designed to de-
tect abnormal or predetermined system conditions,
and take corrective actions other than and/or in ad-
dition to the isolation of faulted components to
maintain system reliability. Such action may in-
clude changes in demand, generation or system
configuration to maintain system stability, accept-
able voltage, or power flows.

SPS is normally designed to copewith the following
phenomena:

� Transient angle instability� Small signal angle instability� Frequency instability� Short-term voltage instability� Long-term voltage instability� Cascaded tripping.

A vast number of SPS are in operation worldwide;
the most common actions are:

� Adaptive protection – changing protection settings
based on system conditions� Generator control and rejection� Actions on automatic generation control� Load shedding due to both underfrequency or un-
dervoltage� Out of step protection� Load rejection – transmission line removal� Reactive power compensation� System split/separation� Tap changer blocking.

SPS architecture can be local or system wide. Local
implementation involves field information and control
devices located at a substation or generation plant. Sys-
tem wide SPS involves collecting information from
multiple sites. Decision-making and logic functions can
be performed at one location or distributed among sev-
eral places. Telecommunications facilities are required
in all the cases to collect information and to initi-
ate remote corrective actions. System wide SPS can
encompass an area or the whole grid. Telecommuni-
cations service is a key component of a SPS system.
Latency and service reliability have a direct influence
on SPS performance. In fact, internal SPS algorithms

should consider telecom service performance and fail-
ure modes.

SPS can be deployed with different scopes namely:

� Substation: Information obtained locally within the
substation and used to control substation devices� Regional area: Information gathered from several
nearby substations which have a greater but limited
impact on power system� Wide area: Information gathered from most of net-
work sites to monitor the network with a complete
geographical span having the greatest impact on
power system.

The working principle of the SBS is based on a cen-
tralized working mode, that is to say, information is ob-
tained from the field and transmitted to a central point
where it is processed and analyzed to obtain relevant in-
formation about power system status. The result of this
evaluation can be passed to an operator for manual ac-
tion according to the operator’s criteria, or a command
can be automatically issued to start an automatic action
in the field. Every scheme has different telecommunica-
tions requirements in terms of bandwidth, reliability, and
latency. The telecommunications network is a critical
component of every SPS. Therefore, the telecommuni-
cations service used by any SPS application should be
tailored accordingly to application requirements, as will
be discussed later in this chapter.

The use of Ethernet-based telecommunications with
a large bandwidth capacity allows IEC 61850 GOOSE
(generic object-oriented substation event) and sample
values messaging to be used to transmit data from the
field back to the central control application. This ap-
proach will simplify implementation while reducing the
response time of SPS, thus improving its performance.
Most SPS applications can provide a better accuracy
when measurements coming back from different parts
of the system are synchronized.

Current implementations use phasor measurement
technology to correlate information obtained from dif-
ferent network locations, as this method can be syn-
chronized using different precise-time synchronization
methods to improve accuracy. Due to this, control ac-
tions can be taken faster and with more accuracy. Phasor
measurement units (PMUs) provide synchronized vec-
tors using GPS time synchronization. This information
is transmitted to processing units using standardized
protocols such as IEEE C37.118 or IEC 61850-90-5.

14.2.6 Energy Market

As was already explained in previous chapters, the en-
ergy market, or the electricity market, is a system that
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enables electricity to be traded through bids to buy and
offers to sell. Bids and offers are cleared by the market
operator, which is an independent entity. Trade clearing
considers internal market rules, load forecast, and grid
conditions in order to maintain generation and load bal-
ance.

Power utilities, whether generators, transmission, or
distribution ones, are actors in the electricity market.
Therefore, they have to be connected to market opera-
tors to send offers, receive generation orders, etc. This
connection must be implemented using standard data
modeling and protocols with a near realtime perfor-
mance. Consequently, deregulated markets should be
implemented using communications standards. IEC has
developed the IEC 62325 set of standards, which de-
fines an energy market framework that includes seman-
tics, data modeling, market operations, and application
messaging process. IEC 62325 is an extension of the
common information model (CIM); it defines the busi-
ness process and operations, as well as semantics and
data modeling. The most relevant functions required to
interact in the energy market are:

� Auctioning. Sending biding and buying offers.� Acknowledgment. Functional and technical ac-
knowledgment of documents.� Scheduling. Process of exchanging information re-
lated to generation schedules, load schedules, and
other schedules supported by the market.� Settlement. Interchange of information to settle
the electricity market such as differences between
scheduled energy and meter values.� Managing reserves. The process of managing spare
generation units and dispatchable loads for balanc-
ing purposes.

Participation in the energy market requires the inte-
gration of operational applications in a common frame-
work, since interaction with operational applications
are required to implement scheduling actions and man-
age reserve assets. Therefore, EMS, DMS, and SCADA
applications should share information using standard
data models, as is discussed in Sect. 14.3.8

Cybersecurity is an issue of most concern for
energy-market actors. Market transactions should be
protected against cyberattacks, as these operations can
compromise system stability and may involve impor-
tant economic losses. IEC 62351 is the set of standards
recommended to protect energy-market information.
Cybersecurity details are discussed in Sect. 14.5.

14.2.7 ICT Management and Maintenance

As we saw in the previous section, ICT infrastructure
has a capital role in the operation of a power grid.

Therefore, it is very important to manage and maintain
it properly to assure service reliability and availability,
as these have a direct impact on power-system reliabil-
ity.

The scope considered does not only include the
telecommunications networks, but also information
processing platforms and system components, as well
as IEDs implementing substation automation systems.
Managing such a complex infrastructure is a challenge
due to the need for integration of different technologies
to provide a system view.

The following aspects must be considered:

� The need for a unified view of ICT systems. This
can only be achieved by implementing a network
management center.� The technology integration challenge. Many differ-
ent technologies working together to support oper-
ational services. Monitoring them is difficult due to
the need for information integration, as every tech-
nology uses different semantics, data modeling, and
protocols.� Information presentation. The challenge here is how
to present information in such a way that it becomes
useful for the customer, that is to say, other opera-
tional applications.

These challenges should be overcome by the net-
work management center, which provides both a con-
sole-supporting HMI, as well as a middleware layer that
allows information to be interchanged with other ap-
plications. HMI provides the interface for day-to-day
operation, administration, maintenance, and security
monitoring of the network. These facilities are provided
by management services that are implemented using
a distributed infrastructure that involves every single
device and application participating in the support of
operational services and applications. On the other
hand, middleware provides information and services to
high-order management and business applications. De-
tails on management architecture and functionality can
be found in Sect. 14.3.9.

14.2.8 Control Center Application
Architecture

We have seen how a power grid is operated and man-
aged using quite a large number of applications, some
local and some distributed, which gather information
from the field to provide services and facilities that
guarantee electricity delivery with the required level of
quality and reliability. These applications should share
information with business management IT applications
to empower business management. They must support
a number of different user groups and organizational
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functions, including operators, supervisors, operator
training, operation planning, and maintenance tasks.

Legacy systems were implemented in such a way
that each application gathered field information using
its own data format and protocol. For this reason, the
same piece of information was coded in different ways
and transported to the central application using different
protocols and stored in different data bases with differ-
ent formats. It was really difficult to share information
between applications, so information interchange was
very limited. Therefore, system view was poor and
rather limited, which prevented an optimal use of grid
resources.

This architecture was not scalable, so new technolo-
gies and system architecture have been developed and
adopted. Nowadays, the goal is to implement integrated
systems, that is to say, systems formed by applications
able to share information and be fully interoperable.

Integrated systems require a high level of interoper-
ability between applications. This implies that interop-
erability must be guaranteed at different levels:

� Connectivity.Anopenandstandardcommunications
interface must be used. Ethernet technology is the
communications interface used in control centers.� Protocols. A suite of protocols including all the lay-
ers needs to be defined. Not only the protocols, but
also the profile or selected optionsmust be standard-
ized to guarantee interoperability at protocol level.
Manufacturing message specification (MMS) and
transport control protocol (TCP)/IP is the protocol
stack used in modern control centers.� Middleware. This is a software layer that supports
transparent communications between distributed
applications. Different technologies can be used to
implement this functionality; all of them provide
the facility of distributing applications in different
servers in a transparent way.� Application interface. This provides communica-
tions services with other applications.� Object modeling and semantics. These specify data
format and properties, as well as naming.

Integration technology should fulfil the following
requirements:

� Open communications. These allow system com-
ponents to exchange any kind of information of
arbitrary complexity.� Technology independence.� Provide an information exchange model.� Publishing independence. Any subscriber should be
able to be configured to receive a message without
modifying the publisher configuration.

� Open expansion. New publishers and subscribers
can be deployed regardless of existing ones.

As we saw before, the two key aspects to imple-
menting an integrated system is to use a common data
model and semantics, as well as a common applica-
tion interface able to provide communications services
between distributed applications. This application in-
terface is implemented using middleware that provides
those services required to support what may be seen as
the application bus, that is to say, a communications bus
that provides transparent communications between any
application connected to this bus.

This new architecture was designed to fulfil
a key requirement: interoperability between applica-
tions. Consequently, two generic components have been
standardized, the application programming interface
(API) that defines communications services and data in-
terchange methods, and a common information model
(CIM) that unifies semantics and data object modeling.

This architecture facilitates application integration.
Several scenarios can be envisaged:

� Integration of applications developed by different
suppliers running on the same system� On-line data exchange between independent sys-
tems� Sharing of engineering data between different sys-
tems� Exchange of data between the similar applications
working in different systems.

This new architecture is defined by the IEC 61970
standard series for EMS and IEC 61968 series for DMS.
Two fundamental components are defined by these sets
of standards; the API is referred to in these standards
as the component interface specification (CIS) and the
common information model (CIM).

CIM Architecture
The common information model is an abstract model
that represents every power utility object related to
grid operation. It provides a standard way of represent-
ing devices and resources as object classes and their
attributes. CIM also defines a common language includ-
ing semantics and syntax, so data can be published and
interchanged independently of how it is represented in-
side the applications.

Due to the huge number of objects defined by CIM,
the object classes are grouped into logical packages
containing a set of objects related to a specialized func-
tion. The CIM model is described using the Unified
Modeling Language (UML). Figure 14.3 shows a class
diagram of top packages’ dependencies.
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Fig. 14.3 CIM class diagram showing dependencies

The package Domain defines data types used by
classes in other packages. The following types are de-
fined (Fig. 14.3):

� CIMDatatype. A data type that contains a value at-
tribute and optional unit of measure and multiplier.� Primitive. The most basic data type such as
Boolean, integer, etc.� Enumeration. A list of constant values.� Compound. A set of data of any of previous types.

The package Core contains the models of power-
system resources including conducting equipment. This
package only depends on the Domain, but most other
packages have associations that depend on it.

The package Diagram Layout describes how ob-
jects are arranged to form a coordinated system.

The package Operational Limits models the work-
ing limits of operational system devices.

The package Topology describes how equipment is
connected and models grid topology, which is the result
of the state of switches and breakers.

The package wires models the electrical character-
istics of transmission and distribution networks. This
package is used by several applications, such as the
state estimator, load flow, etc.

The package Generation contains other packages
that model load forecasting, automatic generation con-
trol, economic dispatch, and unit commitment.

The package Load Model is responsible for mod-
elling energy consumption and system load. Related
information that may affect load, such as seasons and
day types, are also included.

The packageOutage is an extension of the packages
core and wires and models current and planned network
configuration.

The package Auxiliary Equipment models other
types of equipment that is not related to topological
connections such as sensors, fault locators, etc.

The package Protection is an extension of the pack-
ages core and wires and models protection equipment.
It is also used by fault location applications.

The package Equivalents models equivalent net-
works that are the result of network reduction, consid-
ering actual connectivity in the functioning of switches
and breaker position.

The package Meas describes data exchanged be-
tween applications. Data types formeasurements can be:

� Control information� Set points� Analogue information� Digital information, such as position, alarms, etc.

The package SCADA models information used by
SCADA applications, including communications status.

The package Control Area models the operational
specification of a grid area including actual generation,
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actual area load, load forecast, and power flow. A con-
trol area gathers generators, loads, and a set of tie lines
for the connection to other areas to implement differ-
ent functionalities such as automatic generation control,
power flow area interchange, etc.

The package Contingency models information re-
lated to contingency situations, including equipment
status and contingency plans.

The package State Variables models variables for
analysis solutions, including short circuits, power injec-
tion, power flow, voltages, and conducting equipment
status.

API Architecture
The application programming interface (API) is the tool
used by applications to interchange information. API
provides communications services to applications. In
the context of CIM/CIS standards, these services should
be independent of the implementation of the compo-
nents supporting them and of the underlying protocols.
This approach is aligned with service-oriented archi-
tecture (SOA). The SOA paradigm provides a uniform
means to offer, discover, and interact with capabilities
provided by other applications. Its central concept is
service, which is defined as a mechanism to enable ac-
cess to capabilities, where the access is provided by
an interface used according to constraints and policies
specified by the service description.

An integrated system should be based on services
with the following characteristics:

� Explicitly defined interfaces. Interfaces should be
declared and known using a formal and clear def-
inition.� Loosely coupled. Service should have dependency
to standard interfaces only but never with internal
interfaces or any other dependency.� Use abstraction. Services should be independent of
implementation technology.� Reusability. Services should be reusable in different
business contexts. This is very important, as it has
a direct impact on cost and improves system consis-
tency.� Autonomy. Services should have control of their en-
vironment in order to be able to provide the required
service level.� State control. Services should be able to control
their internal state. Services should always be in
a known state that can be requested by a third party.� Self-descriptive. Services should be understandable
and can be found at design and run time.� Manageable. A service can be started and initialized
by a well-defined interface.� Testable. Services should be testable without the use
of the rest of the system.

In order to understand interface concept and imple-
mentation, it is broken down into its components. This
component-based approach also facilitates the use of
systems and software of different sources. It is im-
portant to mention that this approach is independent
of any particular middleware services or technology.
Consequently, service interface does not depend on
middleware technology just uses it internally.

The reference model is shown in Fig. 14.4. Rather
than showing the functional layer, the model shows the
components required to create a reusable framework.

The model is intended to be applied to control cen-
ter environments, which are typically based on a num-
ber of servers connected by a local area network (LAN).
Since a control center includes a variety of systems
to support operational applications, it is important that
applications can be used in multiple contexts. This is
achieved due to the properties associated with each
component interface.

A component is a reusable building block. It shall
provide a standard interface that allows other appli-
cations to invoke its functions and to access internal
data component. Components expose methods, prop-
erties, and events. The model of a component defines
its basic architecture and specifies the structure of the
interface and the way it interacts with other compo-
nents. Components are executed within a container.
A container provides an operating-system process in
which the component can be executed. The container
isolates the component from the runtime platform. The
component adapter is a piece of software that links
the component and its container. The adapter can im-
plement protocol and data translation. The component

Component

Interface

Application

Component

Interface

Component
adapter

Container
API

Middleware

Protocols

Operating
system

Container Fig. 14.4
Functional layers
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adapter deals with the differences between component
interfaces and container technologies. The application
interface is completed with two more components, the
middleware and the communications protocol stack.

There are several technologies and different mid-
dleware implementations, as is described in technology
section. The power utility should select the technology
and define a middleware implementation profile, as well
as a communications profile. Profiling is a necessary
step to guarantee interoperable solutions, as standards
are normally opened so they offer many implementa-
tion approaches.

Hardware Architecture
Although every supplier implements different solutions,
the most common approach is the use of a redun-
dant fault-tolerant architecture implementing a layered
model.

The computing platform comprises the following
components:

� Local communications implemented using an Eth-
ernet LAN� Servers hosting applications� Storage units built into servers and external ones
holding a backup image of the system� Backup units� A user interface.

The hardware architecture should provide the fol-
lowing features:

� Fault-tolerant architecture. This implies the use
of two disjoint LANs and, in general, redundant
communications and cyber-protection infrastruc-
ture. The connection with the WAN is normally
implemented through two routers and two firewalls,
each connected to a different LAN. Every device
has two Ethernet ports each connected to one LAN.� Server redundancy. This includes data storage and
power supply redundancy.� Resiliency. The architecture should assure contin-
uous operations in spite of local anomalies and
planned maintenance, including installation of up-
dates and patches.� Disaster recovery. In the case of major failure or
local disaster, a minimum functionality should be
guaranteed.

Layering architecture implies that communications,
applications, and data are supported by different servers
that can only communicate through firewalls. The min-
imum architecture comprises the following layers:

� Communications layer. Supported by the front-end
servers that have IP connectivity with field IEDs
through a firewall and a wide area network. These
servers implement communications protocols and
data conversion when needed.� Application layer. Control center applications are
installed in servers allocated to the same layer. Sub-
layering is also possible.� Data layer. Data are stored in a different layer to
protect their integrity.

The number of servers and layers depends to a great
extent on the size of the system. Regardless of the
number of servers, data modeling and API should be
implemented according to the above-mentioned stan-
dards.

Service Continuity
Control center host-operational applications are capital
to guarantee electrical supply continuity. Consequently,
business continuity and disaster recovery plans should
be implemented. The implementation of these plans
affects not only every aspect of both hardware and
software architecture, but also the fact that a complete
backup control center is usually implemented in a dif-
ferent location.

To support these specific requirements, control cen-
ter platform architecture has to be designed to provide
redundancy to support continuous operations while pro-
viding flexibility to react to system component failures
or disaster scenarios. This performance has to be main-
tained even during maintenance or system upgrades.

The most relevant requirements related to business
continuity are:

� Flexibility of operation. The architecture should
support different operation modes between the main
and redundant system:
– Main–main. Both systems are active and syn-

chronized.
– Split mode. Some functions are segregated to

one of the systems during maintenance or up-
grades.

– Main–backup. One system acts as primary and
becomes synchronized with the other.� Synchronization. Functions and services must be

synchronized between systems. The transfer time of
applications and services should be optimized.� Storage. Data backup facilities must be provided.� Maintenance facilities. System architecture should
support the upgrade or maintenance of applications,
the operating system, and hardware components
carried out in one of the system images.
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Continuity of operations is closely related to the conti-
nuity of telecommunications services, both inside the
control center and at the wide area network, since
communications between system images will usually
require telecommunications services. Consequently,
a contingency and business continuity plan should em-
brace all ICT aspect and components. Business conti-
nuity and disaster recovery techniques are developed in
the telecommunications section (Sect. 14.3.10).

The User Interface
The user interface is a very important functionality in
a control center, since it supports the interaction be-
tween system operator and operational applications.
A control center user interface is not limited to a screen
to present data but a complete framework that pro-
vides flexibility and enables integration and expansion
of multivendor solutions into a system that looks like
a large, single application. Visualization devices are the
primary interface between the control room operator
and grid operational application. Typically, they consist
of operator consoles and electronic wall displays.

Consequently, the most important requirement for
a user interface framework are:

� Common look and feel. Common presentation and
navigation perspective, regardless of the underlying
applications.� Task-oriented displays. Capabilities to define user
displays according to business rules regardless of
the origin of the data.� Flexibility. The ability to customize the user dis-
plays consistently with the enterprise business prac-
tices and style guides.� Technology independence. Capability to define user
displays regardless of application technology and
data format.� Multi-vendor console management. The ability
to enable displays from multiple vendors within
a shared user interface framework.� CIM support. The display process should be inte-
grated in the CIM data model.� Cybersecurity support. User interface must imple-
ment cybersecurity measures in accordance with
IEC 62351 to implement access control to applica-
tions and data.

The user interface framework includes the compo-
nents:

� Visualization environment. The control-room visu-
alization environment controls visualization devices
that are the primary interface between the control-

room operator and the grid. Typically, they consist
of operator consoles and electronic wall displays.� Visualization management. This implements the vi-
sualization of several applications on the same dis-
play at the same time.� Display editor. This includes the tools for display
configuration.� Rendering engine. This generates the display con-
tent from the application data.

Although the display format and content can be config-
ured, displays shown on user interfaces can be classified
into three major categories:

� Operator displays. These present the state of the
power grid and allow the operator to operate the sys-
tem. They include one-line diagrams, geographic
displays, alarms, etc.� Engineer displays. These are used for engineer-
ing and maintenance tasks. They are nonoperational
displays and so less critical than operator displays.� Management displays. These dashboard-type dis-
plays are used by management or nonoperator per-
sonnel. They may also be available externally to the
operational environment.

14.2.9 Substation Applications Architecture

IEC 61850 architecture and technology is the corner
stone of modern power-utility operational systems. The
first edition of the IEC 61850 series was focused on the
substation automation system (SAS), which includes all
the functions implemented by IEDs to control, monitor,
and protect the substation equipment and its power sup-
plies. In addition, there are other functions that maintain
the SAS, such as system configuration, IEDs man-
agement, and communications monitoring, or software
management and cybersecurity.

This section is focused on understanding the way
IEC 61850 models devices, and the way IEDs commu-
nicate to implement an automation function. This has an
important impact on the way Ethernet and IP are used in
the application domain which, correspondingly, affects
the design and configuration principles.

Relevant Aspects of the IEC 61850 Standard
The fundamental goal of the IEC 61850 standard (Com-
munications Networks and Systems in Substations,
Edition 1) – published at the end of 2004 –, which
applies to SAS, is to standardize the communications
between intelligent electronic devices (IEDs) from dif-
ferent manufacturers inside the substation. In other
words, the objective is to define a substation automation
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system (SAS) which allows interoperability between
IEDs from different manufacturers; or more precisely,
between functions that are carried out by equipment
installed in the substation. In this scenario, interop-
erability is the capability for two or more IEDs of
interchanging information, and of using that informa-
tion for a correct cooperation regardless of the model
or manufacturer of the devices. Interoperability should
not be confused with interchangeability, which corre-
sponds to a wider concept and is out of the scope of the
standard. It is important to highlight that the standard
does not have as an objective to achieve interchange-
ability between IEDs nor the complete configuration of
the equipment in a substation, but just interoperability
with respect to the communications between devices.

To achieve this, the standard defines:

1. A suite or set of well-proven protocols and the way
to use them to fulfil operational requirements.

2. Data models and semantics that will be used to in-
terchange information between SAS functions.

3. Communications services specified in such a way
that they become independent of the communica-
tions protocols.

4. The language and format used to describe IEDs and
SAS configuration and capabilities.

Due to these features, a very important capability
is achieved; the specification is not related to its im-
plementation. That is to say, a SAS can be specified
using IEC 61850 architecture and features, and the fi-
nal performance of the system is independent of its
implementation. This provides a very high degree of
flexibility and reutilization of proven solutions regard-
less of their final implementation.

Another relevant feature introduced by IEC 61850
is the standardization of IEDs configuration files using
the common language Substation Configuration Lan-
guage (SCL) that is used to interchange IEDs configu-
ration information files among the different engineering
tools and from these tools to IEDs.

After some years of positive experiences using IEC
61850 technology, it was proposed to extend this tech-
nology and concepts outsideof the substation.By the end
of 2012, most of the IEC 61850 Edition 2 was approved.
This newedition extends the use of this technology to the
whole power system from the control center to every sin-
gle device of the power grid. In 2017, some parts are still
under discussion. A summary of related standards and
their status is summarized later in this section.

Historically, in order to carry out these functions,
serial protocols have been used in point-to-point or
point-to-multipoint configurations. These approaches
needed to differentiate services or subsystems in differ-

ent networks, and for this reason, the communications
architecture, although being simple, ended up becom-
ing inflexible and complicated to maintain topology.
Furthermore, nowadays, more and more substation de-
vices have communications capabilities, so legacy solu-
tions are not appropriate, as they do not provide flexi-
bility or scalability. Consequently, Ethernet technology
has become the standard communications interface due
to its flexibility, as it can carry any protocol or data for-
mat, and its scalability that ranges far higher than what
is required by power automation systems.

The scope of the IEC 61850 series is not limited to
interoperability, but it is much broader, as it proposes
not only a new concept of automation of substations –
based upon a new architecture for communications –
but also defines models of information and config-
uration languages based on the Extensible Markup
Language (XML). Likewise, IEC 61850 standardizes
the use of Ethernet networks with priority, and it de-
fines the interchange of critical messages called generic
object-oriented substation events (GOOSE), as well as
sampled value (SV) messages, for the transmission of
the measurements of current and voltage transformers.
These measurements can be carried out by means of
new models of measuring transformers whose output
values are digital, or by means of specific units that con-
vert the conventional analog measurements into digital
information, called merging units.

The models of information and the communications
services are independent of the protocol, and the use of
the manufacturing message specification (MMS) proto-
col in the application and Web service layers will allow
the growth and validity of this standard, as theymake the
use of new technologies of communications feasible.

Edition 1of the standard ismadeupof14parts; itwas
a great innovation not only with regard to the approach
of using object-oriented modeling techniques, but also
with respect to communications modeling that allows
services to be isolated from the protocols supporting
them. Edition 2 ismade up of a larger number of parts, as
it covers the whole power utility grid form control cen-
ters to customer premise devices. For further details of
both editions, see the standards section (Sect. 14.2.10).

Figure 14.5 shows the components that make up
an IEC 61850 substation automation system. The most
generic component is data modeling; this part mod-
els every substation device and in Edition 2 also every
power grid device. Models use services that have been
defined in an abstract mode, so they are independent of
underlying protocols. Protocols used by IEC 61850 are
well known and proven, e.g., MMS and IP. The standard
defines protocol profiles to ensure service performance.

A field bus or process bus defines how primary
equipment with communications capabilities can send
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Fig. 14.5 IEC 61850 components

and receive their status, as well as voltage and currents
in the form of samples.

The definition of the Substation Configuration Lan-
guage (SCL) based on XML defines the format of
configuration files, and how these file can be inter-
changed between configuration tool and IEDs. Finally,
the standard includes the specification of conformity
test procedures. All the above-mentioned components
rely on Ethernet as the communications interface and
technology to implement a communications network
inside the substation. Communications outside substa-
tions can be implemented using Ethernet or IP accord-
ing to the service and application. Therefore, to fully
understand this technology and to make the most of it,
technologies involved in every component must be well
understood; namely, Ethernet, IP, XML, and object-
oriented technology, including UML.

IEC 61850 SAS Architecture
Legacy technologies had fewer resources to implement
a well-structured SAS. Communications were not as
widely used as in modern systems, so it was difficult to
implement redundant systems, and consequently, they
were less reliable and had poor flexibility.

IEC 61850 defines a hierarchical SAS architecture
made up of four levels using the same concept shown in
Fig. 14.2. Although the concept is similar to the legacy
architecture, the big difference is that it is fully imple-
mented using communications devices.

Level 0 comprises the process level, which includes
primary equipment with communications capabilities
and any other associated IED. Communications be-
tween this level and upper levels is implemented using
process bus technology, which uses fast messages to
transmit status and sample values.

Level 1 comprises IEDs that implement protection,
control, and measurement at the bay level. This level
obtains information from level 0, processes it, and gen-
erates information to the field level, upper levels, and
to other bays. Edition 2 of the standard includes the
interaction with bays of other substations, mainly for
protection and automation functions.

Level 2 is the substation level. This level includes
the functions related to the whole SAS, such as sub-
station automation logic, local SCADA, and gateway
or proxy devices. Level 2 communicates with the bay
level and gathers information to be interchanged with
the control center.

Level 3 is the control-center level. This level was
out of the scope of Edition 1 but was included in Edi-
tion 2. Control-center communicates with substation
level 2 IEDs to update the status of LN objects and map
them to CIM objects, which are, in fact, accessed by
control-center applications.

In order to avoid the legacy SAS limitations intro-
duced by several of the above factors, the new IEC
standard suggests building the automation system on
top of an Ethernet-based LAN. This allows virtualiza-
tion of a large number of peer-to-peer connections over
the same physical infrastructure, ensuring a high degree
of redundancy, bandwidth, very low latency, and higher
reliability.

A number of different network topologies are pos-
sible using Ethernet technology; this standard can inte-
grate over the same network, multiple communications
services, and protocols, such as MMS, GOOSE, FTP,
SNTP, SNMP, etc., ensuring redundancy and reliability.
Furthermore, Ethernet can provide several mechanisms
to implement fast and even bumpless communications
recovery, as is described in the communications section
(Sect. 14.3.5).

Function Modeling
SAS is implemented by several functions, such as pro-
tection, control, automation, etc. IEC 61850-5 defines
each SAS function and depicts how it can be imple-
mented and how information is interchanged. The im-
plementation of every function is expressed by means of
the LNs and the messages interchanged between them.

The concepts involved in function modeling are:

� Functions are implemented using logical nodes
(LN). A LN is the most basic function with com-
munications capabilities. It is defined by means of
an object class.� LNs are grouped into logical devices (LD) that
model the functionality associated with a device.
This concept is no longer used inmost IEC61850 de-
vice implementations, as LD is a mere LN container.
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Fig. 14.6 UML diagram of a function

� LDs are contained in a server that is associated
with a communications access point, which is im-
plemented using an Ethernet interface.

Figure 14.6 shows the UML diagram of a function.
This diagram shows the composition of an IEC

61850 IED and the relation of its internal components
from the communications interface to LNs. It is impor-
tant to mention that SAS functions are only related to
LNs.

Data Structure
A very important aspect introduced by the IEC 61850
standard is the structure of the data. While classical
protocols typically operate under the concept of numer-
ical and linear addressing and data coding, IEC 61850
works with a structured data model based on the object
principle. Linear approximation is simple is difficult to
maintain; it is not scalable and does not provide inter-
operability. With the old approach, each control point
requires an arbitrary and individual address.

The IEC 61850 standard models substation devices
using object modeling techniques. In fact, modeling is
not limited to physical devices as it also includes SAS
functions.

Object-oriented techniques provide three important
features:

� Abstraction. An object is the abstraction of a real
device. It represent the features required to im-
plemented SAS functions. These features are ex-
pressed by means of a data structure and a commu-
nications interface that support the interaction with
other objects and define how to use object function-
ality.� Encapsulation. Every object performs an internal
function using its own data and algorithms. These
internal data and algorithms are hidden from other
objects, so every implementation can be differ-

ent yet still compatible, as they all use the same
standard communications interface that is used to
transmit messages with information related to the
public part of the object.� Inheritance. Hierarchical relations between object
can be defined in order to establish relationships
between the most general objects to other more
particular ones that provide details. Inheritance en-
ables that a class receives or inherits the properties
and methods of another class. This creates an ob-
ject class hierarchy, so the children class inherits
features and properties from the superclass. This
feature allows detailed object classes to be reused
in the definition of more complex ones.

Consequently, the IEC 61850 standard is based on
the following hierarchy of concepts that are expressed
as objects:

� FUNCTION. Every SAS basic function that is im-
plemented using objects that interchange messages
to execute the action of the function.� LOGICAL NODE (LN). A logical node is the most
basic function. It is implemented as an object form
by data, internal methods that implement its func-
tionality, and a communications interface that al-
lows messages to be interchanged with other LNs
and expose the service supported. Methods are en-
capsulated and can only be used through interface
communications services. LN data are objects, so
its content is not a simple value but an object that
has a complex structure.� COMMON DATA CLASS (CDC). Data included in
LNs are modeled using CDC objects. A CDC is an
object that models data and – as any other data – is
formed by data that are attributes of the CDC and
are expressed using basic data. Attributes contain
values and properties of the generic data concept ex-
pressed by the CDC.
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� BASIC DATA. These define the coding format of the
attribute information.

This data modeling methodology is based on a struc-
tured information format that, together with standard-
ized object semantics, provides self-descriptive objects
so any application can interact without previous knowl-
edge of the data structure. This provides flexibility and
expandability, facilitating future retrofitting.

Logical Nodes – General Concepts
A logical node is the abstract representation of a spe-
cific functionality for substation automation. Its main
feature is that this function cannot be decomposed into
more basic functions. It can be said that it is an atomic
function.

LNs are modeled using object classes. This is a con-
cept used in object-oriented programming, which al-
lows real objects to be modeled and thus implemented
in a program in such a way that this program resembles
the properties of the real object.

An object class is defined by:

� Name. This identifies the class. IEC 61850 identifies
LNs by four capital letters.� Data structure. This is the information content in
the class. In IEC 61850, data are object classes
named common data class (CDC) with the structure
of an object class.� Interface. This is a communications service that
supports the interaction with other class by means
of messages.� Methods. These implement the services offered by
the interface.

Methods and private data are encapsulated, which
means that they are hidden to other objects and, conse-
quently, not specified by the standard. The scope of the
standard is limited to public parts, name, public data,
and interface. For this reason, each implementation can
be different and still compatible.

LN classes, as any other object class, are specified
by means of a table that contains the LN name, data ob-
jects, and services. Data objects contained in LNs are
defined using CDC object classes. The CDC data struc-
ture is formed by attributes. Each attribute contains the
following fields:

� Name. This identifies the attribute. Names are stan-
dardized by IEC 61850-7-3.� Type. This defines the data type of the attribute.� Functional constraint (FC). This defines the use of
the attribute, as described later this section.

� Trigger options. These specify whether this attribute
can generate a trigger condition. Three conditions
may generate a trigger: data change, quality change,
and data update. Triggers are used to generate spon-
taneous messages, such as GOOSE and reports.� Value. This contains the value of the attribute.

The FC defines functionality associated with the at-
tribute. As specified by IEC 61850-7-3, FC types are
coded with two letters with the following use:

� ST refers to attributes related to a status infor-
mation, whose value may be read, substituted, re-
ported, and logged, but not written. It can also be
included in a dataset.� MX refers to an analogue measure information,
whose value may be read, substituted, reported, and
logged, but not written. It can also be included in
a dataset.� CO refers to control information the value of which
can be operated using the control model service and
read.� SP refers to a set-point information, whose value can
be operated using the controlmodel service and read.� SV refers to a substitution, whose value can be writ-
ten.� CF refers to a configuration information, whose
value can be written and read.� DC refers to a description information, whose value
can be written and read.� SG refers to a setting group and identifies the active
setting group. It cannot be written.� SE refers to setting group editable and uses the set-
ting group control block service.� EX identifies extension information providing a ref-
erence to the namespace.

FC relates attributes to services. That is to say, an at-
tribute can be accessed using the service identified by its
FC. This provides an extra verification of the coherency
of the use of LN objects and attributes. LN classes are
defined by IEC 61850-7-4. CDCs are defined by IEC
61850-7-3 and the service interface is specified by IEC
61850-7-2.

IED Structure
An IED is a physical device, a physical entity with spe-
cific properties like serial number, status, health, etc.
An IED implementing server functionality should have
a data structure in accordance with the UML diagram of
Fig. 14.5. This implies that the access point must have at
least one logical device that contains LNs. An IED may
contain multiple logical devices. A logical device must
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contain at least two logical nodes that support generic
IED functions.

LLN0: logical node zero. This logical node contains
information about the logical device and its commu-
nications control blocks that configure how GOOSE,
SV, reports, and log messages will be constructed. Usu-
ally, it also contains the data sets associated with control
blocks. Therefore, it is a container for all the informa-
tion and data necessary for the operation of the LN in-
cluded in its LD. LLN0 also controls local/remote work-
ing mode and testing facilities. LLN0 configuration of
these features affects all LNs inside the same LD.

LPHD: contains information about the physical de-
vice. Serial number, description, health, etc.

Naming
LN objects and attributes are addressed according to the
structure

<IEDName>/<AccessPoint>/<LDName>/

<LNName>.<DataObject>.<DataAttribute>

IEDName, Accespoint identification, and LD name are
not defined by the standard.

The LN name is formed by three fields:

� Prefix: Optional identifier.� LN class name: A four-letter code that identifies its
functionality.

HV equipment

Bay/unit
level

Bay/unit level
Remote
control and
automatics

Remote control (NCC) Technical services

Remote
protection

Process
level

Station
level

Prot.ControlProt. Control

Sensors ActuatorsProcess interface

Prot. Control

Substation A Substation B

10 7

2

3 3
11

4.5

1.6

9

1.6

4.5

8

FCT. A FCT. B

Fig. 14.7 Logical interfaces. (Adapted from IEC 61850-1)

� Instance: Optional ordinal number used when more
than one instance of the same class is included in an
LD.

Finally, in order to exchange communication infor-
mation between different devices, configuration file
content and syntax are defined by an XML schema.
This file contains naming of objects, specification of
mandatory and optional parameters, data types of ev-
ery attribute, and value ranges. Since naming and object
content rules are defined by this file, it can be used to
validate other SCL files, such as IED configuration files
and substation configuration files.

Communications Interfaces
IEC 61850 defines the communications interfaces be-
tween substation levels. Figure 14.7 shows the reference
architecture of an IEC 61850 substation including com-
munications interfaces shown as numbers in circles.

The numbers in Fig. 14.7 identify different types
of interfaces, which support different services and,
therefore, have different communications requirements.
Interface types are:

1. Protection data between station level and bay level
2. Protection data between bay level and remote pro-

tection device
3. Data exchange between bay level devices
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4. Data exchange between process level and bay level
of instantaneous samples of current and voltage

5. Control data between process level and bay level
6. Control data between station level and bay level
7. Remote configuration and monitoring data
8. Direct data exchange between bays for fast func-

tions, such as protection and interlocking
9. Internal control data in the substation level
10. Control data between station level and control cen-

ters
11. Control data exchange between different substa-

tions.

IEC 61850 Edition 1 did not implement interfaces
2, 7, 10, and 11, whereas Edition 2 includes all of them.

It is important to explain the interface concept. In
this context, every interface is related to a specific
communications service that has a performance require-
ment. Several interfaces can share the same physical
interface but use it in a different way with different pro-
tocols and settings.

As shown in Fig. 14.7, by using a wide area net-
work – typically an IP network – the remote system can
be connected to several control centers or engineering
facilities. For those legacy facilities that typically com-
municate using IEC 60870-5-101, IEC 60870-5-104
(TCP/IP), or DNP 3.0 protocols, information inter-
change between control center and substations a proto-
col interpreter or gatewaymust be provided to translate
the information from IEC 61850 to the protocols and
formats used by the control center. The standardization
of this communication involves not only communica-
tion between the two levels but also an adaptation of the
data models used in the control center. IEC 61850-80-1
specifies the mapping of IEC 60870-5 series, whereas
IEC 61850-80-2 the mapping to DNP 3.0.

Information interchange with modern control cen-
ters can be implemented using the new standard IEC
61850-90-2. This standard defines two communications
models, the direct information interchange and the use
of a proxy device. The first model allows control centers
to access any object of the SAS. This approach provides
transparency and flexibility but puts heavier workload
on the control center. The second model uses a proxy
to mirror the information required by the control center.
Proxies do not modify information or protocols.

Communication Between LNs
As LNs are modeled using object classes; their com-
munication is implemented using messages sent and
received through their communications interface. There
are two types of communications, client–server and
peer-to-peer messaging. Client–server communications
are based on the connection-oriented paradigm us-

ing MMS protocol over TCP. This kind of messages
is mainly used for SCADA applications. Peer-to-peer
messages are instantaneous multicast messages that, in
fact, do not use any protocol, as the information is en-
capsulated in multicast Ethernet frames. There are two
type of messages, event oriented and sampled values
of current and voltages. Event information is transmit-
ted using generic object-oriented substation events or
GOOSE messages.

The IED sending GOOSE messages is called the
publisher, and the IEDs listening to GOOSE messages
are called subscribers. There is no protocol or commu-
nication between publisher and subscribers. Configura-
tion of this messaging communication is carried out at
configuration time before the system is in operation and
can only be modified by changing configuration.

IEC 61850-5 defines seven different types of mes-
sages. Each message is associated with a service, to one
or several interfaces, and to a protocol:

� Type 1A. Trip. Used for protection applications.
Associated with interfaces 2, 3, 5, 8, and 11. Imple-
mented by a GOOSE message carried over a multi-
cast Ethernet frame.� Type 1B: Used for protection automation applica-
tions not related to direct tripping. Associated with
interfaces 2, 3, 5, and 8. Implemented by a GOOSE
message carried over a multicast Ethernet frame� Type 2. Medium-speed SCADA messages, such as
status and tripping information. Associated with in-
terfaces 1 and 6. Implemented using MMS over
TCP/IP.� Type 3. Low-speed SCADA messages, such as
alarms and measured values. Associated with inter-
faces 6, 10, and 11. Implemented using MMS over
TCP/IP.� Type 4. Raw data. Associated to process bus sample
values. Associated with interface 4. Implemented
by an SV message carried over a multicast Ether-
net frame.� Type 5. File transfer. Associated with interfaces 6
and 7. Implemented using FTP over TCP/IP� Type 6. Time synchronization. Used for IED time
synchronization and phasors and sample-value time
stamping. Associated with all the interfaces. It can
be implemented using SNTP over IP for IEDs time
synchronization or IEEE 1588 over Ethernet for
phasors and sample values.� Type 7. Commands. Used to issue control com-
mands. Associated with interfaces 6 and 10. Imple-
mented using MMS over TCP/IP.

To adapt to different requirements of different appli-
cations message types are subdivided into performance



Section
14.2

1036 14 Information Systems and Telecommunications

classes. Different groups of performance classes are
specified for control and protection and for time syn-
chronization. Control and protection classes identified
as TT0 to TT6 specify the maximum transfer time that
ranges from 3ms to 1 s. Time synchronization classes
identified as T0 to T5 specify synchronization accu-
racy that ranges from 1�s to 1ms. IEC 61850 specifies
two types of communication requirements: static and
dynamic. Static requirements refer to properties not
related to latency or transmission capacity. Static re-
quirements are:

� Ubiquity. Any function or LN may be allocated in
any IED without limitations imposed by communi-
cations.� Abstraction. SAS function and their characteristics
must be specified without referring to their imple-
mentation and the communications infrastructure.� Standardization. Interaction between functions
should be described using logical interfaces. Those
interfaces must be independent of their physical im-
plementation.

Dynamic requirements refer to latency or transfer
time. In this context, latency refers to the maximum
transmission time. The average latency should be used
in the context of operational realtime services. Trans-
mission time refers to the time required by an LN to
transfer a message to another application or an LN lo-
cated in a different IED. Therefore, it includes not only
the communications latency in the LAN but also the
processing time in both IEDs required to convert this
message in an Ethernet frame and decode it at the re-
ceiver side. Latency is specified by performance classes
as explained above.

Communications Methods
Legacy SAS were implemented using the master–slave
communication method. This method is neither flexible
nor scalable, so it has been abandoned in modern op-
erational communications. IEC 61850 is based on the
client–server paradigm, which is complemented with
peer-to-peer messaging communications for fast infor-
mation transfer.

Client–Server. By definition, a server is a device that
offers a service using internal data, and a client is a de-
vice that requests a service that interacts by getting or
interchanging data with the server. As a typical example
of a client we can mention an Internet browser that con-
nects to a Web server to get information or interchange
data. This communications principle is connection-
oriented, which implies that client and server should
establish a connection prior to information interchange.

A server can accept a connection from any client with-
out previous configuration and from several clients at
the same time, the maximum number of clients being
limited by hardware capabilities. For this reason, this
method provides flexibility and scalability. LNs can be
associated with a client or a server functionality. An
IED can have server or client functionality and in some
cases both functionalities, client and server, at the same
time. In any case, it is only the client the one that gath-
ers information from other IEDs.

As IEC 61850 servers support directory services,
which implies autodescription and discovery function-
ality, clients can discover server data structure and
functionality, and consequently, they can interact with
any server without previous knowledge of the server
capabilities. For this reason, an object’s database is
no longer required, as clients can dynamically create
the internal image of the server’s data structure. Fur-
thermore, as explained later this section, IEC 61850
specifies how a substation configuration file can be cre-
ated. This file contains the data model and services of
all the IEDs of the SAS. Clients can also use this file to
learn server’s information structure.

Control Command Service. Control commands can
be executed in different ways. The supervision of the
expected state change produced by a command is the
factor used to differentiate command types. Commands
can be classified as normal or not monitored and with
enhanced security when the status change is monitored
to inform of the result of the command and with or with-
out the previous selection of the device.

Then there are four different types of commands:

1. Direct commands with normal security
2. Select before operate (SBO) commands with nor-

mal security
3. Direct commands with enhanced security
4. SBO commands with enhanced security.

The best choice is probably the last one due to the
following:

1. Data integrity requirements: As specified by IEC
60870-4, commands require integrity class 3, which
under certain conditions can only be reached by us-
ing a SBO procedure.

2. The standard IEC 61850-80-1 specifies the mapping
of IEC 60870-5-101 and IEC 60870-5-104 to IEC
61850; only enhanced security commands are sup-
ported.

It must be considered that an SBO control com-
mand is a completed process that starts when the device
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is selected and has finished delivering the result of the
process, so it is not necessary to read the status of the
device afterwards, as the command delivers complete
information about the result.

Origin of Commands. The hierarchy of control com-
mand is implemented using the origin attribute. This
attribute is used to identify the origin of commands in
order to enable or disable command execution consid-
ering their origin and the status of the local mode data
attribute value.

The philosophy is that commands can be generated
manually or automatically whether from any automatic
process or application. In any case, the command source
can be:

� A control center� Local SCADA� A bay.

IEC 61850 local control model is hierarchical. This
means that when a local mode is active within a SAS
level commands are only accepted from the same level.

Note that in order to apply the behavior of local
command, it is necessary to distinguish between com-
mands coming from an automatic process or from an
application. Commands from automatic processes may
not be subject to local command blocking.

The different command origins types are:

� Bay control. The command comes from a bay-level
device.� Station control. The command comes from a sta-
tion-level device.� Remote control. The command comes from the con-
trol center.� Automatic bay. The command comes from a bay-
level automatic process.� Automatic station. The command comes from a sta-
tion-level automatic process.� Automatic remote. The command comes from an
automatic process from the control center.� Maintenance. The command comes from mainte-
nance tools.� Process. The command comes from spontaneous
state change.

Remote/Local Mode. With regard to local modes, the
generic working principle is as follows: each level –
station, position, and process – has its own local mode
attribute. When a level is in local mode, it only accepts
commands from that level and not from upper levels.
Local mode is controlled by the attribute Loc in LNs re-
lated to control functions. LLN0 also has this attribute;

consequently, as for other functionality, setting LLN0
in local mode automatically sets all LNs inside the LD
to local mode too.

Proxies and Gateways
Proxy functionality is required when not every piece of
information of the SAS needs to be available for some
external clients. In this case, a proxydevicegathers infor-
mation from different SAS servers and presents it in the
form of LNs. By doing this, a summary of SAS informa-
tion is available for any client, whether internal, such has
local SCADA, or external, such as a maintenance center.

When the external client does not support IEC
61850, a gateway device is required to map the informa-
tion and translate to the client’s protocol. A gateway is
a device that works at the application layer. This means
that has to decode all the information interchanged in
one side and map it to an internal database and process
this information to adapt it to the format and protocol
of the other side. Typically, a gateway is installed at the
substation level for translating from IEC 61850 proto-
cols at new substations and IEC 60870-5-101 or IEC
60870-5-104 in current control centers.

The recommendations to implement a device of this
type are included in the technical specification IEC
61850-80-1. Basically, it is a guide that addresses the
information-exchange model based on CDC data using
IEC 60870-5-101 or IEC 60870-5-104 and includes the
following items [14.1]:

1. Conceptual model of the gateway.
2. Command mapping to IEC 60870-5-104 IEC

61850.
3. Mapping of CDC (common data classes) of IEC

61805 to ASDUs (application service data unit) IEC
60870-5-104.

4. Mapping of data attributes to CDC data types in IEC
60870-5-104. An example can be seen in Fig. 14.8.

5. Mapping from IEC 61850 services to IEC 60870-5-
104 services.

6. Extension of SCL file syntax in private sections in
order to include the association between IEC 61850
data attributes and IEC 61870-5-101/104 informa-
tion object addresses (IOAs).

Communications Interface ACSI
LNs communicate using the abstract communications
service interface (ACSI). The term abstract means that
the interface is specified without implementation de-
tails, so it is not related to a particular application
interface and, therefore, it can be used over any applica-
tion protocol. Actually, ACSI can be implemented using
MMS protocol or Web services without any change in
the LN interface being required.
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Services provided by ACSI are listed here:

� Directory services. These provide the capabilities to
browse the content of an IEC 61850 server. By using
this service, a client can obtain all the information
trees of a server. This includes a list of LDs on the
server; in every LD, LNs include a list of data ob-
jects and their attributes included in every LN. This
service provides an autodescription of the IED data
model.� Get, set, and substitution. This group of services
implements red and write operation over data, at-
tributes, or datasets. Substitution is a more complex
service, which includes two actions. First, write the
value to be shown when substitution is activated.
Second, activate substitution, so that when a client
reads data or an attribute, the delivered value pro-
vided will be the substitute instead of the value read
from the field. The substitution state is indicated
when providing a substituted value in a reading op-
eration.� Select active setting group. This service allows the
selection of a particular setting group among those
previously loaded into LLN0.� Report control subscribe. This service establishes
the relation between a client and a report control
block already configured on a server.When the client
subscribes to a report, the report is sent to the client
using this service. Transmission of a report aswell as
its content depends on the configuration of the report
control block. It can be event driven or periodic.� Query log control. This service allows querying the
content of the log. It can also be used to clear log
content.� Control. This service issues control commands. It
includes the entire process of selection and exe-
cution, as well as getting the final result of the
command.� GOOSE. This service supports GOOSE message
publication and subscription.� Sampled values. This service supports publication
and subscription of sample values.

ACSI services are mapped to the application proto-
col using the specific communication service mapping
(SCSM). There is one SCSM for each application pro-
tocol, including Ethernet encapsulation for GOOSE and
SV messages. SCSM specifies how every abstract ser-
vice is defined depending on the application protocol.
Details are included in following sections.

IEC 61850 Protocol Stack
The IEC 61850 standard defines a LAN Ethernet as
the physical communications technology to implement

a SAS. The LAN architecture and topology are not
specified by the standard. In fact, every solution can
adopt the topology required to achieve performance and
availability objectives. The telecommunications seec-
tion (Sect. 14.3) discusses the aspects that affect perfor-
mance and topologies, and features that may improve
availability.

Message Types. In an IEC 61850 substation, there
exist two different ways of communicating for the dif-
ferent types of messages involved. One way is vertical,
from the substation controller to the IEDs and vice
versa; and the second way is horizontal, between IEDs.
In the case of vertical communication, a client–server
is used. In the case of horizontal communication, the
transmission is based on the peer-to-peer principle.

In any case, the standard distinguishes between dif-
ferent types of messages depending on the intrinsic
characteristics of their nature and classifies them into
performance classes, as was already introduced in pre-
vious section.

As has been mentioned, there are messages whose
transfer time must be very fast, such as GOOSE mes-
sages, for which the standard defines a simplified
protocol stack or shortened path, in comparison with
that of the full OSI/ISO reference model. The princi-
ple followed by these messages that circulate through
a shortened path is, in certain way, similar to that used
in the protocols of the IEC 60870-5 series, which make
use of the EPA model (enhanced protocol architecture),
based only upon three layers or levels with the aim of
reducing the times required for communication between
two devices. It is in this way that peer-to-peermessages
or GOOSE do not pass through the different levels in
the model but are delivered directly to the link layer.

Suite of Protocols. The IEC 61850 standard adopts
a set of existing protocols widely used in order to carry
out the different functions that implement ACSI ser-
vices. Figure 14.8 shows more specifically different
approaches according to the type of messages and the
service supported.Messages with high requirements re-
garding transfer time, by virtue of their mission-critical
nature, are directly mapped to the data-link layer as this
procedure reduces message processing workload.

Profile for Peer-to-Peer Communications. In
GOOSE (generic object-oriented substation event)
messages, the information published is defined by the
dataset content. Trigger conditions of dataset com-
ponents generates the event. Please note that former
generic substation status event (GSSE) messages
that only support fixed state information has been
deprecated by Edition 2. GOOSE messages are sent
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periodically with a cadence that can be configured
independently for every GOOSE message. When an
event associated with a trigger condition is generated,
a burst of messages is generated. This mechanism
improves dependability because if a message is lost,
the following one will be processed. Figure 14.9 shows
the transmission pattern of a GOOSE message.

T0 indicates the retransmissions cadence of mes-
sages when there is no event that produces a trigger
condition. This is the rest condition. The continuous
retransmission of messages is also used to check that
publisher IED and LAN are working properly.

T1 is the smallest retransmission time of an event.
As can be appreciated, the message is immediately sent
after a trigger condition.

T2 and T3 are the retransmission times that be-
come duplicated until the rest retransmission time (T0)
is reached.

Sampled-valuemessages use the same protocol pro-
file but a different transmission mechanism, as these
messages are sent periodically. SV messages are not
related to trigger conditions. They carry a dataset con-
taining time-tagged samples of voltage and/or current.
The cadence of transmission depends on the sampling
rate and the number of samples contained in the dataset.
For these messages, latency is not as critical as with
GOOSE, but it must be bounded. What is more criti-
cal in this case is the delay variation that is a specific
requirement, since if not bounded, it may affect relay
performance.

Profile for Time Synchronization. In the substation
bus, time synchronization is implemented by means of
the Simple Network Time Protocol (SNTP). The SNTP
protocol is transported over UDP connectionless trans-
port protocol. SNTP is generated by an IED that acts
as a master clock. This IED uses a global positioning

system (GPS) receiver to synchronize its internal clock.
SNTP can provide a synchronization accuracy better
than 1ms. which is adequate for SCADA time stamping.

The process bus requires a more accurate time syn-
chronization. IEC 61850-9-3 specifies that the process
bus should be synchronized using the IEEE 1588v2 or
Precision Time Protocol (PTP). PTP can provide a syn-
chronization accuracy better than 1�s. Details of PTP
applications can be found in Sect. 14.2.

Profile for Client–Server Communications. For
client–server communication mode, an MMS applica-
tion protocol together with the profile of the transport
type or the T profile is used. As mentioned, the IEC
61850 standard adopts widely spread standardized pro-
tocols, which as a consequence are very well tested, on
the several levels of its model – this being structured
and presented in a similar way to how the OSI/ISO
model of reference is conceived and usually present-
ed –, as is explained in more detail in the telecommuni-
cations section (Sect. 14.3).

Manufacturing Message Specification (MMS)
Protocol

The specification of messages for manufacturing con-
sists of the application-level specification of the services
and procedures necessary for the purpose of interchang-
ing information between devices of the type of those
installed in production chains. MMS is an application
protocol that was initially defined for industrial process
control that later found application for realtime SCADA.
Its first use in this field was as the application protocol
for ICCP/TASE.2 IEC 60870-6 for interconnection of
control centers. Later, it was adopted by the utility com-
munications architecture and finally by IEC 61850.

One key feature of MMS particular architecture is
its capability of simultaneously providing client and
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server functionality. This feature is supported by the
virtual manufacturing device that implements the fol-
lowing functionalities:

� Access to object contained on the server� Services used by the client to access those objects� Server behavior.

Basically, the services that can be performed by MMS
are writings, readings, and descriptions of variables (di-
rectories), which in our case will consist of sets of
attributes of logical nodes and of files or folders (trans-
parent transfers of blocks of bytes without specifying
their sizes). These services, taken to our particular case,
can be translated into alarm reports, control and instruc-
tions executions, autodescription of the objects, and
transfers of files.

TheMMS standard was published in 1986. It is con-
sidered a very reliable and extremely secure protocol.
Nevertheless, its technology is becoming cumbersome
for some lightweight applications, so other middleware
solutions and application protocols based on XML,
such as XMPP, will gradually replace MMS. Conse-
quently, we will not develop any further detail of the
MMS architecture.

The MMS application protocol is transported us-
ing the so-called T profile, which is based on TCP for
connection-oriented transport and IP. Further details of
this profile and protocols’ working principles can be
found in the telecommunications section (Sect. 14.3).

Configuration
Legacy SAS lack the concept of the legacy system; each
device performs a function depending on the values of
its input without any knowledge of internal process of
other devices. For this reason, the configuration of every
device was carried out using proprietary vendor tools
that do not need information from other devices to cre-
ate the configuration. Consequently, it was not possible
to share that configuration information between the dif-
ferent engineering tools, and IEDs have no information
about the configuration of other IEDs of the SAS.

IEC 61850 defines a method for SAS configura-
tion with a system view approach, so every device has
the configuration information of other IEDs required
to perform their functions, so that they can collabo-
rate to implement more complex tasks. IEC 61850-6
defines the Substation Configuration Language (SCL).
This language allows the interchange of specification
and configuration files between system configuration
tools, IED configuration tools, and IEDs. Due to this,
it is possible to automatically create a SAS configura-
tion file that contains data models, service capabilities,
communication information, and private data.

The standard defines the following file types. The
content and use of the files is identified by the file ex-
tension:

� System specification description. File type .ssd. This
file contains an XML description of the single line
diagram of the substation and the LNs associated
with every primary device, bay, voltage level, or
substation level. It also includes the data model of
LNs. It is used to specify SAS projects.� IED capability description. File type .icd. This file
describes the functional and engineering capabili-
ties of and IED type. The IED name is the TEM-
PLATE. The file describes services supported by
the IED as well as its data model. It can contain
a communications part with preconfigured informa-
tion. There is one icd file per every IED model.� Instantiated IED description. File type .iid. This file
contains all the information of a single instance file
of an IED preconfigured specifically for a project.
Configuration data may not be completed and may
change during the engineering process.� Configured IED description. File type .cid. This
file describes the final configuration of an IED in
a project. There is an icd file for each IED in
a project. This files contains all the information
needed by the IED to perform its function. In Edi-
tion 2, the cid file is a subset of the scd file.� System configuration description. File type .scd.
This file contains all the IEDs of a project, including
communication and data flow information.� System exchange description. File type .sed. This
file describes the interfaces of one project to be used
by other project. It is a subset of the scd file contain-
ing all the information required by other project to
connect external information. This file is required to
automatically configure GOOSE subscriptions be-
tween substations.

IEC 61850 defines a novel configuration process that
is very flexible and well structured. As shown in
Fig. 14.10, the configuration process starts from the
most generic specification to construction details. SCL
language and the files described above are used in most
parts of the process both to create the files and also to
interchange files between tools, and to download the cid
configuration files to IEDs.

The process starts using a system tool that is able to
generate the ssd file, and from this file the rest of the
process, including the specific IEC 61850 engineering
process. As an IEC 61850 SAS is a distributed system
made of basic functions, it is important to star design
the SAS from the system view. From this information
further details can be added, and when the actual im-
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plementation level is reached, proprietary tools must be
used, as information and configuration that are out of
the scope of the standard must be defined.

Specification Process
The main goal of an IEC 61850 specification is to
assure functionality and interoperability. The specifica-
tion process comprises the following steps:

� Data profile definition. This is a key step to achieve
interoperability. A formal definition of the data
model removes any ambiguity and select which op-
tions will have to be implemented to guarantee SAS
functionality and performance.� SAS functions. Selection of required functions.� Logical node selection. List of logical nodes re-
quired for the implementation of SAS functionality.� LN communications. Logical nodes interchange in-
formation by means of messages that are specified
using the concept of PICOM (piece of information
for communication). This process provides detailed
information on how logical nodes interact to imple-
ment every SAS function.

Once the whole process is completed, a generic spec-
ification that guarantees functionality is obtained. It is
important to mention that this specification guarantees
the functionality regardless of how SAS will be im-
plemented. Any specification tool is able to generate
the ssd file according to the standard, but as this file
does not include all the required specification informa-
tion, only advanced tools can complement this file with
the rest of the specifications, such as picoms or even
wired signals. Implementation constraints can also be
defined in the specification. For instance, it can be de-
fined that some logical nodes should be included in the
same device. By doing this, we can obtain a generic

specification of the devices that will implement the
project.

Finally, by gathering logical nodes in a specification
IED, a specification scl file is automatically created.
This file specifies the IED data model and capabilities in
very similarly to how an icd file does it for real devices.
The specification file can be checked against a real IED
icd file to verify compliance.

IEC 61850 Engineering Process
A completed IEC 61850 engineering project should not
only contain IEC 61850-related information, such as
logical nodes and how they interchange information but
also wired signals and legacy devices. As the main func-
tion of an engineering tool is to describe functionality, it
is very important that the tool seamlessly relates wired
signals with IEC 61850 functionality providing a clear
view of system functionality regardless of the tech-
nologies used to implement it. As IEC 61850 includes
a number of facilities that allow SAS functionalities
to be implemented in different ways, the system tool
should support all of them, providing the required ca-
pabilities to choose the working mode freely. Namely,
some functions can be implemented whether by using
sequential interrogations or by means of trigger condi-
tions and reports, or GOOSE messages.

Figure 14.11 shows the engineering process step by
step. The engineering tool provides the required func-
tionality to assure coherency of the process. The results
of the process are scl files according to the standard, as
well as drawings, connection lists, and other documents
not shown in the figure.

The use of signals based on reports or GOOSE mes-
sages requires some specific functions to support the
generation of a list of signals, as well as the generation
of drawings showing the implemented functionality in
a classical way.

Configuration
The configuration process is different depending on the
edition of the standard. Edition 1 lacks many function-
alities and information in the configuration files, so it is
not possible to directly configure an IED from the files
defined by the standard and, therefore, the IED config-
uration tool of the IED manufacturer has to be used. On
the other hand, Edition 2 included these missing data,
so IED can be directly configured from the system tool
by downloading the cid file.

This is possible due to the definition of a new type of
file, the iid, which includes settings and other private pa-
rameters.Nevertheless, there are a number of parameters
that are not included in scl files yet, being themost impor-
tant logical functions configuration and relay setting.
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14.2.10 Standards

The International Electrotechnical Commission (IEC)
is the standardization body in charge of the prepara-
tion of international standards in the electrotechnical
field. Its Technical Committee 57 (TC57) is in charge
of the set of standards related to operational systems,
including the smart grid. This section names the dif-
ferent families of standards with the aim of providing
a relation of the standards that should be considered
when specifying or designing an operational system.
The applications and the key concepts included in these
standards are developed throughout the entire chapter.

Control Center Standards
Control centers comprise a set of applications that are
specified by the following standards.

IEC 61968. Application integration at electrical utili-
ties – system interfaces for distribution management.
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The IEC 61968 series is intended to facilitate integra-
tion of distributed applications that communicate each
other using middleware.

� IEC 61968-1. Interface architecture and general rec-
ommendation.� IEC 61968-2. Glossary of terms.� IEC 61968-3. Interface for network operation.� IEC 61968-4. Interface for records and asset man-
agement.� IEC 61968-5. Interface standard for operational
planning and optimisation.� IEC 61968-6. Interface for maintenance and con-
struction.� IEC 61968-7. Interface standard for network exten-
sion planning.� IEC 61968-8. Interface standard for customer sup-
port.� IEC 61968-9. Interface for meter reading and con-
trol.� IEC 61968-11. Common information model (CIM)
extensions for distribution.� IEC 61968-13. CIM resource description frame-
work (RDF) model exchange format for distribu-
tion.� IEC 61968-100. Implementation profiles.

IEC 61970. Energy management system application
program interface (EMS-API). The IEC 61970 series
develops a set of guidelines and standards to facilitate
distributed application integration and information in-
terchange with systems external to the control center.

� IEC 61970-1. Guidelines and general requirements.� IEC 61970-2. Glossary of terms.� IEC 61970-301 Edition 6. Common information
model (CIM) base.� IEC 61970-302. Common information model
(CIM) for dynamics specification. Extension of IEC
61970-301 to specify exchange models representing
the dynamic behavior of power-system components
to facilitate system simulation studies for system
dynamic assessment and planning.� IEC 61970-401. Component interface specification
(CIS) framework.� IEC 61970-402. Common services.� IEC 61970-403. Generic data access.� IEC 61970-404. High-speed data access (HSDA).� IEC 61970-405. Generic eventing and subscription
(GES).� IEC 61970-407. Time-series data access.� IEC 61970-452. CIM static transmission network
model profiles.� IEC 61970-453. CIM-based graphics exchange.

� IEC 61970-456. Solved power system state profiles.� IEC 61970-552 Edition 2. CIMXML model ex-
change format.� IEC 61970-555. CIM-based efficient model ex-
change format (CIM/E).� IEC 61970-556. CIM-based graphic exchange for-
mat.� IEC 61970-600-1. Common grid model exchange
specification (CGMES) – Structure and rules.� IEC 61970-600-2. Common grid model exchange
specification (CGMES) – Exchange profiles’ speci-
fication.

IEC 62325. The framework for energymarket communi-
cations. The IEC 62325 series facilitates the integration
of market application software in the CIM framework.
IEC 62325 standards are associated with IEC 61968 and
IEC 61970 series and complement them with market in-
formation exchange and modeling aspects.

� IEC 62325-301. Common information model
(CIM) extension for markets.� IEC 62325-351. Edition 2. CIM European market
model exchange profile.� IEC 62325-450. Profile and context modeling rules.� IEC 62325-451-1. Edition 2. Acknowledgement
business and contextual model for the CIM Euro-
pean market.� IEC 62325-451-2. Scheduling business process and
contextual model for the CIM European market.� IEC 62325-451-3. Transmission capacity allocation
business process (explicit or implicit auction) and
contextual models for the European market.� IEC 62325-451-4. Edition 2. Settlement and recon-
ciliation business process, contextual and assembly
models for the European market.� IEC 62325-451-5. Problem statement and status re-
quest business processes, contextual and assembly
models for the European market.� IEC 62325-451-6. Publication of information on
market, contextual, and assembly models for the
European style market.� IEC 62325-503. Market data exchange guidelines
for the IEC 62325-351 profile.� IEC 62325-504. Utilization of Web services for
electronic data interchange on the European energy
market for electricity.

OASIS
The Organization for the Advance of Structured Infor-
mation Standards (OASIS) is a nonprofit consortium
that drives the development, convergence, and adop-
tion of open standards for the global information so-
ciety. OASIS promotes the development of industrial
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standards for security, the Internet of Things, cloud
computing, energy, content technologies, emergency
management, and other areas. OASIS has defined the
SOA framework that is used in control centers to imple-
ment CIM architecture. The OASIS reference model for
service-oriented architecture 1.0 standard was released
in 2006.

IEC 61850 Standards Series
As we saw before, IEC 61850 has become the common
technology and architecture for the power grid. This
technology allows a common platform for all the op-
erational applications to be established, thereby finding
applicability in the whole power system. The standards
that specify this new architecture are shown in the fol-
lowing list.

IEC 61850 Edition 1. Comprises the following parts:

� IEC 61850-1. Introduction and overview. Technical
report, 2004.� IEC 61850-2. Glossary of terms, 2003.� IEC 61850-3. General requirements, 2002.� IEC 61850-4. System and project management,
2002.� IEC 61850-5. Communication requirements for
functions and models, 2003.� IEC 61850-6. Configuration description language
for communications in electrical substation related
to IEDs, 2004.� IEC 61850-7-1. Basic communication structure for
substation and feeder equipment – Principles and
models, 2003.� IEC 61850-7-2. Basic communication structure for
substation and feeder equipment – Abstract commu-
nication service interface (ACSI), 2003.� IEC 61850-7-3. Basic communication structure for
substation and feeder equipment – Common data
classes, 2003.� IEC 61850-7-4. Basic communication structure for
substation and feeder equipment – Compatible log-
ical node classes and data classes, 2003.� IEC 61850-8-1. Specific communication service
mapping (SCSM) –Mappings toMMS (ISO 9506-1
and 9506-2) and to ISO/IEC 8802-3, 2004.� IEC 61850-9-1. Specific communication service
mapping (SCSM) – Sampled values over serial uni-
directional multidrop point to point link, 2003.� IEC 61850-9-2. Specific communication service
mapping (SCSM) – Sampled values over ISO/IEC
8802-3, 2004.� IEC 61850-10. Conformance testing, 2005.

Edition 1 was deprecated by Edition 2.

IEC 61850 Edition 2. Comprises the following parts re-
lated to SAS:

� IEC 61850-1. Introduction and overview. Technical
report, 2013.� IEC 61850-3. General requirements, 2013.� IEC 61850-4. System and project management,
2011.� IEC 61850-5. Communication requirements for
functions and models, 2013.� IEC 61850-6. Configuration description language
for communications in electrical substation related
to IEDs, 2009.� IEC 61850-7-1. Basic communication structure for
substation and feeder equipment – Principles and
models, 2011.� IEC 61850-7-2. Basic communication structure for
substation and feeder equipment – Abstract commu-
nication service interface (ACSI), 2010.� IEC 61850-7-3. Basic communication structure for
substation and feeder equipment – Common data
classes, 2010.� IEC 61850-7-4. Basic communication structure for
substation and feeder equipment – Compatible log-
ical node classes and data classes, 2010.� IEC 61850-7-410. Hydroelectric power plants –
Communication for monitoring and control, 2007.� IEC 61850-7-420. Basic communication structure –
Distributed energy resources logical nodes, 2009.� IEC 61850-7-510. Basic communication structure –
Hydroelectric power plants – Modeling concepts
and guidelines. Technical report, 2012.� IEC 61850-8-1. Specific communication service
mapping (SCSM) –Mappings toMMS (ISO 9506-1
and 9506-2) and to ISO/IEC 8802-3, 2011.� IEC 61850-9-2. Specific communication service
mapping (SCSM) – Sampled values over ISO/IEC
8802-3, 2011.� IEC 61850-9-3. Precision Time Protocol profile for
power-utility automation, 2015.� IEC 61850-10. Conformance testing, 2012.� IEC 61850-80-1. Guidelines to exchanging infor-
mation from CDC-based data models using IEC
60870-5-101 or IEC 60870-5-104. Technical speci-
fication, 2016.� IEC 61850-80-2. Exchange of information between
networks implementing IEC 61850 and DNP3.
IEEE 1815.1 standard.� IEC 61850-80-3. Mapping to Web protocols – Re-
quirements and technical choices. Technical report,
2015.� IEC 61850-80-4. Translation from the COSEM ob-
ject model (IEC 62056) to the IEC 61850 data
model. Technical specification, 2016.
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� IEC 61850-85-1. Standard for N times 64 kb per
second optical fiber interface between teleprotection
and multiplexer equipment. IEEE C37.94 standard.� IEC 61850-90-1. Use of IEC 61850 for communi-
cation between substations. Technical report, 2010.� IEC 61850-90-2. Use of IEC 61850 for commu-
nication between substations and control centers.
Technical report, 2016.� IEC 61850-90-3. Use of IEC 61850 for condition
monitoring diagnosis and analysis. Technical re-
port, 2016.� IEC 61850-90-5. Use of IEC 61850 to trans-
mit synchrophasor information according to IEEE
C37.118. Technical report, 2012.� IEC 61850-90-7. Object models for power convert-
ers in distributed-energy resource (DER) systems.
Technical report, 2013.� IEC 61850-90-12. Wide area network engineering
guidelines. Technical report, 2015.� At the time of writing this text the following stan-
dards were in development.� IEC 61850-7-6. Guideline for definition of basic
application profiles (BAPs) using IEC 61850. Tech-
nical report.� IEC 61850-7-500. Use of logical nodes for model-
ing application functions and related concepts and
guidelines for substations. Technical report.� IEC 61850-7-520. Distributed energy resources
modeling concepts and guidelines. Technical report.� IEC 61850-8-2. Specific communication service
mapping (SCSM) –Mappings to extensiblemessag-
ing presence protocol (XMPP).� IEC 61850-80-5. Guideline for mapping informa-
tion between IEC 61850 and IEC 61158-6 (Mod-
bus). Technical specification.� IEC 61850-90-4. Network engineering for substa-
tions. Technical report.� IEC 61850-90-6. Use of IEC 61850 for distribution
automation systems. Technical report.� IEC 61850-90-8. Object model for E-mobility.
Technical report.� IEC 61850-90-9. Use of IEC 61850 for electrical
energy storage systems. Technical report.� IEC 61850-90-10. IEC 61850 objects for schedul-
ing. Technical report.� IEC 61850-90-11. Methodologies for modeling of
logics for IEC 61850 based applications. Technical
report.� IEC 61850-90-14. Using IEC 61850 for FACTS
data modeling. Technical report.� IEC 61850-90-17. Using IEC 61850 to transmit
power-quality data. Technical report.� IEC 61850-10-210. IEC 61850 interoperability
test – Hydro profile. Technical specification.

14.2.11 Technologies

Control centers and substation automation systems are
designed using specific application design methodolo-
gies and architecture. Furthermore, IT and telecom
technologies are configured in a specific manner. This
section is focused on the solutions commonly used by
power utilities to implement their operational services.
Both control center and SAS are built using distributed
applications running in different devices that are con-
nected in the same LAN or through aWANwith IP con-
nectivity. For this reason, application architecture has to
fulfil two key requirement: scalability and ubiquity. To
achieve this, middleware and application architecture
are very important. This section explains the working
principles and properties of different middleware so-
lutions, as well as the distributed application solution
currently used for control center implementation.

Middleware
Middleware is a software layer that enables commu-
nications and management of data among distributed
applications. It is typically a layer above the transport
layer and below the application layer. Using a middle-
ware layer, distributed applications interact as if they
were running on the same computer. Middleware is
used to provide other facilities such as object location
and service description. CORBA and Web services are
examples of middleware solutions.

CORBA
Many industries face the need to integrate distributed
processes. Different technologies have been developed
to respond to these requirements. The common object
request broker architecture (CORBA) was the first to
have a wide acceptance and is still used in many power
utility distributed applications.

The deployment of TCP/IP networks simplifies data
interchange between computers, paving the way to the
implementation of distributed systems. Nevertheless,
data communications are not enough to implement an
open distributed system, the location to distributed pro-
cesses and objects, as well as the access interface, must
be standardized in order to achieve interoperability.
Furthermore, in order to support mission-critical appli-
cations realtime constraints must be considered.

As we saw in the previous sections, power sys-
tem operation has evolved from a centralized system
to a distributed one able to integrate any kind of infor-
mation. This evolution started when IP technology was
adopted, since it provides open connectivity, the follow-
ing step being the implementation of distributed sys-
tems using the concept of a middleware layer. A mid-
dleware layer provides services to the applications.
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These services implement access to data, applications,
and objects that are connected through a TCP/IP net-
works, thus hiding the fact that these objects are not
located in the computer where the application is run-
ning. CORBA became the first standard middleware
architecture. It simplifies information interchange and
interaction between applications and processes devel-
oped by different manufacturers. CORBA was formerly
used in network management systems and later adopted
in other process applications, mainly at high-level ap-
plications. Nowadays, CORBA is being replaced by
other technologies, as is explained in this section.

The CORBA environment opens the door to a dis-
tributed object environment able to host any kind of ap-
plication. CORBA technology is being developed and
standardized by the object management group (OMG).
CORBA 2.0 was introduced in 1994 and is still evolv-
ing, since the latest technologies of objects are being in-
corporated to it. Despite this evolution, there is a stable
nucleus based on an open and standard set of services
that allows distributed application to be implemented in
heterogeneous environments,with the advantage that the
objects defined in this architecture can be reused. For
these reasons, it has been adopted by the ITU-T (Interna-
tional Telecommunication Union – telecommunication
standardization sector) as the basis of the management
system of the telecommunications networks and by IEC
as a middleware technology to implement operational
applications based on CIM/CIS architecture.

The communications between the client application
and the objects in a CORBA implementation is sup-
ported by the object request broker (ORB) bus. The
main function of the ORB is to provide transparency
over the infrastructure that provides communications
between the clients or users and the objects. The func-
tionality provided by ORB comprises:

� Object location. There is no need to know where an
object is located to invoke it.� Object implementation. There is no need to know
how the object is implemented, nor the operating
system or the hardware platform in which the object
is executed.� Object execution state. There is no need to know the
actual object state before using it.� Object communication mechanisms. There is no
need to know how the communication with the ob-
ject is implemented, shared memory, a LAN, an IP
WAN, etc.

The connection between the client and the ORB and
the object and the ORB is carried out by means of
a standard interface implemented using the Interface
Definition Language (IDL). Since the ORB manages

the location of objects and applications solving all the
issues related to the network layer, it is possible to move
an object or an application without introducing any
modification of the elements that interact with it. Hence,
CORBA is the first step to achieve mobility, ubiquity of
a server, or an object collection, thereby simplifying the
implementation of distributed processing and data gath-
ering systems.

CORBA standards define how objects are invoked
andhowclients send requests to servers.Due to theuseof
the IDL, it is possible to modify the actual implementa-
tion of a server without notifying any of its users of this
change. This is a great help in achieving modern archi-
tecture requirements, as was stated in previous sections.

The services provided by the ORB are directly
available at the network domain, where the objects and
clients are located by simply using the IDL interface.
The integration of two ORB buses of two different do-
mains requires the use of the Inter-ORB Protocol. For
the specific case of IP networks, the Internet Inter-ORB
Protocol (IIOP) is used.

The CORBA application programming interface
(API) has been updated with a quality of service (QoS)
parameters definition, so that it is possible to request
a quality service level to the ORB in the interaction
with any object. Since the specification is quite open,
the key issue is to design an ORB able to process QoS
requests and map them into the QoS architecture of the
underlying IP network. The use of static priorities to
map QoS requests and differentiate services with higher
priority is the simplest approach to achieve a level of
QoS bounded into the limits required by control sys-
tems. Nevertheless, to achieve a bounded delay, which
fulfils the requirements of the protection systems, will
require further research that follows out of the scope of
the present project but that will have to be implemented
in order to obtain a platform able to support both control
and protection in the substation environment.

The details of how an IP network provides
QoS are described in the telecommunications section
(Sect. 14.3.6). The key issue in this case is how to assign
the right QoS parameters to every user, since they are
not hosts or IEDs but objects and clients using objects.
In other words, when an application invokes a certain
remote object, this invocation and all the related infor-
mation must experience a determined QoS. The way to
achieve this dynamic QoS assignation is by using the
Lightweight Directory Access Protocol (LDAP). LDAP
is an Internet standard originally developed to simplify
the ITU-T X.500 directory service recommendation
that allows a tree-like directory to be implemented in
a distributed way amongst several servers located at dif-
ferent sites. By using LDAP, it is possible to define the
user profile of every service and even define the QoS
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required by a transaction like the use of certain object,
application, or server. Hence, by defining the service
directory, different QoS will be defined for every object
invocation in such a way that it is possible to adapt the
network performance to the requirements of a particular
object, even in the case when several objects with differ-
ent requirements have been installed in the same object
repository. The use of a communications protocol based
on TCP/IP extends the ORB object bus to remote plat-
forms in such a way that they can be controlled and
executed remotely without limitations.

The use of CORBA or any other middleware tech-
nology changes the concept of a control center as
a system confined into a building, as by using a middle-
ware the scope of the control center is only limited by
IP connectivity. These technologies represent the first
step towards virtualization.

Web Services
One of the latest advances in Internet applications stan-
dardization is the Web services architecture. Web ser-
vices are modular applications that can be described, lo-
cated, and invoked using standard Internet protocols and
XMLmessaging. The entire newarchitecture is a new in-
dustrial standard defined by theWeb ConsortiumW3C.

The use of the Web services allows a standard
and distributed application environment to be deployed
using common Internet technologies. This is the com-
ponent that was missing in a management system to be
able to integrate new and existing devices under a com-
mon management environment.

A Web service application is self-contained, self-
describing, modular, and can be published, located, or
invoked across the IP network that connects clients and
application repositories. This is achieved due to the
standardization of objects and services using standard
specification and description languages, UML and Web
Services Description Language (WSDL), and the provi-
sion of an application discovery service, the Universal
Description Discovery and Integration (UDDI) service
to implement directory-like application discovery agen-
cies and the use of the Simple Object Access Protocol
(SOAP) to access distributed objects.

Web services provide an advanced Web middle-
ware where services can be distributed, legacy data and
database information can be accessed using standard in-
terfaces, service provision is independent of network
topology and architecture, and the user interface is uni-
fied for all the applications. When using the proper im-
plementation architecture, scalability and fault tolerance
can be obtained, thus configuring the right approach to
support operational power system services.

The SOAP protocol specifies how two processes
running on different devices or containers interchange

structured information through an IP network. SOAP is
a message-oriented protocol; information is interchange
using messages coded in XML.

SOAP consists of three parts:

� The SOAP envelope construct is the root of the mes-
sage. It describes what is in a message, who should
process it, and whether it is optional or mandatory.
It contains the header and the body. The header is
optional, it can contain ancillary or complementary
information, as well as advanced control directives.
The body is mandatory and contains the XML mes-
sage.� The SOAP encoding rule defines a serialization
mechanism that should be used to exchange in-
stances of objects.� The SOAP RPC defines procedures to use remote
procedure calls (RPC) and their responses.

These parts are fully decoupled, which provides the fol-
lowing advantages:

� Extendibility� Protocol independence� Programming language independence.

Service-Oriented Architecture (SOA)
SOA is way of implementing distributed applications
based on distributed components that provide capabil-
ities and functionalities to others that use them. The
SOA principle is independent of the technology or
the product implementing it. SOA is not a program-
ming technology or a middleware, it is a paradigm or
a guideline to design a system from a set of distributed
applications able to provide services and collaborate
with each other to perform their task. SOA is based on
a central concept – the service. The service concept can
be defined as the performance of a function or work by
one entity for another. The service concept embraces
the following ideas:

� The capability to carry out work for another entity.� The specification of the work offered to another en-
tity.� The need for work to be carried out by another en-
tity.

SOA is a powerful framework that matches needs and
capabilities, including the combination of capabilities
to fulfil a complex need. It facilitates scalability and in-
teroperability.

A service is used or accessed by means of its service
interface. It defines how to access the functionalities
provided by the service. Invoking a service may pro-
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vide information as a response to a request or change
the internal status of the entity providing the service or
both things at the same time.

Visibility, interaction and effect or outcome are key
concepts describing SOA framework.

Visibility refers to the capacity for those that need
a service and those with capabilities to provide it to see
each other. Visibility requires awareness, willingness,
and reachability. In other words, the service requester
must be aware of service availability, the provider must
be willing to provide the service, and parties must have
connectivity to interchange messages.

To implement the visibility description of service
functionality, technical requirements, constraints, use
policies, and access and response mechanisms must be
provided. The service description must be implemented
with a self-description syntax and semantics language
such as XML, for instance.

Awareness of service offerings requires discovery
mechanisms. The service provider must be able to de-
scribe its service and its policies. Service awareness
requires that service description and policy be available
to potential consumers.

Willingness is the act of initiating and participating
in a service interaction.

Interaction is the actual use of a service. This is im-
plemented by exchanging messages. A prerequisite for
interaction is reachability.

Outcome is the result of using a service. The result
may imply a state change that may produce a returned
information to be sent to the service requester.

The information model is an important characteris-
tic of a service. It determines which information can
be exchanged when using the service. The informa-
tion model has a structure that defines data coding,
format, and structure data included in the model. An-
other important property of the information is the
semantics. A critical issue is the interpretation of
data, as it must be consistent between the partici-
pants in a service interaction. A formal description
terms and their relationships provides the basis for
the definition of semantics and ontology that in turn
facilitates the correct interpretation of information ex-
changed.

The behavioral model is the other aspect that has to
be known to successfully use a service. It defines the
sequence of actions and temporal aspects of interacting
with a service.

Nowadays SOA is implemented using Web ser-
vices, but in fact it is independent of technology and
implementation, so any other solution can be used in
the future. SOA can be seen as the evolution of object-
oriented technology. The trend is to evolve SOA to
a virtualization of services, as is explained in Sect. 14.6.

14.2.12 Design Principles

The way applications and their functions are distributed
will determine their performance and telecom require-
ments. Therefore, it is important to define design prin-
ciples that may optimize cost and performance of the
overall system. This section will focus on application
and control-center architecture, telecom network design
issues will be covered in the subsequent section.

Control-Center Architectural Objectives
The main architectural requirements are the following:

� Lower total cost of ownership (TCO). The deploy-
ment of a new control center is a big investment,
where the cost of the product is not the only aspect to
be considered.TCOincludes the following concepts:
– Project implementation costs
– Multivendor integration costs
– Model development and maintenance costs
– Graphical interface development and mainte-

nance costs
– Migration costs
– Training and skill requirements.� Improved business continuity. This includes mini-
mizing the impact of outages for any reason, includ-
ing cyber-attacks.� Improved user interface. This establishes a common,
role-based, and customizable task-oriented interface
independent of underlying applications, thus elimi-
natingmultiple application-specific user interfaces.� Improved standardization. Absolute compliance
with IEC standard series.� Interoperability. This includes the straightforward
integration of multivendor solutions.� Reuse of software components. This implies the abil-
ity to share components in multivendor solutions.

The control-center architecture can be evaluated ac-
cording to its architectural qualities, which describe the
degreeofachievementsof theabove-mentionedarchitec-
tural objectives. Although these qualities are difficult to
evaluate, it is important to consider them during specifi-
cation anddesignphases. Themost relevant qualities are:

� Scalability. This is the ability of a system to grow
several orders of magnitude in response to increased
work load or expansion of its functionality. Scala-
bility is a very important quality, since it will extend
the lifespan of the system as long as it can keep be-
ing upgraded. Scalability may involve adding more
servers, increasing bandwidth, etc. It is, therefore,
important to check the scalability of all technology,
as well as of the system architecture.
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� Flexibility. This is determined by the capacity of
a solution to adapt to business requirement changes.
Flexibility may impact the system performance.� Platform independence. This includes the following
aspects:
– Operating system independence
– Middleware independence
– Management system independence.� Maintainability. This determines the effort required
to identify and isolate problems, replace compo-
nents, and implement system modifications. It has
a direct influence on TCO.� Security. Protection against cyber-attacks is a capital
quality of a system. The system architecture must be
designed to minimize vulnerabilities. Security de-
sign principle should be aligned with the IEC 62351
series of standards, as is explained in Sect. 14.4.

� Availability. This is the percentage of the total up-
time during which the system is available to the
users performing according to its operational re-
quirements. Availability is related to the service not
only to hardware; consequently, software quality
has a relevant impact on system availability.� Business continuity. This is the ability to recover
from a system failure. It is closely related to avail-
ability. Business availability requirements together
with components’ failure rate determine the degree
of redundancy of the system and the algorithms that
should be implemented to use them efficiently.� Usability. This measures how well the human–
machine interface responds to business functions
and activities that should be carried out by the system
operators. A user-friendly interface and consistent
look and feel are common usability requirements.

14.3 Telecommunications Services

We have seen in previous paragraphs that different
operational applications require sharing information
to perform their tasks. Communications between dis-
tributed applications is supported by communications
services. A service represents a set of functions offered
to a user by a provider. The service is made available
through service access points (SAP). In fact, the quali-
ties and capabilities of a service are completely defined
by the interface of the SAP. Consequently, the provider
becomes an abstract entity, whose implementation is
hired from service users. For this reason, a service
provider may be composed of smaller entities that may
be using underlying services providers. This implemen-
tation concept is known as layering. A service can be
upgraded by using underlying services that are more
powerful. This process can be nested until the desired
service functionality is achieved. Services provided by
a SAP are invoked using service primitives. These prim-
itives, which are similar to programming sentences, are
issued by the user to ask the service to perform some
action. The result of the action is reported to the user.

Three different types of interactions can be distin-
guished:

1. CONFIRMED SERVICES. These involve a hand-
shake between the user requesting the service and
the remote user accepting the interaction. This type
of service provides sequence control, and it is
normally used for connection-oriented communica-
tions; it involves four primitives:� Service.REQUEST, invoked by the requesting

user

� Service.INDICATION, delivered to the remote
accepting user� Service.RESPONSE, an answer sent by the re-
mote accepting user� Service.CONFIRMATION, delivered to re-
questing user.

2. UNCONFIRMED SERVICES. This type of service
does not require a handshake. It does not provide
sequence control or information synchronization; it
is normally used for connectionless services. They
involve two primitives:� Service.REQUEST, invoked by the requesting

user� Service.INDICATION, delivered to the remote
accepting user.

3. PROVIDER-INITIATED SERVICE. This service is
generated by the service provider due to an internal
condition. It is used by the service provider to in-
form its users about changes in service conditions;
it involves a single primitive:� Service.INDICATION, sent to both users upon

an internal condition of the service.

From the above list we can identify two types of
services, connection-oriented services and connection-
less services. Connection-oriented services are imple-
mented through three phases:

� Connection establishment. During this phase, user
and service provider negotiate the service working
mode and requirements. If successful, a connection
is established.
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Fig. 14.13 Seven-layer model

� Data transfer. During this phase, data is transferred,
since the service is operative as agreed in previous
phase.� Connection release. The service is terminated and
users binding is released.

A connectionless service has one phase, data transfer.
Each time data is transferred, different options may be
requested to the service provider. There is no explicit
relationship between service users.

Service information interchange is implemented us-
ing protocols. A protocol defines a sequence of mes-
sages called protocol data units (PDU) and a finite
state machine that implement the way a service is used.
When an application wants to transfer some data to a re-
mote user, the service interface must be used. Data to
be transferred is called service data unit (SDU). The
service provider attaches protocol control information
(PCI) to form the PDU. PCI identifies the data and
their nature. When the service is implemented using
the layering concept, that is to say, using an underly-
ing service, the original PDU becomes the SDU of the
underlying service interface.

In order to clarify these abstract concepts, we can
establish the following association to clarify the above-
mentioned terms:

� SDU can be understood as user data.� The PCI concept can be associated with the protocol
header.� The PDU concept can be associated with a packet.

The open system interconnection (OSI) reference
model defines communications tasks in terms of seven
functional layers. Altogether, they implement the com-
munications service offered at the application SAP.

The seven functional layers perform the following
functions:

� Application layer. This provides the SAP to appli-
cations and implements information transfer using
the underlying services provided by the rest of the
functional layers.� Presentation layer. This adds structure to SDUs in
order to assure a common understanding of the in-
formation exchanged.� Session layer. This adds control mechanisms to in-
formation exchange.� Transport layer. This is responsible for the reliable
end-to-end data transfer across the network.� Network layer. This is responsible for the delivery
of data to the remote user regardless of the network
topology.� Data link layer. This is responsible for the transmis-
sion, framing, and error control over a single link.� Physical layer. This implements the physical inter-
face to the communications media.

As shown in Fig. 14.13, every functional layer imple-
ments its service using its own protocol. The trans-
mission of every functional layer PDU is implemented
using the services provided by the underlying layer.
For this reason, every layer establishes communications
with its peer to implement its service. This process is
repeated until the physical layer generates a physical
signal suitable for transmission through a communica-
tions medium.

It is important to note that each layer introduces its
own protocol header, which means a considerable over-
head. This effect must be considered when a critical
realtime service must be implemented. For this reason,
some realtime operational services use a simplified pro-
tocol stack to optimize response time and overhead. The
functional layers are divided into two blocks. The upper
three layers provide the information transfer service to
applications. The four lower layers provide end-to-end
data transfer service.
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Services provided by the application layer are struc-
tured into application service elements (ASE) that are
specialized in specific service formats like remote con-
nection, file transfer, etc. Every ASE has an association
control service element (ACSE) that implements the
task related to the relation establishment and releases
with the peer application layer. An association is a bind-
ing between two entities, the initiator and the responder.
The primary task of the ACSE is to bind to application
processes.

Every ASE uses the service provided by the pre-
sentation layer to implement its service. ASE PDUs are
abstract in nature, which means that every implemen-
tation is free to code them in their preferred format,
depending on the programming language and the op-
eration system. The presentation layer unifies these
formats, defining a concrete representation that results
in an unambiguous format that can be understood by
any receiver. The presentation layer uses the abstract
syntax notation one (ASN.1) (ISO/IEC 8825-1). ASN.1
uses the basic encoding rules (BER) to define how in-
formation has to be coded.

BER is based on the tag–length–value paradigm.
That is to say, every object is coded using this princi-
ple, so that three fields are generated for every object,
the tag that defines the type of data, the length of the
data, and the value. The tag is a code that identifies data
types such as boolean, integer, real, string, etc. ASN.1
is the common encoding method or presentation layer
used in operational applications, including control cen-
ters and IEC 61850.

The session layer controls and synchronizes data
transfer during the binding of the processes. Unlike the
transport layer that provides a reliable communications
circuit, the session layer supervises data stream trans-
mission and establishes and maintains the connection
with the peer session entity.

The application profile is usually embedded into
the application, whereas the transport profile can be
included in the operating system or become a spe-
cialized library. Telecommunications network design
is focused on the transport profile or T-profile. The
application profile must match application service re-
quirements. These requirements are mainly focused on
functionality but may also include quality of service
and performance issues. In fact, performance require-
ments are transferred to lower layers that are control
the working modes that can fulfil those requirements.
Telecom service provision is based on the T-profile.
From the point of view of telecommunications imple-
mentation, the SAP is provided by the transport layer.
The transport layer provides end-to-end transport ser-
vices. The most important task of the transport service
is to provide transparency over network topology and

the changing reliability conditions of the underlying in-
frastructure.

Two types of transport services can be distin-
guished, connection-oriented and connectionless. The
connection-oriented transport service provides a reli-
able end-to-end data transport. The service is imple-
mented in three phases: connection, data transfer, and
release. This service is normally implemented using
the TCP protocol. TCP provides data segments’ frag-
mentation and reassembly, end-to-end flow control, and
errored or lost-frame retransmission.

The connectionless service provides unreliable
transport. It only comprises the data transfer phase. The
connectionless service is normally implemented using
the USD Protocol.

The network layer service is responsible for data
transfer regardless of the network topology and trans-
mission media. Consequently, it provides transparency
over the topology of the network and transparency
over the transmission media of every traversed link. To
achieve this, the network layer must include the follow-
ing functions:

� Addressing. This is a uniform mechanism to iden-
tify nodes, and users must be provided. Addressing
should be independent of network topology and
from any media-specific addressing scheme.� Routing. The process of finding the shortest route
between origin and destination is the key rout-
ing functionality. To achieve this, connectivity and
topology discovery are required.� Quality of service. Different applications may have
different performance requirements. This informa-
tion must be considered when applications’ binding
is established. The network layer should provide
the functionality to guarantee performance require-
ments.

The link layer service is responsible for the reli-
able transmission of data over point-to-point links. To
achieve this, error detection or correction codes may be
added, and frame retransmission may be used, depend-
ing on the technology of the link. For multicast links,
a specific link layer address may be required, as in the
case of Ethernet. In those cases, a mapping between
network layer and link layer addresses must be pro-
vided. The physical layer service adapts the bits of the
messages to the physical interface generating the signal
required by the telecommunications media.

Due to the diversity of telecommunications media
and the different performance requirements of opera-
tional applications, it is important to define a detailed
profile. The profile defines the specific configuration of
every layer required to fulfil specific service require-
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ments and considers the capabilities of the underlying
layers. Further details on the working principles of the
T-profile layer are given in the following sections. Sec-
tion 14.3.5 is focused on depicting operational telecom
requirements and suitable technologies supporting op-
erational services, including how networks should be
designed to achieve those requirements.

14.3.1 Basic Concepts

As presented in the previous sections, power-system op-
eration requires the interaction of multiple applications
distributed through the system. The implementation of
a telecommunications network to support operational
services must consider quite a large number of aspects,
both internal to the network such as size and architecture
and others external due to the requirements and specific
working modes of the applications using its services.

The internal network factors to be considered are
geographical scope, infrastructure availability, site lo-
cations, etc. External requirements that impose design
constraints are normally associatedwith the criticality of
operational applications and the volume, type, and scope
of information exchange across the power system.

Figure 14.14 shows the interaction model between
application and telecommunications infrastructure. Ap-
plications have telecommunications service require-
ments that are expected to be offered at the service
access point (SAP). The telecom infrastructure has a set
of service capabilities that are a function of the technol-
ogy and implementation of the telecom infrastructure.
A match must achieved between requirements and ca-
pabilities. This agreement is expressed by means of
a so-called service-level agreement (SLA), as is ex-
plained later in this section.

When a match between requirements and capa-
bilities cannot be found, a redesign of the telecom

Application

Service
access
point

Dedicated telecom Service provided

Service
requirements

Service
capabilities

Service
level
agreement

Fig. 14.14 Application and telecom
interface

infrastructure is the only solution due to the criticality
of operational applications. Telecommunications ser-
vice can be implemented using a dedicated telecom
infrastructure or using a service provided by an exter-
nal telecom operator. The former provides an easier
match between requirements and capabilities, whereas
the latter does not allow specific service matching, as
it is normally based on services implemented using
a limited number of standard levels of quality and per-
formance. Communications service requirements are
related to the applications they serve (e.g., SCADA
or protection communications services). We will fo-
cus on operational application telecom requirements
that are defined considering application-specific work-
ing modes and the degree of criticality.

There are other applications related to maintenance
and support of the power system, such as voice and data
communications for field maintenance staff, which have
and indirect impact on the operation, so they should be
also treated as operational, even if their service perfor-
mance requirements are not so demanding.

The criticality of communications services in the
power-utility environment can be assessed through the
consequences of service loss and degradation. The
operation-support services are the most critical ones,
and so financial consequences of a loss of commu-
nications in utility business and market activities can
be much higher. Nonoperational communications are,
however, more tolerant of transient or programmed
service unavailability, allowing IT-type procedures for
service restoration and maintenance to be used.

Power-utility operational applications can be
grouped into different categories according to their
information exchange scope:

� Substation-to-substation applications. These appli-
cations comprise fast automation systems providing
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protection and control of power-system primary as-
sets and prompt detection and isolation of electrical
faults. The most critical requirement is latency, the
limits of which may range from 200 to 10ms.
These applications are also used in bulk generation
plants, energy farms, and energy-related process
sites. These applications have critical requirements
that constitute one of the main drivers for imple-
menting dedicated telecommunications infrastruc-
tures in electrical power utilities.� Field device-to-control center applications. These
applications present status and measurement data
from the grid or bulk generators to control cen-
ter applications. SCADA and wide area monitoring
systems are realtime mission-critical applications,
but their latency requirements are not as high as
those of protection applications, since their latency
requirements are in the range of 1–5 s.� Interplatform applications. These applications
comprise the synchronization or coordination of
databases in geographically remote platforms,
whether for redundant processing or to gather
information in a hierarchical architecture, such
as between regional and national levels, or in
a functionally distributed system implementing
monitoring and control platforms. They generally
require a sporadic transfer of much larger volumes
of data. The time constraints here are around
a few seconds. It should, however, be noted that
cybersecurity constraints in this case become more
severe, in particular when more than one company
and one dedicated network are concerned.� Office-to-field applications. These can be considered
as IT-to-OT applications. They cover the access re-
quirements from an engineering office located in the
corporate enterprise environment of the power utility
to devices, data, or staff located onfield sites.Remote
configuration, maintenance, and parameter settings
of intelligent devices in the substation, aswell asfield
worker mobile data access to support platforms are
among these types of applications. Cybersecurity of
remote access is of major concern here.

One of the most relevant characteristics of operational
applications are their sensitivity to time delays. Deter-
ministic and controlled time behavior is one the major
requirements that drives utilities to deploy and main-
tain dedicated telecommunications networks. In these
networks, the time performance, as well as availability
and fault tolerance, can be adapted to the requirements
of each application through the appropriate choice of
technologies and proper topological structuring. On the
other hand, when public telecom services are used,
bounded latency is rarely part of the service-level agree-

ment (SLA) of the service provider. Generally, the
service provider cannot commit contractually to any-
thing better than an average communications delay and
is, therefore, to be excluded when time-sensitive ap-
plications are to be carried, as this kind of service
performance cannot guarantee a bounded delay.

14.3.2 Service Classes and Applications

The concept of service classes was introduced to al-
low quality of service (QoS) requirements to be broadly
determined for each application type. This reduces the
number of different service types as one class can be
used by several applications. From the generic point of
view, service classes can be associated with two generic
groups: nonelastic and elastic. The nonelastic service
class is used to support those applications that are not
tolerant to uncontrolled delays and/or losses. Elastic ap-
plications are those that can control the traffic flow that
they are offering to the network and can, therefore, tol-
erate some changes in delay and throughput.

In order to better understand application require-
ments, they can be classified as elastic and nonelastic
according to their tolerance to delay variation and
packet losses. This classification is rather generic, as
several different subcategories can also be identified.
However, it is very important to understand applica-
tion behavior and requirements in order to identify the
proper service model, as this will determine the proto-
col stack to be used and will also influence the choice
of technology.

Nonelastic Applications
Nonelastic applications are an important class of real-
time applications they are also called playback applica-
tions, such as voice, video, or circuit emulation services
over packet networks, as well as the delivery of IEC
61850 sample value messages. These applications must
deliver information at a constant rate, so they should be
able to cope with delay variations introduced by packet
networks and reduce or compensate them.

These kind of applications handle information that
is changing continuously. The source processes and
packetizes the information and sends the packets to
the network, normally at a constant rate, generating
a continuous flow of packets. Packet networks, whether
Ethernet or IP, introduce a variable delay, so packets are
delivered to the destination with a continuously chang-
ing latency. The receiver must deliver the information
at the same bit rate as it was generated, so it must
include some mechanism to compensate the delay vari-
ation introduced by the network. This is implemented
by buffering the incoming packets and delivering the
packets with a fixed offset delay, which corresponds to
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the average delay, whereas the size of the buffer is re-
lated to the maximum delay variation introduced by the
network. The total offset delay of the service is related
to the buffer size and, therefore, this is a key require-
ment to be considered when designing a network, as
this kind of application requires a service with reduced
delay variation.

Some applications like video playback are not af-
fected by offset delay, others like video of voice confer-
encing can accept some average delay variation due to
network overload, as they can measure the actual delay
and dynamically modify their behavior. Nevertheless,
other applications like sample value messages offset de-
lay directly, which affects their functionality, as some
protection application are not able to measure delay
and, in any case, this delay will be added to the trip-
ping time. Network design must consider performance
requirements and delay variation tolerance of the appli-
cation using telecom services. This is a very limiting
requirement that may affect the choice of network ar-
chitecture and the technologies used to implement it.
The implementation of a service providing guaranteed
upper bound delay implies having a quite deterministic
one that requires the use of network technologies able to
reserve bandwidth and with the proper queue schedul-
ing procedures.

Elastic Applications
While nonelastic realtime applications do not wait for
late packets to arrive, elastic applications have a greater
tolerance, which is a function of the transport protocol
and the application itself. The fact that elastic appli-
cations can wait for a packet to arrive does not mean
that the application’s performance will not be affected.
There is a direct relation between service latency and
application performance but unlike nonelastic applica-
tions, a packet arriving too late is not a lost packet.

Elastic applications process packets as they arrive.
The application will wait for received packets rather
than continue execution without the information. IT
applications such as Web browsing, file transfer, etc.,
do not require service characterization but protection-
related application, i.e., different types of teleprotection
schemes require a guaranteed bounded delay. Packets
arriving later than this bound will be considered lost
and thus also the associated command. The telepro-
tection service is an example of an elastic service
with some constraints similar to nonelastic applications.
That is to say, delay variation does not affect applica-
tion performance if it is lower than the upper bound.
A delay higher than the bound implies a loss of in-
formation. Other elastic applications does not have this
constraint but, in fact, there is always a limit on the ac-
cepted packet delay. For IT applications, if the delay

is higher that session or application timeout, the appli-
cation will consider that communication to have been
lost. Upper bound delay requirements vary from very
demanding ones, such as teleprotection that requires
a few ms, or SCADA applications that require a few
seconds to the less demanding requirements of IT ap-
plications. An appropriate service model for interactive
burst elastic applications requires throughput commit-
ment provision, whereas other service, like file transfer,
can be supported by a best-effort service.

Now that we have discussed the generic application
requirement types, we will analyze specific commu-
nications service requirements for every operational
application.

IEC 61850 Service Classes
As we saw in the previous section, IEC 61850 func-
tionality is implemented using different services with
different performance requirements, the most critical
being time transfer or latency and availability. The stan-
dard distinguishes three types of performance classes
that apply to sample values, control and protection sig-
nals, and time synchronization. The service used by
sampled values should introduce a delay so small that
it does not influence the operation time.

Table 14.1 shows IEC 61850 transfer-time classes.
A communications network must be designed to guar-
antee the required performance for every application
type.

Time synchronization is an important service to ob-
tain a correct sequence of events and be able to process
sample values of different sources in a coherent way.
Table 14.2 shows IEC 61850 time-synchronization ser-
vice classes.

The time class determines the synchronization pro-
tocol to be used. For instance, to achieve T1 require-
ments, SNTP can be used, whereas for T4, the Precision
Time Protocol IEEE 1588V2 must be used.

Teleprotection Signaling
Protection application services require the most de-
manding performance of telecom services. Their key
function is to improve the performance of protection

Table 14.1 Transfer-time requirements

Transfer-
time class

Transfer time
(ms)

Application examples:
Transfer of

TTO > 1000 Files, events, log contents
TT1 1000 Events, alarms
TT2 500 Operator commands
TT3 100 Slow automatic interactions
TT4 20 Fast automatic interactions
TT5 10 Releases, status changes
TT6 3 Trips, blockings

Transfer-
time class

Transfer time
(ms)

Application examples:
Transfer of

TTO > 1000 Files, events, log contents
TT1 1000 Events, alarms
TT2 500 Operator commands
TT3 100 Slow automatic interactions
TT4 20 Fast automatic interactions
TT5 10 Releases, status changes
TT6 3 Trips, blockings
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Table 14.2 Time synchronization classes

Time-synchro-
nization class

Accuracy (�s)
synchronization error

Application

TL > 10 000 Low time synchronization accuracy – miscellaneous
TO 10 000 Time tagging of events with an accuracy of 10ms
T1 1000 Time tagging of events with an accuracy of 1ms
T2 100 Time tagging of zero crossings and of data for the distributed synchrocheck. Time tags

to support point on wave switching
T3 25 Miscellaneous
T4 4 Time tagging of samples and synchronized sampling
T5 1 High-precision time tagging of samples and highly synchronized sampling

Time-synchro-
nization class

Accuracy (�s)
synchronization error

Application

TL > 10 000 Low time synchronization accuracy – miscellaneous
TO 10 000 Time tagging of events with an accuracy of 10ms
T1 1000 Time tagging of events with an accuracy of 1ms
T2 100 Time tagging of zero crossings and of data for the distributed synchrocheck. Time tags

to support point on wave switching
T3 25 Miscellaneous
T4 4 Time tagging of samples and synchronized sampling
T5 1 High-precision time tagging of samples and highly synchronized sampling

devices by sending information of the remote end of
the power line. The term teleprotection refers to the
communications interface of the protection system.
Teleprotection signaling transforms the state informa-
tion transmitted by the protection relay into a signal
suitable for transmission over a telecommunications
channel and restitution to the remote protection relay
or remote circuit breaker in a secure and prompt man-
ner. It may be integrated into the protective device,
into the telecommunications access equipment, or more
generally, it may constitute a stand-alone device. This
often supplements locally available data, confirming
that a fault detected by at least one end, is, in fact,
internal to the line, such that otherwise time-delayed
operations may be accelerated.

In accordance with previously defined protection
performance parameters, the operational performance
of a teleprotection signaling system can be defined
through the following parameters:

� Security is the ability to prevent communications
service anomalies from issuing a command at the
remote end when no command has been sent. Secu-
rity is expressed as the probability Puc of unwanted
commands. Security is related to the communica-
tions service integrity (error performance) and the
teleprotection signaling system’s error detection ca-
pability.� Transmission time is the maximum time (Tac) for
the delivery of the command at the remote end, after
which it is considered as having failed to be deliv-
ered. This is a constraint to the time performance
of the communications service, not only in terms of
nominal value but also as a guaranteed limit.� Dependability is the ability to deliver all issued
commands at all times. It is expressed as the proba-
bility Pmc ofmissing commands. This sets a very se-
vere constraint on the availability and error perfor-
mance of the communications service, challenging
such telecom service concepts as errored seconds
and degraded minutes being counted in the avail-
able time of a communications service.

In this context, security is not related to cyberse-
curity, as is explained by its definition. Cybersecurity
attacks may impair any of the three parameters that de-
termine teleprotection performance. The term command
refers to a tripping or blocking order that is a binary
signal. Teleprotection services can be used to transmit
state information or analogue information. Teleprotec-
tion services can be understood as specialized telecom-
munications services used by some protection schemes,
as is described in the following paragraphs.

State Comparison Protection Schemes
State comparison protection schemes use communica-
tion channels to share logical status information be-
tween protective relay schemes located at each end of
a transmission line. This shared information permits
high-speed tripping for faults occurring on 100% of the
protected line. The logical status information shared be-
tween the relay terminals typically relates to the direc-
tion of the fault, so the information content is very basic
and, generally, translates into a command requiring very
little communication bandwidth. Additional informa-
tion such as transfer tripping of a remote breaker to
isolate a failed breaker and block recloser function may
also be sent to provide additional control. The command
transmission time is of great importance because the
purpose of using communications is to improve the trip-
ping speed of the scheme. Transmission-time variation
is tolerated when it is below the maximum transmis-
sion time. Commands received later than the maximum
transmission time are considered lost.

Communication-channel security is essential to
avoid false signals that could cause incorrect tripping,
and communication-channel dependability is important
to ensure that the proper signals are communicated dur-
ing power system faults, the most critical time during
which the protection schemes must perform their tasks
flawlessly.

Communications for state-comparison protection
schemes must, therefore, be designed to provide safe,
reliable, secure, and fast information transfer from one
relay scheme to another. The communications scheme



Section
14.3

1056 14 Information Systems and Telecommunications

must – for the vast majority of protection schemes –
also be able to transmit information in both directions
at the same time. The amount of information required
to transfer between relay schemes depends on the relay
scheme logic.

The terminology used to describe these state com-
parison protection schemes is presented below:

� Directional comparison blocking schemes (also
called blocking overreach, BO)� Directional comparison unblocking schemes
(DCUB)� Permissive overreaching transfer trip schemes
(POTT)� Permissive under-reaching transfer trip schemes
(PUTT)� Direct transfer tripping (DTT).

Current Differential Protection Schemes
Current differential protection, extensively used on
high-voltage transmission lines, compares the ampli-
tude and phase of the local terminal currents with the
amplitude and phase of the currents received from the
remote terminal through a communications channel.
The currents at each line terminal are sampled, quanti-
fied, and transmitted to the remote end of the protected
line for comparison. Current samples collected from
a remote point must be compared with those measured
locally at the same instant of time. An error in the de-
lay compensation mechanism results in a differential
current measurement error that increases the risk of un-
wanted tripping.

Delay compensation in differential protection relies
on the existence of a common time reference. Origi-
nally, and still in the great majority of installed and
operational devices, this is achieved using a ping-pong
technique to evaluate the round-trip transfer time and
performance delay compensation assuming equal send
and receive path delays. This creates a great sensitivity
of the system to latency asymmetry and variability and,
therefore, and has become a very important communi-
cations requirement.

Modern protection systems can receive an external
time reference such as a GPS clock to provide global
time-stamping of samples, enabling them to tolerate

Table 14.3 Summary of line protection schemes and their communications requirements

Protection scheme Main communications attributes
Directional comparison blocking (blocking overreach) BO High dependability (on healthy lines), very low transfer time
Permissive overreaching transfer trip POTT High dependability, controlled time
Directional comparison unblocking DCUB (Special case of POTT)
Permissive underreaching transfer trip PUTT High dependability, controlled time
Direct transfer tripping DTT Very high security, high dependability, controlled time
Current differential protection CDP Time synchronization of samples, bandwidth for transport of samples

Protection scheme Main communications attributes
Directional comparison blocking (blocking overreach) BO High dependability (on healthy lines), very low transfer time
Permissive overreaching transfer trip POTT High dependability, controlled time
Directional comparison unblocking DCUB (Special case of POTT)
Permissive underreaching transfer trip PUTT High dependability, controlled time
Direct transfer tripping DTT Very high security, high dependability, controlled time
Current differential protection CDP Time synchronization of samples, bandwidth for transport of samples

switched networks. Once the system is synchronized,
a loss of GPS signal can be tolerated on a switched
communications network using various techniques pro-
vided that the communications path does not change too
often. There is, however, some reticence to render the
protection system dependent upon an externally pro-
vided synchronization service such as a GPS satellite.

New-generation current differential relays using
the IEC 61850 network interface and Precision Time
Protocol (IEEE 1588v2) are expected to receive self-
provisioned time coherence through the network, which
will perform the necessary ping-pong action from
switch to switch to determine the travel time from relay
to relay. It is expected that precision time distribution
will itself become a critical substation-to-substation
service in future utility telecommunications networks.

Due to latency variation and symmetry require-
ments of existing relays, fixed path and nonqueued
communications are used. Direct fiber and multiplexed
communications are frequently employed. Packet-
switched Ethernet communications with deterministic
routing and time delay are presently being tested. It
must be emphasized that the availability of current dif-
ferential relays depends upon the availability of the
communications channel. Consequently, it is required
to have the capability of quickly detecting any loss of
communications or inadequate quality of a channel in
order to disable the differential scheme and employ
another means of protection, such as distance and over-
current backup. Path delay increases tripping time. For
very high voltage levels, the overall communication-
path delay should be lower than 6ms. Table 14.3
summarizes the teleprotections service requirements.

System Protection Schemes
As described in the previous section, system protection
schemes (SPS) involve a number of wide area pro-
tection schemes, the function of which is to maintain
power-system stability. SPS requires telecommunica-
tions services to carry out their tasks. SPS perform its
functions by comparing data acquired across the con-
trolled system. Telecom service requirements involves
a high-resolution capture and tight time imperatives
which imply high bandwidth and low latency determin-
istic communications requirements. The completeness
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Table 14.4 Telecom requirements of system protection schemes

Factor Reporting rate
range

End-to-end
latency

Measurement
timing error
(�s)

Sensitivity to
message transfer
delay variations

Sensitivity to
lost packets

Currently covered in
61850

Sync-check � 4 1=s 100ms 50 Medium High SV service
Adaptive relaying � 10 1=s 50ms 50 Low Medium SV service
Out-of-step protection � 10 1=s 50–500ms 50 Medium Medium SV service
Situational awareness 1–50 1=s 5 s 50 Low to medium Low to medium Periodic reporting,

SV service
State-estimation and
security assessment

1=300–10 1=s 5 s 50 Low Medium Periodic reporting,
SV service

Data archiving Any N/A 50 Low Medium All as needed
Wide area control � 10 1=s 50–500ms 50 Medium High SV service

Factor Reporting rate
range

End-to-end
latency

Measurement
timing error
(�s)

Sensitivity to
message transfer
delay variations

Sensitivity to
lost packets

Currently covered in
61850

Sync-check � 4 1=s 100ms 50 Medium High SV service
Adaptive relaying � 10 1=s 50ms 50 Low Medium SV service
Out-of-step protection � 10 1=s 50–500ms 50 Medium Medium SV service
Situational awareness 1–50 1=s 5 s 50 Low to medium Low to medium Periodic reporting,

SV service
State-estimation and
security assessment

1=300–10 1=s 5 s 50 Low Medium Periodic reporting,
SV service

Data archiving Any N/A 50 Low Medium All as needed
Wide area control � 10 1=s 50–500ms 50 Medium High SV service

of data sets is to be assured through the reliability and
integrity of the communications system. This cannot
be fulfilled by an acknowledged exchange and retrans-
mission upon error detection due to time imperatives
of the closed-loop system. IEC 61850-90-5 describes
the communications requirements for many protection
schemes based on synchrophasors. Table 14.4 summa-
rizes these requirements.

14.3.3 Service Attributes

The performance of a telecommunication depends on
a set of attributes that have a direct impact on its
capability to fulfil operational services performance re-
quirements. These attributes cover three main aspects:
connectivity, capacity, and timing.

Connectivity
Every operational site needs to have access to telecom
services. Substation and power plants can be connected
to telecom facilities using optical fibers over power
lines or power line carriers for some applications that
can work over narrow band channels. Utility offices that
are located in urban sites cannot be accessed using the
dedicated telecom network. Connection to a utility site
can be achieved using microwave links, which is not
always feasible. The most common solution is to use
telecom services offered by a public telecom operator.

The topology of the network infrastructure also has
direct influence on the performance and fault toler-
ance that can be expected from the communications
service. The number of switching nodes to be crossed
determines the dependability of the connection; con-
sequently, direct links based on dedicated fibers are
preferred for critical applications such as teleprotec-
tion or other protection applications. Mission-critical
applications require fault-tolerant telecommunications
infrastructure. To achieve this, two physically inde-
pendent routes between ingress and egress points are
required. This imposes some constraints on the network

topology design, as will be explained later in this sec-
tion.

Throughput (Capacity)
The term throughput refers to the service or channel ca-
pacity, that is to say, the amount of information, bits,
or packets per second that can be transferred using this
channel or service. This is a major criterion for select-
ing a telecom solution. Throughput is, indeed, related
to an overall communications system capacity, which
itself is related to the allocated bandwidth across the
telecom media. However, throughput is not directly re-
lated to the channel bit rate, since there are other factors,
such as protocol overhead, information coding, among
others, that may reduce the effective transfer capacity of
a communications interface. Service throughput is also
related to other factors, such as application traffic pro-
files, transport protocols, and network dynamics, as will
be explained in subsequent sections.

Latency (Delay)
Latency is the absolute delay introduced by the com-
munications network into an application. Time latency
is an important constraint for applications requiring
a boundeddelay. Time latency alsomatters where a bidi-
rectional exchange is to be established with limited re-
sponsewaiting time. Service latency is a critical require-
ment of protection applications. Transfer time across
the communications infrastructure or latency is added
to the fault clearing time, so it is important that latency
be bounded to a quite low limit. From 8 to 10ms is the
maximum allowed latency for protection applications,
be they analogue or state comparison schemes.Although
SCADA is a realtime application, its latency require-
ments are less strict, as delay in the range of seconds
can be tolerated. On the other hand, voice communica-
tions can be seriously degraded by latency higher than
150ms.Absolute time-latency problemsmay be avoided
through appropriate topology design and proper selec-
tion of technologies, minimizing the number of nodes
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crossed to reduce the delay introduced by store-and-for-
ward and traffic queues. It is important to consider that
bounded delay is not an average value but a maximum
absolute one that has to be guaranteed in all cases.

Delay Variation
Delay variation is produced by a lack of determinism in
the telecommunications service. That is to say, the in-
formation is delivered to the remote end with a latency
that changes continuously. This effect can be produced
by the queues of a packet network and by a change of
propagation delay. The amount of variation depends on
the number of nodes crossed and the presence of in-
terfering traffic that shares some communications links,
thus increasing the traffic load in some parts of the path.
Time predictability is achieved by imposing constrained
routing (e.g., maximum number of hops, predetermined
backup route, etc.) and adding a jitter buffer to absorb
delay variation at the expense of adding an extra abso-
lute delay. This mechanism is normally used to emulate
a constant bit-rate connection over a packet network.

Time-division multiplexing (TDM) networks are
deterministic. Delays tend to be constant and depend
on the propagation delay of the signal and the number
of hops. Delay variation in TDM systems can only oc-
cur after a route change following an automatic restora-
tion. Transmission-delay variation can affect the perfor-
mance of current differential relays. An excess of varia-
tion may block or even produce a false trip. Teleprotec-
tion services can accept delay variation if the total delay
does not exceed the maximum transmission time.

Delay Asymmetry (Path Asymmetry)
Delay asymmetry may be caused by two factors, path
symmetry and different traffic load in the go-and-return
path. The former is the most relevant factor, which may
appear both in TDM and packet networks. Services sup-
porting applications sensitive to delay asymmetry need
to be configured with routing or connection establish-
ment algorithms that guarantee path symmetry.

Service Recovery Time
Mission-critical operational applications require a fault-
tolerant service provision, which implies that in the
event of a service outage, it can be restored in a very
short time. In fact, most operational applications require
a bounded restoration time, and for some critical ser-
vices hitless, even switching is required, which implies
no loss of service during the switchover from the faulty
channel to the backup one.

Restoration time depends upon the communica-
tions technologies and network topology employed.
Different methods can be used to implement service

restoration. The selection of any of the above methods
depends on the criticality of the service:

� End-to-end alternate route switch-over for each crit-
ical service is very fast but not scalable.� Ring protection across an SDH network can restore
a connection in less than 50ms.� Ethernet Rapid Spanning Tree Protocol (RSTP) has
a convergence time that depends upon the complex-
ity of the network and can range from few to some
hundred ms.� Routing in an IP network is based on different
algorithms that re-establish the routing table in
each node after any network configuration or sta-
tus change. Typically, RIP-based routing requires
less than 1 min to restore communications, while
an OSPF-based system can restore communications
in 5–10 s.� Transport profile multiprotocol label switching
(MPLS-TP) enables the network to restore services
using pre-established alternate paths for each data
tunnel and can, in this way, provide restoration
times similar to SDH.

Service Integrity and Data Loss
Service integrity is the aptitude of the communications
network to deliver the transmitted information without
degradation, without loss, and without on-purpose alter-
ation. The present section deals with degradation and
loss of information due to channel impairments, on-
purpose alteration being covered in the cybersecurity
section (Sect. 14.4).

Service integrity depends on the performance of ev-
ery one of the lower layers. Consequently, it depends on
the channel integrity as well as the network and trans-
port layers, which may produce loss of packets. We will
focus our analysis on aspects that may impair opera-
tional service performance.

Focusing in the transmission aspects, data-channel
integrity is characterized by its error performance. This
is the capability of the network to deliver error-free data
between network user interfaces. Error performance
depends upon the error-generating behavior of the net-
work, generally characterized by an average bit error
rate (BER) measured over a 24 h time period, excluding
1 s intervals where the BER is worse than 10�3.

Long-term average BER, however, does not con-
tain any information regarding the distribution of errors
in time and is, hence, meaningful only if we assume
a fully random distribution of errors, which is nor-
mally far from being the case. It is, therefore, useful
to specify different thresholds of error behavior (e.g.,
BER) measured over shorter time intervals and then to
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characterize the communications channel through the
statistical distribution of these error behaviors.

Three parameters are defined by ITU-T G.821 to de-
scribe the error performance of a 64 kb=s connection:

1. Errored second (ES) is a 1-s period that contains
one or more errors. For data services, the informa-
tion is commonly transmitted in blocks containing
error detection mechanisms. Blocks received with
one or more transmission errors are subject to re-
transmission. In order to have a high throughput,
it is necessary to minimize the number of errored
blocks. The 1-s period was historically adopted as
a compromise value for data block size.

2. Severely errored second (SES) is a 1-s period where
the short-term bit error rate evaluated over 1 s ex-
ceeds 10�3. An SES can lead to a loss of synchro-
nization, and it is considered that the connection is
unusable during the time interval.

3. Degraded minute (DM) is a 1min period where the
short-term error ratio exceeds 10�6. The degraded
minute was devised principally for digital telephony
for which the mentioned error rate is the subjec-
tively perceived boundary of virtually unimpaired
transmission.

These parameters are to be derived from averaged
data over at least a 1-month period. However, in prac-
tice, channels are tested for 4 h to assess ITU-T G.821
compliance.

The network and transport layers work in packet
mode. Packets may be lost at the network layer for sev-
eral reasons:

� Packets are discarded due to transmission errors de-
tected by the link layer error-detection mechanism.� Packets are discarded by the network protocol due
to undetected errors that corrupt the network proto-
col format.� Packets are lost due to queue overload because of
network congestion.

The packet-loss rate is the addition of these three
effects. Errors are not recovered by the network layer.

The transport layer recover errors by packet re-
transmission when the TCP transport protocol is used.
The Fletcher checksum added to the TCP informa-
tion segment allows undetected network layer errors
to be detected and corrected using retransmission pro-
cedure. UDP connectionless transport protocol does
not provide a correction mechanism, so the applica-
tion should take care of error detection and correction
when required. A marginal amount of transmission er-

Table 14.5 Availability objectives

Availability
objective

Service down-
time in min=y
(h=y)

Example of service

99.999% 5.25 (� 5=57) Protection communications
99.99% 52.5 (� 5=5:7) SCADA, operational voice
99.9% 525 (� 5=0:57) Data service

Availability
objective

Service down-
time in min=y
(h=y)

Example of service

99.999% 5.25 (� 5=57) Protection communications
99.99% 52.5 (� 5=5:7) SCADA, operational voice
99.9% 525 (� 5=0:57) Data service

rors, called residual errors, are undetected by the error
detection mechanism and handed over to the user. Oper-
ational applications may have a specified objective for
the residual error probability; 10�12 is the most com-
mon figure whatever be the channel bit error rate for
control commands. Furthermore, an information packet
that arrives with a delay outside the application time
constraints is considered as lost information.

Availability and Dependability
Availability is a service-related statistical parameter
that can be defined as the probability of proper opera-
tion of the network for a given information exchange.
It is normally quoted as a percentage of up time of
the service, or the percentage of time that the network
can effectively forward traffic (e.g., 99.999%). It can
be estimated theoretically and measured practically on
a network-wide or per-circuit basis.

Service availability can be expressed as

AService D
1�

�

Mean:Time:To:Restore:Service

Mean:Time:Between:ServiceOutages

�

:

Some currently used values are given in Table 14.5.
However, this statistical parameter, widely used in

public telecommunications, in computer systems and
networks, and in defining SLAs, must be used with pre-
caution when applied to operation-critical services with
an extremely low service-to-idle time ratio.

As an example, consider a managed service with
an apparently high contractual availability of 99.999%.
This gives an unavailability figure of 10�5 and an un-
available time of 311 s=y.

A protection relay system sending 50 trip com-
mands in 1 year can be unavailable during 6 s each
time a trip must be transmitted and still respect
99.999% availability!

For low-duty cycle operation-critical services, it is
more appropriate to use service dependability defined
as the conditional probability of a service being avail-
able when it is solicited. It is important to consider the
correlation between power faults and service availabil-
ity. In fact, there is a correlation between them due to
the fact that a power-system fault is a situation that ini-
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tiates an extensive exchange of information, but it also
induces impairments in the operation of the communi-
cations system.

Electromagnetic and Environmental
Constraints

Most access points are located at high voltage sites,
so communications equipment should work under
harsh electromagnetic conditions. Consequently, wired-
access interface must be adequately protected to avoid
disturbances that may produce errors, loss of infor-
mation, or even interface damage that will downgrade
service availability. It should be noted that adopting ser-
vices provided by a public telecom operator does not
remove the need for taking these measures, since access
equipment must be installed at utility sites.

Service Survivability
Survivability is defined as the ability of the communica-
tions service to continue during and after a disturbance
(network infrastructure fault). Many operation-critical
communications services do not tolerate service in-
terruption and downtime. In addition to the statistical
concept of availability, it is essential to assure that,
as a minimum, no single fault in the reliability chain
will jeopardize the application. The concept of service
survivability perceived at the user end translates into re-
silience in the telecom service provider’s infrastructure.
Resilience is the ability to provide and maintain an ac-
ceptable level of service in the presence of faults.

This is achieved through a multilevel resilience
model comprised of the following:

� Fault tolerant network elements with duplicated
core components and duplication of access equip-
ment at critical sites� Survivable topology (e.g., ring and mesh structures
allowing alternate routing)� Disruption-tolerant end-to-end transport through
protection switching and service restoration mech-
anisms like SDH MSP ring protection, Ethernet
Spanning Tree Protocol (RSTP), MPLS alternate
paths, IP routing mechanisms (e.g. OSPF), etc.� Fault-tolerant and adaptive applications and over-
lays� Adapted management strategy and system super-
vision through appropriate fault management tools
dedicated to the operational services.

Some points need to be kept in mind concerning ser-
vice survivability and the design of resilience:

� Service restoration time. Different levels of network
resilience operate at different time scales that may

or may not be compatible with different applica-
tions’ maximum acceptable outage duration.� Routing control. Designing resilience into the net-
work generally signifies injecting a degree of un-
certainty into the routing of information and the
resources that are used for delivering the service.
This in turn, impacts the absolute time latency of the
network and generates delay variation. In the most
time-sensitive applications, resilience is restricted
to the application itself (main/backup end-to-end
routes). The two communication channels for these
applications must be disjoint, that is to say, they
should not have any common path, common node
or common equipment, in order to avoid a sin-
gle failure disrupts the application. To achieve this,
a controlled routing algorithm is required.� Underlying infrastructure. Where the telecom ser-
vice provider network employs a contracted lower
layer infrastructure, it becomes difficult or impos-
sible to guarantee the independence of main and
backup routes. Tracking the full routing of connec-
tions can become extremely difficult.� Coordination of resilience. Applying different lay-
ers of resilience in the network to the same ser-
vice without adequate coordination may cause
unnecessary cost and complexity. As an exam-
ple, main/backup end-to-end application-level fault-
tolerance, spanning tree protection on the Ethernet
connectivity, and ring protection in the underlying
SDH network may all operate on the same network
fault with different time scales to switch the traffic
from the same topological path to another unique
topological path.� Dormant faults. An important issue in assuring ser-
vice survivability is the capability to detect latent
faults in the backup routes. A classical strategy
adopted in power system telecommunications net-
works, is the crossover of main and backup routes
for different applications. This approach uses each
of the two paths and its associated resources for one
main and one backup route, and, therefore, continu-
ously checks each path to detect any anomalies.

14.3.4 Service Provisioning
and Service Level Agreement

It is important that operational services used by
time-sensitive applications be contractually committed
through a service-level agreement (SLA) to assure that
every aspect of the service will comply with criti-
cal operational requirements, such as time constraints
and dependability. Whether the service be provided by
a public operator or internally provided using power-
utility telecommunications infrastructure, the SLA is
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useful to formally specify requirements and assess ca-
pabilities of the service to be provided.

The electrical power utility’s decision on the way
a communications service is implemented depends
upon several factors, the most important of which are
listed here:

� Service quality and reliability requirements� Service accessibility at sites where communication
is required� Cost of deployment and maintenance of the service
during the required operation period� Commercial availability (or nonavailability) and
cost� Number and dispersion of sites to cover and their
communications traffic� Company policy and regulatory issues concerning
capital and operation expenditure (CAPEX/OPEX)� Disaster recovery/business continuity and security
constraints� Company policy and regulatory position on recov-
ering investments through nonoperational telecom
services (e.g., recovering the cost of optical infra-
structure through leasing of dark fibers)� Organizational issues including in-house availabil-
ity of skilled staff.

Service provisioning can be performed through a pub-
lic multicustomer operator, in which case the power
utility effort is mainly focused on adequately defining
the service, contracting the provider’s agreement on the
quality of the delivered service, and assuring that the
provider delivers the contracted service level.

The power utility can also decide that the most
adequatemanner to provision the service is to use a ded-
icated telecom infrastructure through its own service
delivery process and organization, in which case the
network is generally shared with other utility commu-
nications services in order to optimize the investment.

Different intermediate solutions may exist between
the purely procured and fully in-house service provi-
sion using different extents of outsourced operations,
field intervention,or maintenance support. Moreover,
services of different kinds or in different parts of the
network may be provisioned through different modes.

The performance objectives and the quality of ser-
vice are also different among these different service
types. Many operational services, such as protection
relay applications, have extremely severe time de-
lay and communication-integrity constraints, whereas
the other communications service types are mainly
transactional with less severe time sensitivity. On the
other hand, business and market communications ser-
vices implicate access beyond the perimeter of the

power company and may raise more severe security is-
sues.

Considering the organizational diversity of electri-
cal power utilities and their different sizes, activities,
and regulatory constraints, the exact perimeters can
vary to some extent and may evolve with organizational
changes. Some of the factors that influence service pro-
visioning are:

� Security policy. The definition of separate security
domains across the company and the consequent al-
location of applications to these different security
domains can result in communications infrastruc-
ture segmentation.� Organization. The organizational entity in charge of
a group of applications may require exclusive usage
of a service or a same group of communications ser-
vices.� Company strategy. Grouping of communications
services may depend upon the company’s strategy,
for example to merge corporate and operation-
related IT and telecoms, or to merge corporate and
market related applications’ communications provi-
sion, etc.� Regulatory issues. Regulation authorities may pre-
vent operational applications to share communica-
tions services with nonoperational ones.

When the telecom service-providing entity is tightly re-
lated to the service user entities, there is a one-to-one
correspondence between applications and communi-
cations services resulting in an application-oriented
definition of the communications service (e.g., SCADA
or protection circuits). The communications service
provider is assumed to be sufficiently familiar with the
applications to apply the necessary precautions in the
delivery of the required service. However, when a new
application is introduced or the requirements of an ap-
plication change in time, then the user and provider
must seek a new common understanding of the service
requirements.

On the other hand, where communications service
is provided by an external telecom operator, then the
service provision contract defines the service attributes
according to the provider’s service catalogue (interface
type, throughput, availability, delay, etc.). In this case,
the utility usermust decide upon the suitable service cat-
egory for his application out of the provider’s catalogue.

The service provision contract is known as
a service-level agreement (SLA), which can be explicit
in the case of externally provisioned services or im-
plicit, based on common understanding, for internally
provisioned services. SLA is an essential mechanism to
ensure the successful provision and operation of net-
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work services from an external provider. SLA expresses
application requirements in terms of service param-
eters. The most important parameters that should be
included in an SLA are:

� Service availability. The frequency, duration, and
timing of service failures need to be determined for
each service.� Bandwidth. This is the bandwidth available to the
different services and may include some flexibility
in how this is applied.� Delay and delay variation. It will be necessary to
specify this for each application.� Data security. Again, this will be specific to differ-
ent applications.� Power fault correlation. For services that are critical
during power system disturbances, it may be impor-
tant that specific additional precautions be specified.� Penalties. While penalties may not compensate for
loss of critical services, they do focus a service
provider’s attention on the need to monitor SLA
guarantees.� Mean time to repair (MTTR). It is important that
there is adequate confidence in the service provider’s
ability to respond to service failures and carry out the
necessary repairs in an acceptable time.� Service isolation guarantees. This refers both to iso-
lation between internal and external traffic, as well
as between different internal services.� Physical redundancy check (reliability). This may
specify the level of redundancy required, for exam-
ple, at a network level, an equipment level, or at
specific locations.� Power backup. This is critical for those services
required during power-system disturbances. It is im-
portant to ensure that rural switching locations have
sufficient standby arrangements.� Performance reports specification. It is important
that meaningful and comprehensible information is
provided in a timely fashion. There is very little use
in providing vast amounts of data but very little in-
formation.� Qualified workforce availability. Obtaining and
holding on to qualified personnel is an increasing
difficulty for service providers. It is important to en-
sure that a potential service provider has sufficient
depth in their workforce. It is also worth examining
that they have the right number of personnel in the
right locations in order to ensure that response time
guarantees are realistic.� Reporting. This pertains to how service perfor-
mance will be evaluated including measurement
methods, parameters to be controlled, and reporting
frequency and format.

Adopting a particular telecom service-provisioning
model is not an irrevocable decision. It is often re-
examined and reviewed in the light of new situations,
some of which are:

1. New company policy and orientation
2. New regulatory issues and requirements
3. Emergence or abandonment of adequate telecom

services to be procured
4. New applications or change of scale incompatible

with the present provisioning model
5. Lack of satisfaction from the services obtained

through the existing provisioning mode
6. Major capital investments and running costs re-

quired for refurbishment and extension of existing
facilities

7. Technological changes in telecommunications and
in power-system technology

8. Lack of qualified staff and the ageing of the techni-
cal workforce concerned.

14.3.5 Telecommunications Technologies

Operational telecom networks are built using a variety
of technologies. The focus of this section is to introduce
working principles and specific ways telecom technolo-
gies are used. A detailed analysis of the working theory
can be found in a quite large number of publications and
books.

In order to optimize investment, telecom resources
are usually shared by several services. This is accom-
plished through the use of multiplexing techniques,
which will be presented later this section.

Telecom working principles can be grouped into
three categories associated with different working
modes:

� Transmission technologies. Their function is to de-
liver bits at the remote end of the link. This con-
cept applies mainly to point-to-point links, although
some wireless technologies can provide point-to-
multipoint transmission services.� Transport technologies. Their function is to de-
liver bits to a far end, crossing several intermediate
nodes. These technologies are able to establish
a point-to-point link over a digital network pro-
viding bit transparency. They can use a mix of
transmission technologies in every one of the point-
to-point links used to establish the path.� Networking technologies. Their function is to trans-
port packets between two access points. Packets
delivered at the ingress access point can be deliv-
ered to any egress access point of the network, so
they can establish multiple virtual links using the
same access interface.
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From the working modes described above, we can
summarize that communications can be implemented
using the circuit or the packet paradigm. Both have ad-
vantages and disadvantages, as is shown later in this
section. Although most existing communications net-
works are based on circuit technology, power utilities
are migrating towards packets due to their higher flex-
ibility, scalability, and cost-effectiveness. Furthermore,
the IEC 61850 family of standards specify the use of
Ethernet and IP to implement operational communica-
tions services form control centers to the other power
grid actors. This means that in the near future, the
packet paradigm will be the only technology consid-
ered to implement operational services. Nevertheless,
we will analyze existing technologies, as the migration
to a packet-only system will take many years.

Considering the way physical communications
links are used, most technologies allow communi-
cation-resource sharing or information multiplexing.
Multiplexing is normally used to optimize the use of
communications resources by integrating operational
and sometimes nonoperational services over common
infrastructure. This includes multiplexing of dedicated
frequency bands, optical wavelengths, time intervals
in a high-speed data stream, or dedicated packets in
a high-capacity data link.

Circuit technology uses a fixed path or a circuit
through the network. This path – once established –
offers a fixed bandwidth and a fixed and deterministic
latency to the service. For the simultaneous transmis-
sion of a multitude of services (i.e., many data, voice, or
video signals) sharing the same medium, these signals
are combined using time-division multiplexing (TDM),
where each signal is cyclically allocated a time slot with
a time gap short enough to be unnoticed by the user.

The disadvantage of this technology is that the net-
work resources are inefficiently used by sporadic burst
traffic, like voice or video. For example, the bandwidth
allocated to a voice channel is permanently occupied
even during speech pauses or when not used at all.
The advantage is that each service receives its dedi-
cated network resource with fixed bandwidth and stable
end-to-end delay. The PDH and SDH technologies de-
scribed in the following sections are examples of TDM
networks.

The disadvantage of poorly exploiting network
resources has been tackled by the so-called packet
switched technology. Simply speaking, the data to be
transmitted is split into packets (which can be of vari-
ous sizes) and are labeled with a source and destination
address. The packets enter a queue at the ingress of
the network, and as network resources become avail-
able, the packets are forwarded by switches and routers
through the network, normally following the shortest or

the fastest available path. This technology is employed
in wide area networks (WAN) based on Ethernet or IP
packets.

Marketization, queuing, and competing for network
resources like bandwidth, inherently generate the risk
of a nondeterministic service delivery that is a poten-
tial problem for time-critical signals such as protection.
Bandwidth overprovisioning combined with advanced
techniques, such as service prioritization, traffic engi-
neering and bandwidth reservation, time distribution
protocols, data buffering, and synchronous Ethernet
contribute to gradually overcoming or reducing most
of the undesired statistical behavior of packet-switched
technologies.

Frequency division multiplexing (FDM) is a mul-
tiplexing technique used at the transmission level. It
is based on using separate frequency bands for each
service, as is done in power-line carriers or in radio
systems. The same principles apply to wavelength di-
vision multiplexing (WDM), which is employed over
optical fibers. In these systems, the interaction between
different services is only through potential crossband
interferences. It should be noted that resource allocation
through TDM and FDM – or WDM – may be simulta-
neously used in different hybrid configurations.

Optical communications is the most reliable and
powerful transmission technology available nowadays.
Optical fibers are widely deployed in power-utility
communications networks and constitute the preferred
communications medium between substations, as well
as for the substations’ internal automation networking.
Fibers can be dedicated to a single application (e.g.,
protection relays) or may be shared for the use of many
applications.

Power-utility communications networks employ
single-mode (SM) fibers due to their better transmis-
sion characteristics, such are attenuation, dispersion,
and bandwidth. Multimode (MM) fibers are limited in
their application to short distances inside the substation
(protection relays, actuators, metering devices, etc.), to
assure galvanic isolation at low installation and mainte-
nance costs.

Power-utility optical fiber cables are generally de-
ployed along overhead, underground, or undersea power
lines. The fibers are illuminated by laser emitters and can
be used in single-wavelength or multiple-wavelength
modes. In the latter case, every wavelength acts as an
independent carrier of information, increasing the fiber
capacity or reinforcing service separation. Many opti-
cal cable technologies are presently in use, dependingon
the nature and voltage level of the power transmission
lines. In the case of overhead power transmission lines,
the optical cable may be incorporated into the protection
ground wire, OPGW, or wrapped around it.
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Alternatively, the optical cable may be self-sup-
ported, attached to transmission towers or distribution
poles. All-dielectric self-supporting (ADSS) optical ca-
bles are generally used for existing line retrofitting
when the line voltage is below 150 kV, and where the
line is not equipped with protective ground wires with
full continuity. This is often the case of medium-voltage
distribution lines.

However, above 150 kV, the presence of electric
fields affects the transmission characteristics of the
fiber, increasing its birefringence effects. Moreover, at
higher voltages, ADSS is generally not employed due to
the effects of the electrical field on the dielectric sheath.
For these systems, the preferred technology is OPGW
with the optical fibers placed inside steel, aluminum, or
plastic tubes to protect 12, 24, 48, and 96 optical fibers,
according to different cable designs.

The available capacity of optical fibers is often as-
sumed to be almost limitless based on advances in
optical communications although factors such as tem-
perature change, mechanical stress, and strong elec-
trical fields may limit these capabilities at very high
communication speeds far higher than required by op-
erational and IT services.

Wavelength division multiplexing (WDM) is in-
creasingly in use in power-utility communications net-
works to provide separation between different types of
services (operational and corporate networks, legacy
and new-packet core networks, fiber-based protection
relays, and other communications, etc.). This is partic-
ularly true where extra fibers are not available or cannot
be provisioned economically. WDM allows multiple
optical beams from different optical communications
systems, each at a different optical wavelengths, to be
combined through an optical multiplexer and injected
into the same fiber. At the reception side, the differ-
ent wavelengths are separated by a passive optical filter
bank and treated by different optical receivers. WDM
provides full isolation of telecom services that only
share the fiber and possible optical amplification.

Coarse-wavelength division multiplexing (CWDM)
is defined by the ITU-T Rec. G.671 standard. It al-
lows implementing reliable and cost-effective systems,
through a combination of uncooled lasers, relaxed laser
wavelength selection tolerances, and wide pass-band fil-
ters. CWDM systems can be used in transport networks
for a variety of architectures, delivering a very cost-
effective solution. Figure 14.15 presents the channeling
structure for CWDM together with fiber attenuations.

It is worth noting that the water absorption peak
around 1400 nm is no longer present in more recent
fiber designs (ITU-T G.652-C or G.652-D) in which the
OH ions inside the crystal structure have been removed
through a modified manufacturing process.

The dense-wavelength division multiplexers
(DWDM) on the other hand, is a technology used to
further increase the capacity of the fiber by adding
more channels (ITU-T G.694.1). DWDM systems,
mainly used by public telecom operators, can multiplex
from 32 to more than 100 channels in the range of
1530–1624nm. With a channel spacing of 1 nm (or
below), DWDM operation requires extremely precise
optical sources with laser-temperature stabilization
resulting in significantly higher complexity and cost.
With a channel spacing that is ten times larger, CWDM
systems tolerate temperature drift over the whole
industrial temperature range of the laser emitters with-
out leaving their allocated channel. This ruggedness,
in addition to a considerably lower cost, constitutes
significant advantages in the utility communications
network where wavelength multiplexing is not often
used to attain maximum bandwidth but rather to
separate networks. For the use of optical amplification
systems in long spans, CWDM systems should be
limited to four channels (C- and L-bands) to make them
compatible to the limited bandwidth of these devices.

Time-Division Multiplexing (PDH and SDH)
Time-division multiplexing (TDM) was the prevailing
transport technology of power-utility telecom networks,
but nowadays it is being replaced by Ethernet and
IP technologies. Nevertheless, we will include a brief
description of its working principles. Historically, the
elementary digital stream was fixed at 64 kb=s (56 kb=s
in North America) corresponding to 8000 analogue
samples=s with each sample coded over 8 bits (8000
sample=s required to convert a 4 kHz analogue voice
signal to digital and reconvert back to analogue after
transmission across a link without loss of informa-
tion).

In order to exploit a much higher digital-trans-
mission capacity of transmission systems, the digital
bit-stream was used to continuously transport cyclic
frames of fixed length, which are partitioned into equal
time slots (TS). Using the same TS in each frame, one
can transport an elementary digital stream, time-domain
multiplexed with other digital streams. A frame header
sequence allows synchronizing both ends of the link
and, therefore, to separate multiplexed characters at the
receiving end.

Time-multiplexing of 32 elementary digital streams
(30 useful streams plus slot 1 for header sequence and
slot 16 normally reserved for signaling) has yielded
a multiplex system with an aggregate bit rate of
2048 kb=s (currently referred to as 2Mb=s or E1).
A slightly different constitution in North American
and Japanese systems gives a 24-channel multiplex at
1544 kb=s (referred to as T1 and J1).
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Fig. 14.15 WDM channeling. (Adapted from [14.1])

The E1 system is byte-multiplexed (8 bit per time
interval), has a frame length of 256 bit, and a periodic-
ity of 125�s. This system is referred to as a primary
multiplex system (ITU-T G.703) and can carry voice or
legacy data at speeds ranging from 0.3 to N�64kb=s.
A primary multiplex system is purely synchronous: at
the receiving end, the system must reconstitute clocks
from the received signal for bit reception and for frame
synchronization. Frame synchronization is performed
through initial searching of the frame-header sequence
and multiple successive reception of the same pattern
at the right time. Synchronization is lost when the pat-
tern is not found at the right place a determined number
of times, and a new search for headers is initialized.
The loss of synchronization and the consequent time of
resynchronization can lead to periods of unavailability,
which can affect the performance of certain utility-
operational applications, such as protection signaling if
no special measure is taken.

However, when multiple E1 streams from different
primary multiplexers are to be combined together to use
a higher capacity transmission resource, the clocks of
the different primary multiplex systems, although at the
same nominal frequency, are never identical. Clocks at
the same nominal frequency are called plesiochronous.

Higher-level combination of primary multiplex data
streams is performed through bit multiplexing (com-

bining four 2Mb=s to constitute an 8Mb=s stream and
then combining by four to constitute a 34Mb=s, etc.).
Successive multiplexing produces a digital hierarchy
known as a plesiochronous digital hierarchy (PDH).

PDH multiplexing was devised – and was well
suited – for the connection of telecom switching centers
(central office, CO). It is not appropriate for adding and
dropping of containers at intermediate stations across
the network. This means that the whole load of channel
groups in the hierarchy need to be unfolded whenever
some load needs to be dropped or added. This method
results in unreasonable time delay, complexity, costly
equipment, and excessive crossconnect wiring. This
drawback has been overcome by the implementation of
synchronous digital networks. Synchronous digital hi-
erarchy (SDH) was designed to deploy digital transport
networks able to establish digital channels of different
bit rates between any two points of a wide area network.
This was achieved by implementing a synchronous digi-
tal network that provides intrinsic cross connections and
add-drop facilities. The synchronous digital hierarchy
is composed of multiplexed digital rates of 155Mb=s
(STM-1), 622Mb=s (STM-4), 2.5Gb=s (STM-16), and
10Gb=s (STM-64). Power-utility telecom networks
employ currently STM-1, STM-4, and STM-16.

Unlike PDH, SDH is a network-based system using
add-drop multiplexers (ADM) at each node loading and
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unloading data streams in previously reserved virtual
containers (VC) to connect to different destinations.
The data capacity available is partitioned into a pointer
domain and a payload domain. Each VC in the SDH
payload corresponds to a specific pointer indicating the
location of the VC in the payload. The VCs in the
same payload can have different sizes (the number of
reserved bytes in the payload), depending on the capac-
ity of the data stream (2, 34Mb=s, etc.). The minimal
size of the VC is 2Mb=s (VC12) allowing the transport
of an E1.

Different levels of overhead (segment, path, etc.)
allow more elaborate management and end-to-end re-
covery of connections across the network. In particular,
the SNCP (subnetwork connection protection) protects
each tributary data stream in a differentiated manner
through an alternate path around a ring.

Transport of data across an SDH network is per-
formed through previously reserved capacity and cen-
trally controlled deterministic routing, thus leading to
a highly predictable transmission delay. Furthermore,
the management information accompanying each vir-
tual container enables very fast data-traffic recovery on
network fault conditions (< 50ms). However, the self-
healing mechanisms of SDH are not implicitly bidirec-
tional and may lead to different go and return paths
and, consequently, delay differences causing anomalous
operation of differential line relays or other devices us-
ing an echo method for time synchronization. Precise
network design or specific mechanisms are required to
avoid such asymmetry in the network.

The SDH systems deployed in the 1990s were fo-
cused on the transport of circuit-switched traffic (E1,
etc.) with only limited and proprietary facilities for Eth-
ernet packet transport. New-generation SDH (NG-SDH)
has since been completedwith a set of standards for opti-
mized mapping and control of Ethernet traffic (Ethernet
over SDH or EoS), as is described in Sect. 14.3.6. This
allows power utilities to combine at a control bandwidth
granularity, the more efficient and flexible bandwidth
sharing packet networkswith the deterministic behavior,
low delay, and fast healing of SDH.

Layer 2 Networks – ETHERNET Technology
As we already introduced, Ethernet has become the
standard telecommunications interface. Ethernet tech-
nology implements the physical layer and link layer
functionality, which allow layer 2 networks to be imple-
mented using this sole technology. A layer 2 network
is network formed by a limited number of physi-
cal devices connected by means of a communications
medium able to provide full connectivity. The commu-
nications media can be formed by a bus implemented
by physical wires, a point-to-multipoint radio, a satellite

system, or an Ethernet LAN. A layer 2 network based
on Ethernet technology is a network formed by Ethernet
switches and bridges able to forward Ethernet frames to
its destination host, thus providing Ethernet service in
all of its access ports.

Layer 2 networks do not have routing procedures.
There is no need, since layer 2 networks provide
broadcast to all their members. Nevertheless, Ethernet
switches provide mechanisms to find where every host
is connected and, therefore, deliver the frames to its
right destination without using broadcast forwarding.
This mechanism is not based on the routing principles
but on dynamic the Address Resolution Protocol (ARP)
table built from the switched traffic. Frames addressed
to unknown destinations are broadcasted to all the des-
tinations. Every time an Ethernet switch receive a frame
with a new address, this address is automatically added
to the ARP table, so as traffic is forwarded, spontaneous
broadcast decreases.

Layer 2 addresses are unique and randomly as-
signed. Unlike layer 3 addresses, they do not identify
the location where the host is connected. They are just
used to identify the host. Due to the random distribution
of Ethernet addresses, the address of every host must
be stored in every Ethernet switch and, therefore, it is
not possible to implement a routing procedure like in
layer 3. Layer 2 networking is a cost-effective approach
that presents some scalability limitations mainly due to
the random address allocation and the lack of routing
procedure. For this reason, large WANs usually require
a backbone and more scalable assignment capability.

The concept of virtual networking can be applied
to both the link layer or LAN and the network layer.
In order to segment traffic and improve scalability,
mechanisms to implement virtualization of local-area
networks have been defined. Virtual networking allows
network connections to share common physical media
with other data while remaining logically isolated to
and from other users. Virtual networking can be set up
at different levels in the OSI layer model, from layer 1
to layer 3.

Virtual LANs or VLANs (IEEE 802.1Q) are the
mechanism used over Ethernet networks. Upper-layer
technology virtual private networks (VPN), such as
IPSec, are used at the network layer. The main advan-
tages are the following:

� Expandability. Once the network is in place, it can
be easily expanded to other sites or higher capacities
just contracting new capacity from public network
operators.� Lower cost compared to private or leased communi-
cations means, as infrastructure maintenance costs
are much lower.
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Fig. 14.16 VLAN frame format.
(Adapted from [14.2])

� Simplified network topology. Virtually connected
LANs can be seen as a single network from the end
user/application perspective.

A VLAN defines a logical segment that comprises sev-
eral LAN resources, including cables, equipment, and
some of their ports. Each VLAN becomes a new broad-
cast domain. Since the broadcast domain defines the
scope of a LAN, any host attached to a VLAN can
only reach other hosts of the same VLAN due to the
limitation of broadcast messages. This provides traf-
fic isolation and a very powerful security mechanism,
as there is no way two hosts of different VLANs send
information directly. In order for hosts of different
VLANs to communicate, a router must be added. In this
case, the router controls traffic flows and set communi-
cation rules between VLANs.

The IEEE 802.1Q standard defines a 4-byte exten-
sion to the Ethernet frame header that allows traffic
from one VLAN to be distinguished from another
VLAN, as is shown in the following Fig. 14.16.

The tag includes a 12 bit field used as VLAN iden-
tifier (VID). VID allows 4096 different VLANs to be
defined in a LAN.Whereas trunk ports that interconnect
switches carry tagged frames, edge ports can accept
tagged or untagged frames. In fact, there are two generic
types of VLANs, the ones generated by the switches,
normally associated with a set of ports, or a MAC
address, IP network, etc., and the ones generated by
the IEDs, like in the case of IEC 61850 GOOSE and
sample-value messages, where the IED generate the
tagged frame. The simplest way to implement Ether-
net connectivity with local or limited coverage is to
use unshielded twisted-pair (UTP) copper wires or opti-
cal fibers through the appropriate Ethernet transceivers
incorporated into the Ethernet LAN switches. Due to
the harsh electromagnetic environment of power plants
and substations, the use of copper interfaces should be
limited to connections between equipment located in
the same cabinet. Currently, Ethernet has many differ-
ent interface types; copper interfaces can run from 10

to 1000Mb=s, whereas fiber interfaces can run from
0.1, 1, 10, and even 40 and 100Gb=s. Optical Ethernet
interfaces – in particular gigabit Ethernet – can be im-
plemented over a wavelength, this way sharing the fiber
capacity with other traffic through wavelength division
multiplexing (WDM).

Although fiber optic variants of Ethernet were ini-
tially designed to connect devices in different floors of
a building or even between nearby buildings, the ex-
tremely long range of optical interfaces ranging up to
180 km at 1Gb=s without repeaters allows a LAN to
be extended outside the substation becoming a single
distributed LAN that works like a LAN but without be-
ing local. The implementation of a WAN using Ethernet
is simply the interconnection of Ethernet switches us-
ing medium and long-range optical interfaces. Further-
more, the increased capacity of new Ethernet standards
ranging up to 10Gb=s allows the capacity of the opti-
cal fiber to be used, thus providing a simpler alternative
to other transport technologies. Nevertheless, despite its
broadband performance, these new Ethernet standards
maintain the same working principle, which means that
they also suffer from the same technical limitations. In
particular, the lack of native quality of service support,
routing limitations, and lack of traffic engineering con-
trol.

Radio Communications
Radio communications covers a very large spectrum of
systems and solutions used in power utilities to various
extents. In general, they present the advantages of fast
deployment, where no existing wires can be used and
the potential mobility of the communicating peers. On
the other hand, they have implicit limitations in service
availability (propagation conditions, obstacles, fading
due to multipath propagation, etc.), bandwidth limita-
tions compared to wired solutions, frequency allocation
and licensing issues, as well as their associated tower
and mast infrastructures to assure long coverage.

Some particularly useful applications of radio com-
munications in the power utility are as follows:
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� Line-of-sight microwave radio systems (2–13GHz)
are often used to complete optical networks to cover
spans that are impossible or difficult to implement
in optical fibers (e.g., crossing main motorways,
rivers, etc.) or connecting the network to nonelectri-
cal sites (e.g., control centers, office buildings, etc.).
Frequency bands are increasingly difficult to obtain
in the low end and are constantly pushed to 10–
13GHz or higher, with increased difficulty in as-
suring path clearance (Fresnel zone clearance) and,
hence, requiring more costly tower infrastructure
(when not installed on the top of a building) whose
height is proportional to line-of-sight constraints.
Microwave links, through their high frequency and
high directivity are allocated large bandwidths, en-
abling them to transport high-capacity data flows
(e.g., 155Mb=s TDM or 100Mb=s Ethernet). How-
ever, unlike fiber systems, their capacity cannot
be increased with growing requirements beyond
the allocated frequency bandwidth. WiMAX tech-
nology, defined by IEEE 802.16x standards, is
still in use mainly in North America and pro-
vides a point-to-multipointmicrowave solution with
around 70Mb=s capacity. Line-of-sight radio sys-
tems are also used in UHF radio bands with lower
capacity (according to different national frequency
regulations) but lighter infrastructure (less direc-
tional antenna systems, partial clearance of Fresnel
zones leading to lower antenna heights). These are
frequently used in industrial radio systems deployed
in distribution grids.� Broadband packet-based wireless network IEEE
802.11 (WiFi) is mainly used in the distribution
grid to provide a high-throughput network to cover
the emerging smart distribution applications. IEEE
802.11, in particular, enables the implementation
of broadband wireless mesh infrastructures with
ad-hoc network configuration algorithms to cover
a distribution network perimeter. A network capac-
ity of around 400Mb=s can be attained through
aggregating multiple channels. Powerful encryption
algorithms overcome the security issues often as-
sociated with the usage of wireless technology to
support operational networks applications.� Narrowband industrial UHF radio systems provide
up to around 20 kb=s over 12.5 kHz allocated fre-
quency bands. These systems are widely used in
distribution grid automation and SCADA applica-
tions. In some countries, allocated bandwidths of
25 kHz or more allow higher link rates.� Private mobile radio (PMR) systems also known as
land mobile radio (LMR) systems are UHF/VHF
radio systems allowing the communications of the
utility mobile work force. One or several radio

channels are shared among multiple mobile termi-
nals. Different trunking protocols, such as TETRA
or MPT-1327, are used by a central station to con-
trol channel access, network signaling, and some
specific closed network functions. Implementing an
adequate coverage through a PMR is costly com-
pared to public alternatives, considering the area
to cover (number of base stations) and, generally,
small number of mobile terminals using the net-
work. The major advantage over public cellular
service is the higher availability.� Private cellular radio systems cover different tech-
nologies, such as GSM-R (used mainly in trans-
portation), and LTE (4G) are trunked cellular so-
lutions that can be implemented in a private utility
operations network to provide very high communi-
cation capacities. These technologies can find their
place in the future smart distribution network in-
tegrating a large number of bandwidth-consuming
applications (large-scale realtime metering and de-
mand response), although procuring frequency li-
censes may be hard to justify for a power utility.� Satellite communications is radio communications
that uses an artificial satellite located in a geosta-
tionary orbit to relay and amplify radio signals using
a transponder. This is commonly used for TV or any
other type of signal broadcasting. A special type of
satellite communications is the very-small-aperture
terminal (VSAT). This system uses a very small
dish antenna and implements a point-to-multipoint
bidirectional communications channel. Its use is
common for operational applications that can tol-
erate rather high latency such as data acquisition or
even SCADA applications to remote places, where
deploying radio or fiber communications is not pos-
sible or very expensive. In most cases, the data rate
can range up to 16Mb=s or even higher.Modern im-
plementations use the Ka band ranging from 26.5 to
40GHz.

Power-Line Carrier
Narrowband power-line carriers (PLC) allows the trans-
mission of communications signals, in particular pro-
tection relay communications, over power transmission
lines. This technique, which has been in use for a long
time, still provides a dedicated infrastructure fully in-
corporated into the substation with a signal path that
implicitly follows substation-to-substation connections
over long distances without any repeaters (> 500 km)
and, therefore, an interesting solution for transmit-
ting small bits of information such as teleprotection
signaling, low-speed data, and speech over long dis-
tances. Channels for different applications are aggre-
gated together through frequency multiplexing (FDM)
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and transposed to a carrier frequency (roughly 25–
500 kHz) or time-multiplexed to construct a digital data
stream that is translated in frequency through digital
modulation schemes.

Power-line carriers are used when no fiber is avail-
able or as a second path to secure the operation of
a protection system. The availability of the communi-
cations channel being strongly correlated with power
transmission line fault conditions, PLC is unsuitable
for transmitting current differential protection, coded-
sampled values (e.g., IEC 61850), or digital stream
teleprotection signaling (due to potential synchroniza-
tion loss on line faults). They are employed to transmit
voice-frequency command type teleprotection, speech
signals, and data.

Power-line communications are also used in power
distribution grids for building advanced metering in-
frastructure (AMI) covering smart meters in customer
premises, public lighting control, and different dis-
tribution automation and SCADA applications. These
systems range from lower bandwidth PRIME, G3 and
IEEE 1901.2 solutions with a capacity below 120 kb=s,
to broadband power-line (BPL) solutions allowing
building a packet network over medium-voltage or
low-voltage distribution network conductors. Different
techniques are used to cross open breakers, eliminate
band-limited noise and disturbances, and to operate
over variable grid topology and signal transmission
characteristics. The system can typically provide 10–
100Mb=s capacity with a span of 3–4km between
nodes. BPL solutions can integrate multiple applica-
tions, each of which allocated a distinct VLAN, and
may be used for higher data volume and resolution me-
tering applications (e.g., for demand response), back-
hauling of smart metering, grid automation, SCADA,
and other distribution grid applications.

14.3.6 Networking Technologies:
The Network Layer

The network layer is implemented using the datagram
paradigm that offers a connectionless packet service us-
ing the Internet protocol, IP. The IP protocol is widely
known, so we will not explain its working details. IP has
been used for SCADAapplications formany years, since
the beginning of this century. In 2004, IEC 61850 was
approved and, as was previously explained, it is based
on IP. Furthermore, in 2012, Edition 2 of the IEC 61850
standard was released, which extends the use of Ether-
net and IP to every application involved in power-system
operation. Basic IP technology does not provide quality
of service (QoS). An IP QoS architecture was defined
providing bounded delay, but this architecture was fo-
cused onmultimedia services and was not specialized in

specificoperational requirements. Theprovision of com-
mitteeQoS over and IP networkswas a problemuntil the
advent ofmultiprotocol label switching technology, as is
explained in the following paragraphs.

Multiprotocol Label Switching (MPLS)
Multiprotocol label switching (MPLS) is a packet for-
warding technique that was specified by the Internet
engineering task force (IETF) in the 1990s in order to
implement IP over ATM in a scalable way. This also
simplified the provision of IP quality of service and al-
lowed a symmetric path to be established. In fact, it
converts connectionless IP into a connection-oriented
service one, thus simplifying traffic-engineering proce-
dures.

MPLS operates through the insertion of a label at
the ingress port of the network and associates a for-
warding equivalence class (FEC) to the label. Each
FEC defines the manner in which the packet is to be
treated in each MPLS node. The label is removed at
the egress port of the network. A connection estab-
lished this way is called a label-switched path (LSP).
Labels are swapped at intermediate nodes according to
a plan defined through a distributed control plane using
a Label Distribution Protocol (LDP). This exchange of
control information between the network nodes, each
of which takes part in the definition of paths, is a great
force giving scalability to very large systems but is also
a source of substantial complexity, which may often be
found unnecessary in the scale and size of an electrical
power utility dedicated network.

The MPLS labels are replaced at each switching
node. This provides high flexibility and a dynamic rout-
ing capability but it requires network-wide intelligence,
implying permanent exchange of control information
across the network. This is known as a distributed con-
trol plane. Moreover, in order to enable each node to
allocate capacity for each traffic stream, some traffic
rule or policy must be given to the node. A distributed
control plane generates critical control traffic across
the network, and traffic engineering implies some prior
knowledge of traffic classes and attributes. The IP pro-
tocol control traffic is transported using a resource
reservation protocol, RSVP. Such an operation is suit-
able for extremely large networks with large variations
of traffic volumes and source-to-destination paths, but
well characterized traffic models. This is typically the
case for telecom operator networks. Adjusting traffic
engineering parameters in such a system is complex but
far less laborious than configuring thousands of pre-
determined data paths, which, moreover, can change
with time-of-day and with seasons according to net-
work users’ bulk movements. The technique is known
as MPLS-TE, where TE stands for traffic engineering.
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Fig. 14.17 MPLS working principle. (Adapted from [14.3])

IP-MPLS, in its simplest form, uses no traffic en-
gineering but simple priority assignment, as in native
Ethernet. The most time-sensitive traffic will only have
a better delay variation than lower priority traffic. Such
a system provides the traffic isolation advantages of
MPLS, dynamic routing through a distributed control
plane, but no guarantee on resource allocation to each
service (except for the control plane exchanges using
RSVP). It suits multisite enterprise networks such as
utility nonoperational networks with no tight time and
quality of service imperatives.

Transport profile MPLS, or MPLS-TP, is a variant
of the MPLS technology simplified for transport-type
networks providing predefined tunnels between service
access points. It is an adaptation of MPLS to sup-
port traditional transport network requirements, such as
high availability and QoS support, presently fulfilled
by SDH transport technologies. MPLS-TP data traffic
is forwarded across the network according to labels,
which are added at the network ingress and removed
at the network egress point without being changed at
intermediate switching nodes. This provides a predeter-
mined tunnel with no distributed control plane.

Packet forwarding tables at each node are pro-
vided by a central control platform in the same way
as in SDH. The centralized control, moreover, allows
predetermined end-to-end alternate routes and simple
resource allocation. The control platform can allocate

a maximal capacity (peak information rate or PIR) and,
if necessary, a minimal capacity (committed informa-
tion rate or CIR) to each data stream, hence assuring
SDH-like quality of service for time-critical services
and IP-type flexible bandwidth for non-time-critical
services.

MPLS-TP decouples the end user-to-end user net-
work into distinct segments of the customer network
(application network) and transport network. The lat-
ter segment essentially requires point-to-point services
known as pseudowires (PW) transporting Ethernet (E-
line or E-LAN carrier Ethernet services) and legacy
TDM circuits upon the packet switched network. More-
over, the focus on transport domain allows MPLS-TP
to use only a subset of MPLS, removing nonrele-
vant features and their corresponding complexity while
adding some missing functions necessary for trans-
port networks and existing in SDH/SONET, such as
implicit operation, administration, and maintenance
(OAM) signals exchanged at different levels of connec-
tivity. MPLS-TP is a nonscalable solution for a telecom
operator due to its fixed tunnel approach that makes it
a nonfeasible approach to manage a very large num-
ber of connections. Conversely, it offers many advan-
tages for the implementation of operational services,
since MPLS-TP provides very similar features to ex-
isting SDH, thus simplifying technology migration and
delivering new capabilities with similar management
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processes and skills than the ones already existing in
the power company.

The obsolescence of SDH technology is forcing the
migration to MPLS. In the power-utility context, de-
ploying MPLS is not build from scratch but part of an
evolutionary transformation plan that should define the
migration strategy. This plan should consider mission-
critical time-sensitive services that require deterministic
and symmetric circuits that would have to be emulated
across the packet core. Moreover, the utility controls its
telecom network from a central network management
platform with processes and skills that are adapted to
such an operation. In this context, MPLS-TP is a more
appropriate technology than IP-MPLS, with or without
traffic engineering. Some of the main reasons for this
are summarized below:

� Maintaining full control of the network. In MPLS-
TP, forwarding labels are produced by a central
network management system (NMS) allowing end-
to-end main and alternate route definitions, as is
presently done through SDH. In IP-MPLS on the
other hand, the proper operation of the network
depends upon control plane communications.More-
over, if a deterministic behavior is necessary for
some data streams, then adequate traffic engineering
must be introduced to govern routing nodes de-
cision. Adjusting traffic engineering parameters in
an IP-MPLS network (MPLS-TE) is complex and
requires tuning and adjustments rendering the net-
work subject to nonoptimal settings.� Quality of service and deterministic behavior. Some
utilities using dedicated resources, such as sepa-
rate fibers for protection, may imagine that these
constraints are definitively out of their shared net-
work. In reality, other protection-like applications
with network-wide coverage will be deployed in the
coming years, and dedicated fibers used between
adjacent substations can no longer be the solution
(e.g., system integrity protection schemes SIPS).
Being able to implement time-sensitive applications
remains a must in an operational network.� Size of network and type of traffic. By its SDH-like
behavior, MPLS-TP responds to all existing service
requirements, as well as new packet-based services
in utility-sized networks. Deploying MPLS-TE on
the other hand, is suitable for public networks with
highly dynamic data traffic characteristics and too
many nodes for centralized control; traffic rules are,
hence, given to nodes so that they can build the for-
warding labels at any moment (TE).� Capability versus complexity. IP-MPLS provides
numerous technical capabilities but with increasing

complexity. Implementing QoS through dynamic
resource reservation (RSVP) can be done in IP-
MPLS but making it for hundreds of connections
is far from being trivial. This level of dynamic
complexity for a static-by-substance service seems
unnecessary. Similarly, performing any meaning-
ful traffic engineering in IP-MPLS (MPLS-TE) re-
quires fairly good knowledge of the traffic shapes
and characteristics, which is far from being the case
for many new coming and future services over the
operational network.� Migration from SDH. Transition to packet for power
utility networks with extensive SDH infrastructure,
management tools, and skills is almost smooth for
MPLS-TP because of its SDH-like behavior and
network management. IP-MPLS is a jump into
another type of network operation.With a large tele-
com network, utilities will become entirely depen-
dent on their supplier. IP-MPLS suppliers provide
specific tools and features to overcome some of the
basic problems but in a nonstandardmanner causing
further dependence on a single supplier.

As transport functionality is migrating from SDH to
MPLS, and Ethernet is the universal service access in-
terface, it is important to consider that Ethernet will
have to be transported over MPLS in most of the cases.
In fact, we can identify three possible Ethernet transport
solutions:

� Ethernet transported over SDH� Native Ethernet transported over optical links� Ethernet transported over MPLS.

As was mentioned in the previous paragraph, SDH has
been complemented with specific protocols to integrate
Ethernet packet traffic to the virtual containers (VC)
constituting the SDH payload. Ethernet encapsulation
over SDH is defined by the Generic Framing Protocol
(GFP), virtual concatenation (VCAT), and the link ca-
pacity adjustment scheme (LCAS). However, matching
asynchronous data streams such as Ethernet packets to
a constant rate container system such as SDH becomes
complicated, inefficient, and expensive as the propor-
tion of packet to TDM traffic grows.

Native optical Ethernet transport between substa-
tions becomes a candidate solution, as the extent of
legacy traffic decreases in quantity and importance as
compared to natively Ethernet-interfaced applications.
This is, indeed, to be thought of in the present context of
IEC 61850 substation communications architecture and
gradual migration of substation intelligent electronic
devices (IED) into a networked environment. Native



Section
14.3

1072 14 Information Systems and Telecommunications

optical Ethernet can use dedicated fibers or dedicated
wavelengths (C- or D-WDM).

Native optical Ethernet transport, however, suffers
a number of shortcomings:

� Ethernet protocols include mechanisms for restor-
ing connectivity across a meshed network of
switches when one or multiple nodes or links be-
come unavailable due to faults (Rapid Spanning
Tree Protocol). The time needed for such restora-
tion, depends on several factors, such as network
topology, number of nodes, and implementation of
the algorithms, so it can range from 20ms for small
and simple networks to hundreds of milliseconds
for larger networks.� Aggregating services and delay issues. When mul-
tiple communications services are to be transported
together, TDM (e.g., SDH) allocates a predeter-
mined communications capacity to each applica-
tion, therefore guaranteeing a fixed and predeter-
mined transfer time across the network (L1 sepa-
ration). Native Ethernet, on the other hand, uses the
principle of packet queuing. Data packets belong-
ing to different applications are stored in a queue
and processed sequentially at each node. Ether-
net switches may have the capability to distinguish
packets belonging to different applications by as-
sociating specific tags to data frames belonging to
each connection (L2 separation). Each group of
similarly tagged frames constitutes a virtual local-
area network (VLAN). Different levels of priority
(different queues) may be assigned to different
VLANs (IEEE 802.1P and Q). However, priority
assignment does not guarantee a fixed delay.� Scalability. As the number of virtual connections
to be deployed across the network grows, VLAN
allocation proves to be complex and not scalable.
Cascaded tagging (stacked tagging) mechanisms
have been added to Ethernet to overcome this issue.
IEEE 802.1ah, also called mac-in-mac, is a native
Ethernet mechanism (L2) that overcomes the scal-
ing limitation of VLANs by re-encapsulating the
traffic with an outer Ethernet header carrying input
and output addresses of the Ethernet transport net-
work. This way, the provider’s Ethernet switches no
longer need to learn the large number of end-user
MAC addresses. This technique is called provider
backbone bridging and separates Ethernet transport
from Ethernet LANs of end-users.

The use of MPLS facilities allows deploying virtual pri-
vate networks (MPLS VPNs) in a unified multiservice
network. A VPN is a group of network access nodes

using the same label and is, hence, capable of exchang-
ing data packets in a closed manner across an otherwise
public multiservice network. The VPN concept can be
applied at layer 2 or layer 3. The first case is a solu-
tion for Ethernet transport over MPLS, and the second
is the way IP VPN can be implemented across an MPLS
backbone.

Implementing separate Ethernet virtual LANs
(VLAN) through layer 2 tagging, as described in the
previous sections, provides a simple, but not a scalable
solution. As the number of VLANs grows, the size of
the MAC address table can become extremely large,
and the switches constituting the network will have to
learn MAC addresses per port for the whole network,
and VLAN management may become complex.

Transporting Ethernet over MPLS provides the
technology for the creation of a core layer overcoming
the problem of scalability, while maintaining the end-
to-end Ethernet service provision. MPLS can be used to
transfer encapsulated data from different technologies
over a certain network. An additional label is inserted in
the data for the encapsulation purpose, and this label is
used for forwarding and classification inside the MPLS
network. This additional label can be used to encapsu-
late layer 2 frames, e.g., Ethernet frames. This solution,
called layer 2.5 MPLS or L2 VPN, is very scalable but
can be quite complex.

Ethernet service over MPLS can be point-to-point
(P2P) or multipoint-to-multipoint (MP2MP):

� The P2P Ethernet service or E-line, also called the
pseudowire (PW), is based on a packet-leased line
concept and can be implemented using the L2 Tun-
neling Protocol (L2TP).� The MP2MP Ethernet service (E-LAN) imple-
mented over an MPLS infrastructure is generally
referred to as a virtual private LAN service (VPLS).

The Ethernet frame received at the MPLS edge is en-
capsulated without any modifications. The MPLS label
is inserted directly in front of the old destination MAC
address, and then a new Ethernet header is added in
front of the MPLS label. Two labels are used:

� Tunnel label. The tunnel label is used to carry
frames across the MPLS network. Core label switch
routers (LSR) only look at this label. The tunnel la-
bel is removed by the penultimate hop prior to the
egress node.� Virtual circuit (VC) label. The virtual circuit label
is used by the egress node and determines how to
process the frame and where to deliver the frame on
the destination network.
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Virtual Private LAN Service (VPLS)
The virtual private LAN service (VPLS) provides
a scalable, switched Ethernet LAN over an IP/MPLS
network. It uses MPLS layer 2 encapsulation to cre-
ate an L2VPN. VPLS provides the transport of any
type of Ethernet traffic (unicast, broadcast, and mul-
ticast) from a source 802.1Q VLAN to a destination
802.1Q VLAN over an MPLS network. VLAN tags are
mapped to MPLS label switched paths (LSP). Ethernet
over MPLS uses the Label Distribution Protocol (LDP)
to dynamically set up and tear down LSPs paths over
the MPLS network, which facilitates the implementa-
tion of dynamic service provisioning. When MPLS-TP
is used, the association between source and destina-
tion is established manually and remains fixed during
the connection lifetime. VPLS allows us to profit from
the implicit service security and availability features of
MPLS-TP.

14.3.7 Network Architecture

As discussed in the previous sections, substation-to-
substation applications require information exchange
between fixed peers that are generally adjacent or
a small number of links away in terms of telecom net-
work connectivity. They require little or no network
routing resilience but tight constraints on time behavior.
This pleads in favor of more physical – transmission-
like – communications architectures providing latency
control and implicit security. Service continuity in this
case is to be assured through fast and simple prepro-
grammed switching of end-to-end normal and backup
paths.

Network-wide applications, in particular those con-
cerning human operators at undetermined locations and
remote processing platforms on the other hand, require
flexibility and high-level resilience, as well as a more
elaborate security protection, such as access filtering,
encryption, authentication, etc. This pleads in favor of
more logical communications architectures managing
topologies and data routing automatically.

Adopting a hierarchical architecture not only com-
bines these diverging requirements but simplifies net-
work deployment, service migration, trouble-shooting
and testing, network extensions and upgrades and fu-
ture technology migrations.

In comparison to public networks that have three
well-differentiated areas, last-mile, access, and core,
power utility network architecture has the particularity
that final users and network nodes are located at the
same sites, substations, power plants, or offices. Con-
sequently, network architecture tends to be simpler. In
addition to this, some protection applications require
pure transmission services that are almost not related

to the rest of the network. This makes the integration
of services over a single technology almost impossi-
ble, requiring a multilayered approach that combines
several technologies such as fiber optical network, Eth-
ernet, MPLS-TP, etc.

The architecture of the network depends on several
factors:

� Power utility type. The type of utility is a factor that
influences network architecture:
– Transmission utilities usually have their own

fiber infrastructure, so they can implement
mission-critical services using their private in-
frastructure. Furthermore, all their users, out of
control centers, are located in substations, so the
use of public telecom services are very limited.

– Generation companies do not have telecom in-
frastructure and should normally share their op-
eration information with the transmission com-
pany and with the system operation authority, so
their telecommunications infrastructure is lim-
ited to the use of access connections.

– Distribution companies have a mix of locations,
some are in their facilities and some are in the
field, or even on the customer’s premises. The
implementation of operational services requires
a mix of technologies and, in most cases, the use
of public telecom operators services.� Size of the network. The number of nodes, or sites,

is a factor that has a strong influence on the net-
work architecture. Less than 50 nodes does not
require a complex architecture, so operational ser-
vices can be implemented using no more than two
different technologies, an optical layer for transmis-
sion and transport and a MPLS-TP or plain IP for
less time-critical services. For a higher number of
nodes, a core network and an access or aggregation
network using segmentation techniques must be im-
plemented.� Geographical expansion. The physical distance be-
tween nodes is a factor that has an influence in the
transmission technology that can be used.� Availability of internal communications infrastruc-
ture. The internal communications resources such
as fibers, radio links, PLC, etc., will determine the
architecture of the network, since their use will be
a priority. Sharing these resources with other com-
panies or for IT services is also a factor that must be
considered.� Internal organization and telecom assets policy.
How IT applications and operational application use
telecommunications resources is a key aspect for ar-
chitecture design, as this will determine the need for
virtualization of several services.
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Fig. 14.18 Network architecture with service segregation. (Adapted from [14.1])

Figure 14.18 shows a generic architecture where
several services are segregated using different LANs
including the core network and the aggregation or ac-
cess network. Requirements and constraints in the two
parts of the network are different, as summarized in Ta-
ble 14.6.

This approach results in a hierarchical network in
which different technologies and different evolution
plans can be applied to each part. Moreover, the net-
work may be further partitioned into larger networks,
and different technologies may be used in different
substation aggregation networks to build a gradual mi-
gration plan or to fulfil diverging requirements.

Another concept currently used in power utility tele-
com network architectures is that of network overlay.
Network topology is strongly influenced by the power

Table 14.6 Substation aggregation/access and core network requirements

Substation aggregation/access network Core network
Long life-cycle power applications such as protection requires
fixed configurations

Frequent upgrades to keep up with release, bandwidth and
technology evolution may be required

Must be easy to deploy and easy to maintain, considering large
number of sites and the low level of specialized telecom skills of
field staff

Can tolerate more complexity considering the relatively smaller
number of sites and usage of more specialized telecom staff

Migration is extremely slow due to number of sites and applica-
tions. Must coexist with legacy technologies in many sites with
gradual service switch-over

Can be quickly deployed on separate fibers or wavelengths
and can be used as a support structure for the more gradual
deployment of substation networks

Time-critical applications, such as protection, are often confined
to the same substation network

Enterprise networks, if transported over the same network,
are confined to core network only

Substation aggregation/access network Core network
Long life-cycle power applications such as protection requires
fixed configurations

Frequent upgrades to keep up with release, bandwidth and
technology evolution may be required

Must be easy to deploy and easy to maintain, considering large
number of sites and the low level of specialized telecom skills of
field staff

Can tolerate more complexity considering the relatively smaller
number of sites and usage of more specialized telecom staff

Migration is extremely slow due to number of sites and applica-
tions. Must coexist with legacy technologies in many sites with
gradual service switch-over

Can be quickly deployed on separate fibers or wavelengths
and can be used as a support structure for the more gradual
deployment of substation networks

Time-critical applications, such as protection, are often confined
to the same substation network

Enterprise networks, if transported over the same network,
are confined to core network only

system layout, but this may not be the optimal topology
for telecom service deployment. A transmission layer
allows us to change the physical topology by establish-
ing circuits between nonadjacent nodes, so switching
nodes may work in an optimal topology. In legacy net-
works, it is rare to find a single user interface or a single
transmission technology, but in modern IEC 61850 sys-
tems, the trend is to use Ethernet interface only and fiber
optics infrastructure due to the high bandwidth demand
of modern operational services.

14.3.8 Network Design

Network design may be a complex task, depending on
the network size and the number and type of services
supported. Complex mathematics is involved in net-
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work design and, generally, cannot be achieved without
the use of appropriate algorithms. Common sense and
experience are also a necessary component to achieve
a good network design.

Furthermore, green field network design is a very
unusual case, since every power utility already has
a communications infrastructure, so the most usual case
is usually a migration scenario where some of the ex-
isting resources are reused. Telecom technologies and
services’ life-cycles are issues to be considered when
designing a network.

Utility operational applications and substation assets
have, in general, a much higher service lifetime than
telecommunications services. A newly deployed substa-
tion application is expected to operate 10–15years be-
fore being replaced. The adopted communications ser-
vices for such an application are, moreover, expected
to be stable and field-proven at the time of deploy-
ment. The communications solution, service, or tech-
nology must, therefore, be sustainable well beyond the
expected lifetime of any new generation, mass-market,
consumer-oriented service or technology. If a public op-
erator service is employed, the service may disappear
before the end-of-life of the power system application.
If a dedicated telecom service is used, the interfacing
units or equipment may no longer be supported by the
manufacturer. Furthermore, the upgrade of communi-
cations system software releases or core components,
which is a current operation in most communications
networks, may be extremely difficult and may require
long-term intervention planning, if critical applications
such as power-system protection relaying are to be car-
ried over the network.

Similarly, implementing a new communications in-
frastructure requires the ability to connect many gener-

ations of power-system applications rendering the issue
of legacy interfacing essential. A new communications
solution must provide a way to serve existing appli-
cations, which may coexist with the systems replacing
them for a very long time. In order to assure future up-
grade and legacy openness, communications solutions
and the corresponding service delivery scheme must
not depend upon the use of any proprietary interfaces
or technologies and must be technology-independent as
far as possible.

Network design is a tradeoff between the four main
characteristics:

� Requirements� Cost� Performance� Reliability.

The best design is the one that at the lowest cost can
achieve the performance and reliability requirements.
The starting point is service requirements. This in-
formation is used to define application layer and the
underneath layers.

Network design implies the definition of every as-
pect of the network from its topology to links and node
capacity, as well as the choice of the algorithms that
support the services. Based on the business policy, the
company’s financial strength, and its competence in
communications, an organization must decide whether
to operate the services or network itself, or whether to-
tal or partial outsourcing is a more desirable option. An
organization must also define its external service plan
in order to define the interconnection with other net-
works or service providers. The plan will regulate the
relation between the company and the external commu-
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nications customers and/or external service providers.
The external plan will also define to which degree its
services will provide full interoperability across service
borders and across network borders. Based on the busi-
ness objectives that define the overall communications
performance required by the company, the design of
any network must start with an investigation of existing
and potential users to produce a listing of the required
services. These services must be quantified and broken
down to produce a quality of service (QoS) specifica-
tion. This specification should be expressed by means
of the corresponding QoS parameters, such as availabil-
ity, capacity profile, accepted error tolerance and delay
parameters. A requirement specification based on these
parameters will make up the basic specification for the
network design.

This specification will include, amongst others, the
following information:

� Number of services to be integrated in the network� Class of service specification� QoS objectives for every service including avail-
ability level� Traffic profiles of every service� Budget� Any existing constraint such as:
– Topological constraints
– Reuse of existing equipment
– Technological limitations, etc.

The choice of service-network technology depends
on the type of service to be offered by the network and
on the service-integration architecture chosen. Realtime
services, such as SCADA, telecontrol, and teleprotec-
tion, are fundamental to power-utility operations.

Public networks are often dimensioned according
to the statistical data traffic and some rough empirical
guidelines to make the most of the transmission re-
sources. These methods work well for networks based
on noncritical services. For mission-critical services,
the design of the network should guarantee availabil-
ity and serviceability and should comply with a number
of characteristics typically required to achieve mission-
critical performance, such as reliability and security.
This cannot be achieved with a design based on statisti-
cal approximation but with one based on firm guarantee
that consider the worst case and incorporate cybersecu-
rity measures at the design phase.

The implementation of a network supporting differ-
ent services requires carrying out a complete project
baseline. Some generic data, as well as some service-
specific data must be gathered into complete project
requirements.

The following are required for the implementation
of a network supporting mission-critical services:

� Make an overview of all data applications needing
communications.� Define what applications/users require communica-
tions. Make an overview of what resources are in
use and their traffic profiles.� Define service requirements, considering availabil-
ity, resiliency, and cybersecurity.� Find the load during the busiest hour of the day and
in the worst case, like alarm avalanche.� Build a table to show how the traffic flows between
the various nodes.� Estimate the capacity needed for routing informa-
tion and other administrative traffic.� Dimension links and node capacity so that the aver-
age load over any one period never exceeds 50% of
the total capacity.� For critical applications or large networks, add re-
sources to give sufficient resilience.� Identify maximum end-to-end delays.� Assess the additional capacity required for expected
future growth.

To dimension networks with mixed services, the fol-
lowing information is required:

� The number of traffic sources� Individual capacity requirements – both average and
peak� The delay requirements of each service� Availability requirements of each service� Capacity of routers and switches� Capacity of transport links� Error performance of these links� Availability requirement of each network compo-
nent.

Once the design process starts, it may be possible that
the design requirements together with the constraints
applied to the selected network technology do not re-
sult in a possible implementation, so a renegotiation of
the requirements must be carried out. After the monitor-
ing process, which verifies the correctness of the actual
network implementation, the network-management in-
formation gives an indication to evaluate whether the
network covers the business expectations. The analysis
of this information, together with any change intro-
duced at the business level, is used to decide whether
the whole process must be started again.

It is widely accepted that the best choice for the de-
sign of a network that integrates several services is an
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overlaid solution. This approach makes the design pro-
cess even more difficult to accomplish, since the best
solution is the one that combines different networking
and transport technologies to obtain the cheapest solu-
tion that fulfils the design goals. Although IEC 61850
reduces the number of technologies and protocols, we
cannot forget that legacy technologies must be inte-
grated in the same infrastructure, so the complexity
will remain until legacy technology is discontinued. Al-
though there are design tools that could help in this
process, there are no accepted rules for the design, as it
is a multidimensional problem without a mathematical
solution. That is to say, it cannot be proved that a net-
work is an optimum design but it can only be stated that
it is better than another one. For this reason, the ob-
jective of the network design process is to achieve the
objectives set in the network design specification.

The main points to be considered are:

� Scalability. A well-designed network should be
scalable with the potential to grow with increasing
requirements.� Open standards. The entire design and the com-
ponents that build the network should be based on
open standards.� Availability. The application requirements as-
suredly demand a level of availability and reliability
of the network, including QoS.� Modularity. An important concept to adopt is the
modular design approach in building a network.� Security. Considering security risks and taking care
of them in the design stage of the IP network is es-
sential for complete certitude in the network.� Network management. Implementing network man-
agement should be integrated into the design of the
network from the beginning.� Performance. There are two key forms of perfor-
mance measures, throughput requirement and re-
sponse time, which should be considered for the
network.

The most important steps of the design process are:

� The preparation of the design specification doc-
uments, which gathers information from service
requirements, company policies, as well as site lo-
cations and asset availability.� The topology design that will lead to the definition
of the network architecture, which implies the se-
lection of the technology of every one of the layers
that will form the model.� Service integration and mapping.� The definition of the management architecture in-
cluding that of the management centers.

� Cybersecurity architecture.� Routing design and setup as a function of the nam-
ing and addressing and the service mapping.� Traffic engineering techniques and tools to assure
the service level specified as a function of the topol-
ogy network architecture and routing design.� Finally, once the final network design has been ob-
tained, a simulation of some services or a part of
the network may be advisable as a function of the
technology, network size, and architecture selected.� Once the design has been fully validated, the net-
work can be implemented.� Using network management tools, a report about
service performance can be obtained to check the
need for a network redesign.

The above-mentioned issues work together to achieve
the three key features of a mission-critical service: de-
pendability, performance, and security. Altogether they
provide service trustworthiness, which measures the
degree of assurance that a service will perform as ex-
pected.

In this context, dependability quantifies service re-
liance, which is a function of the following factors:

� Reliability. Measure the continuity of the service
when needed.� Availability. Measure the time the service performs
according to requirements.� Maintainability. Measure the capability of main-
taining the service during maintenance operations.� Integrity. Measure that the service provides infor-
mation that has not been altered.

Network design processes should be carried out consid-
ering these features.

The design of a network that supports operational
services using packet technology requires an accurate
evaluation of the latency. End-to-end network delay is
composed of:

� Packetization delay (PD). This is time delay intro-
duced by buffering of data before transmitting them
as Ethernet packets. The more data we pack into
an Ethernet frame, the higher the PD will be, but
the higher the bandwidth efficiency will also be. On
the other hand, we can pack very little protection
data into each Ethernet frame so that it can be expe-
dited faster, but in this case, the remaining capacity
of the Ethernet frame is wasted and, therefore, a lot
of Ethernet bandwidth is required for each commu-
nications service.� Network delay (ND). This is the time taken for
a packet to cross the network. ND is composed of
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signal propagation time (5�s=km) and intermedi-
ate node processing, which includes switching and
buffering. When the bit rate of the links is much
higher than the traffic delivered by a user, it can be
assumed that intermediate nodes operate at much
faster rates with reduced buffering and process-
ing times. Buffering delay or queueing delay are
normally estimated using stochastic methods that
consider traffic profile, queue length, and packet
size. Realtime mission-critical services cannot use
this statistical approach, since the service should
guarantee the performance even in the worst case.
Network capacity must be dimensioned to guaran-
tee end-to-end delay in the worst case. Queues in
the network nodes must be dimensioned to assure
that packet loss probability is lower than required.� Jitter buffer delay (JBD). JBD is the absolute delay
generated by dejittering, that is to say, absorbing de-
lay variations of the network through a buffer. The
size of the buffer (in packets) depends upon the am-
plitude of delay variation that must be absorbed.
Needless to say, the larger the buffer, the more it
introduces absolute delay. This buffer is used only
for circuit-emulation services.

For delay-critical services delivered over IP, pre-
established static routes are preferred to ensure end-to-
end performance.

Migration and integration of legacy technologies in
a new network design is a challenge that may introduce
a number of difficulties and even some design limita-
tions. The most relevant aspects that may impact the
behavior of mission-critical realtime services are given
below:

� TDM to packet network. The migration from con-
ventional TDM networks towards Ethernet and IP
increases the network’s bandwidth efficiency con-
siderably due to statistical multiplexing, flexibility,
and resilience. However, it can also be a major
source of concern for the control of time behavior.
Assembling data packets before transmission and
store-and-forward of the packet at each intermedi-
ate node causes additional buffering delay, which
increases with the packet size and with the number
of queues. Dynamic data routing gives rise to delay
variation and lack of time predictability. These ex-
tra delays are not present in TDM networks, so they
should be considered to limit the number of hopes
and allocate the required bandwidth to control the
maximum path latency.� Multiservice integration. Bandwidth efficiency in
packet networks is achieved through integrating
multiple traffic streams into the same packet net-

work. Queuing scheduling mechanisms are often
employed to assure a bounded delay for more crit-
ical services. It is important to implement reliable
service-segmentation mechanisms to isolate traffic
flow and prevent service interference. This issue
is sometimes masked through overdimensioning of
the network an order of magnitude, which reduces
the interference effect to a negligible level.� Network resilience versus fixed routing. Network
resilience ensures the continuity of service in the
presence of network faults, but at the same time,
renders indeterminate the routing of communica-
tions. Time predictability is generally sacrificed for
improved resilience. Traffic streams that are sensi-
tive to delay variations must generally be treated
separately with fixed routing.� L1/L2/L3 partitioning and topological structuring.
In order to provide adequate time performance to
critical services while maintaining bandwidth effi-
ciency, flexibility, cost, and resilience, it is neces-
sary to design the network with an adequate level of
information forwarding at physical, link, and net-
work layers.
– Direct transmission connections for best time

performance but at low bandwidth efficiency
(except for services requiring continuous data
flows like SV), flexibility, and resilience.

– Ethernet switching with virtual networking
(VLAN) and priority assignment for fast trans-
fer of information packets.

– IP routing for maximum resilience and multiser-
vicing.

This way, different network topologies can be obtained
for different services over the same telecom infrastruc-
ture, leading to different numbers of intermediate nodes
at each layer.

14.3.9 Network Management

Operational information exchange in power utilities is
undergoing tremendous growth, which is leading to an
ever more complex and extensive communications net-
work, as described in the previous sections. The corre-
sponding operation and maintenance demand specific
processes and tools well beyond the ad-hoc manage-
ment previously employed in most cases. The new op-
erational communications network also employs a new
range of technologies, which, moreover, are evolving
much faster than before, and hence, require a great diver-
sity of skills; thefieldworker canno longerbe considered
as autonomous and increasingly needs to be supported
remotely by a wide range of technology experts. These
experts can be located in one central facility or increas-
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ingly dispersed across the wide footprint of the com-
munications network. They can be in-house or part of
an external contractor or vendor organization. Processes
and tools need to be adjusted accordingly. The adopted
processes, tools, and field communications systems also
depend on the organizational aspects of the power com-
pany: fusion or separation of operational and corporate
enterprise services, of IT and telecom systems, and of
local andwide area communications, aswell as the adop-
tion of in-houseor contracted operation andmaintenance
services with specific security issues in the latter case.

To provide a better understanding of the opera-
tion and maintenance process for telecom networks and
services in power utilities, we will analyze the most rel-
evant points:

Assessment of service provisioning. Power utilities
in the new liberalized market are constantly in quest
for cost reduction. Reliability of operational commu-
nications services and their cost of achievement are in-
creasing challenged by alternative service-provisioning
modes. It is essential to have an O&M process and
associated key performance indicators (KPI) to meet
operational service imperatives:

� For fair assessment of alternatives (in-house/exter-
nal)� For determination of the market’s capability to de-
liver appropriate O&M services� For consequent partitioning and interfacing of in-
house and external service provision.

These processes contribute to network redesign and op-
timization.

Increased scope and change of scale. New power-
system applications are bringing a great number of
new communications service requirements in substa-
tions and across the grid. These applications range from
the control and maintenance of the distribution grid,
the integration of renewables, and outage prevention,
as well as grid stability control and new system protec-
tion schemes. This explosion of communications-based
intelligent applications is changing the scope and scale
of O&M activities. It is also accompanied by the intro-
duction of new communications technologies and the
evolution of the telecom networks necessitating multi-
ple skills and tools to maintain the system.

New rules. Another major on-going change con-
cerns external regulating authorities and legislation on
efficiency of network operation. The power utility is
expected to keep its infrastructure in good operating
condition and its operational expenditure, including that
related to O&M, needs to be precisely determined and
justified in order to be able to reflect it in the price of
the electrical power delivered. Moreover, the increased

weight of the electrical power utility as a critical na-
tional infrastructure, due to the increasing dependence
upon power supply, increasingly results in sanctions
and penalties for delivery failure. This, in turn, in-
creases the importance of communications reliability
and, consequently, the promptness of the O&M.

New actors and players. From an incumbent model
of vertical power utility, where all components of the
power production and delivery were part of a same com-
pany (and, therefore, all related communications were
internal), the power industry is moving to a partitioned
scheme leading to the multiplication of partners requir-
ing exchange of information and consequent multiplic-
ity of technical issues and solutions. The O&M process
must now cover such issues as cybersecurity and proto-
col compatibility for external communications.

New workforce constraints. In-house capability of
electrical power utilities is shrinking due to an age-
ing workforce, downsizing policies and economic con-
straints of organization, multiplicity of technologies,
and technical issues due to the fact that legacy tech-
nologies persist, while new ones are introduced into the
network, and the difficulty to attract and maintain ap-
propriate skills. The multiplication of technical issues
and solutions, the fast rate of change of technologies,
and the fast turnover of technical teams both in-house
and outsourced, is leading to a reduced grasp of the
network and its potential problems. It is increasingly
important to have a formal and specified manner to op-
erate and maintain the network.

New tools and process automation. Mainstream
telecom and the IT world is proposing a wide range
of tools to the utility telecom networks for automat-
ing the processes of network and service management.
These tools are designed and optimized for public ser-
vice providers and enterprise networks. Rather than
modifying O&M processes according to market tool
capabilities, an assessment of O&M practice in the
operational context and its required evolution allows
the implementation of more suitable and cost-effective
tools according to operational requirements.

O&M cost. The growing complexity of telecom net-
works is increasing the cost of the O&M process, and
tools are becoming a relevant cost factor in the full
life-cycle cost of the system. Proper modeling and im-
plementation of O&M service allows cost optimization.

The above-mentioned issues show the relevance of
O&M functionality. In fact, O&M must be consid-
ered, planned, and implemented as another service of
the telecom network. A network supporting mission-
critical services cannot guarantee performance without
a well-planned and implemented O&M service. The
rest of this section will describe the minimum infra-
structure required to implement an O&M service.
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Management Architecture
The management services are organized into a four-
layer hierarchical architecture by the ITU-T, as de-
scribed hereafter. Even if the four-layer – business, ser-
vice, network, and element – management-layer model
(BSNE-ML) has been devised for telecommunications
network management services, the conceptual model
can be adopted for other information related infrastruc-
ture management in the power-utility environment.

Element management layer (EML). This layer im-
plements the management of individual equipment. It
covers the different tasks related to the maintenance,
administration, logging of usage, and statistics of the
events recorded from this equipment.

Network management layer (NML). This layer im-
plements the management of a group of interconnected
equipment performing a particular task. It can be assim-
ilated to system management with end-to-end overall
functional and performance requirements. The task of
this management layer is, therefore, to interact with
each component of the system, whether aggregated to-
gether or geographically dispersed, in order to control
and coordinate their operation for the proper function-
ing of the system, to assess the utilization of the system
by authorized users and to reconfigure it if necessary in
order to fulfil the system’s requirements.

Service management layer (SML). This layer man-
ages a service delivered to a group of users, e.g.,
switched voice service or SCADA service, through the
monitoring of one or many different systems or net-
works. It manages the interfacing between the service
users and service providers through personalized ser-
vice availability indications, the measurement of the
quality of service, the monitoring of service level agree-
ments taking necessary measures in order to meet the
pre-established SLA, and the billing of the services.

Business management layer (BML). This layer
manages business aspects, which may comprise mul-
tiple services, e.g., operational communications, third-
party communications, corporate IT infrastructure,
or control center facilities, with overall manage-
ment and/or enterprise responsibility. Business-oriented
statistics for system and human resource planning and
budgeting, and for the elaboration of executive master
plans are typically at this layer.

In a similar manner to the four-layer BSNEmanage-
ment service architecture, the model for management
functions to be performed was derived from the world
of telecommunications and adapted to the requirements
of the power utility’s information infrastructure man-
agement. The fault, configuration, accounting, perfor-
mance, and security model (FCAPS) covers the dif-
ferent functions that may have to be implemented for
information infrastructure management:

� Fault management (FM):
– Alarm collection and processing
– Fault-event indication to users
– Trouble ticketing
– Maintenance organization and fault escalation� Configuration management (CM):
– Addition, suppression, and modification of

equipment, systems, and channels
– Provisioning and configuration of new services� Accounting management (AM):
– Ticketing and billing for the utilization of equip-

ment, systems, network, or services by different
categories of internal and external users� Performance management (PM):

– Monitoring of performance parameters for each
service, system, or equipment

– Statistics and trends for planning purposes and
proactive measures� Security management (SM):

– Access control to facilities, services, devices,
etc.

A nonexhaustive list of management functions orga-
nized according to the service architecture described is
presented in Table 14.7.

Since the implementation of O&M services requires
a system view, a management center is required to
gather and process network and element information.
The network management center (NMC) constitutes
the core entity for day-to-day operation, administration,
maintenance, and security monitoring of the network,
medium-term extension and enhancement planning, as
well as an advisory entity for long-term and strate-
gic decision-making through a synthetic and statistical
view of the information network, systems, and services.

The technological evolution has widened the scope
of the network beyond the limits of telecommunications
equipment. The information exchange system includes
all communicating entities from the substation IED to
the different management platforms of the power util-
ity (power-network management, energy management,
enterprise applications, etc.). A more general concept
of integrated management information can, therefore,
become attractive. In this case, the NMC need not be
a single geographical entity but a distributed platform
serving the different functional layers of the infrastruc-
ture and the different functions in the utility organiza-
tion.

The following tasks are to be performed through the
NMC:

� Control, operate, and manage in a unifiedmanner all
elements constituting the telecommunications net-
work including auxiliary systems.
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Table 14.7 Management functions

Fault Configuration Accounting Performance Security
Element Maintenance, su-

pervision, spare
management

Parameter setting and
recording of equipment,
change management

Monitoring of equip-
ment usage

Equipment perf. mon-
itoring, condition
monitoring, preven-
tive maintenance

Equipment access
monitoring, pass-
word management

Network
(system)

Network management,
end-to-end system
analysis,

Group configuration of
multiple elements consti-
tuting a system/network

Billing of the usage of
a system or a network

Network or system per-
formance monitoring,
QoS monitoring

System and site-
access monitoring

Service Service availability,
QoS monitoring, ser-
vice impact analysis

Service provisioning,
configuration of new
services into the network

Billing of voice and
data processing, storage
and exchange services

Service monitoring Operational and cor-
porate IT platform
security management

Business Fault statistics, OPEX
estimation, SLA moni-
toring

– Utility-wide internal IT
service billing

Service contract
management, SLA
monitoring,

Utility-level security
engineering

Fault Configuration Accounting Performance Security
Element Maintenance, su-

pervision, spare
management

Parameter setting and
recording of equipment,
change management

Monitoring of equip-
ment usage

Equipment perf. mon-
itoring, condition
monitoring, preven-
tive maintenance

Equipment access
monitoring, pass-
word management

Network
(system)

Network management,
end-to-end system
analysis,

Group configuration of
multiple elements consti-
tuting a system/network

Billing of the usage of
a system or a network

Network or system per-
formance monitoring,
QoS monitoring

System and site-
access monitoring

Service Service availability,
QoS monitoring, ser-
vice impact analysis

Service provisioning,
configuration of new
services into the network

Billing of voice and
data processing, storage
and exchange services

Service monitoring Operational and cor-
porate IT platform
security management

Business Fault statistics, OPEX
estimation, SLA moni-
toring

– Utility-wide internal IT
service billing

Service contract
management, SLA
monitoring,

Utility-level security
engineering

� Supervise, locate, and isolate faults in the system
through monitoring of the different elements in
a permanent manner (24 h=7d).� Supervise IT platforms (servers, workstations, LAN
components, etc.) associated with the operation of
the system.� Track all fault management tasks through to conclu-
sion, including restoration of services, replacement
of faulty units, return of faulty units to the manufac-
turer, and restoration of spares to the required level.� Assign maintenance and problem-solving to appro-
priate staff, who may be geographically remote and
dispersed, or even to an external contractor.� Supervise network, system, and data security
against cyber-attacks, intrusions, and viruses.� Monitor the performance of the different elements
through the measurement of traffic, loss rates, ser-
vice times, and overall delays in the system. In
particular, switching networks and IP infrastructure
must be monitored.� Determine the service impact of infrastructure faults
and take appropriate action.� Produce business-oriented dashboards and manage-
ment reports with dedicated synthetic information
for maintenance management, overall system man-
agement, network engineering and planning, cyber-
security management, power-system communica-
tions management, and dedicated service-provider
business management.� Perform asset management and inventory activities
for the whole system and produce up-to-date net-
work documentation available online to all parties
concerned.� Perform network and system documentation includ-
ing physical and logical resource management. The
documentation must include enough information to
identify:

– Channels multiplexed over a certain higher-
level container, through certain equipment or
over a certain communications medium.

– Processes using a particular processing resource.
– Services carried over a certain network resource.
– Users affected by the failure of a particular re-

source.� Perform directory services, IP address management,
priority management, and user inventory functions
in general.� Perform service-oriented and business-oriented
management tasks for both internal (the utility) and
external customers. In particular, provide customer
relationship management (CRM), including service
usage monitoring, billing, and service notification
for each customer and each category of service, as
well as service-level agreement (SLA) monitoring
for each customer contract.

14.3.10 Business Continuity Management

An extraordinary situation or disaster occurs when the
nature of an incident is such that it actually interferes
with or poses a significant risk to the operation of the
power system and affects critical business objectives.
Business continuity management (BCM) provides the
availability of processes and resources in order to ensure
the continued achievement of the critical objectives.

The telecom infrastructure and service must, there-
fore, be implemented to:

1. Tolerate the loss of infrastructure in a node, in a link
or in a region

2. Tolerate the loss of mains power supply for a rela-
tively long duration

3. Redirect all substation communications (SCADA
and voice) to a backup control center when required
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(e.g., in the case of destruction or major damage of
the control center)

4. Include fast deployment communications systems
(e.g., radios, satellites) to implement temporary
communications links and networks to replace the
damaged or nonoperating facilities or to constitute
temporary relays for the EPU’s restoration staff

5. Provide specific information exchange facilities for
disaster warning, staff coordination, and recovery
team communications.

It is important to distinguish between faults and
disasters. Operational services should be fault-tolerant,
which implies that the service is maintained without any
degradation of its performance in the event of a fail of
a single component, e.g., one link, one node, etc. In the
event of a disaster with massive failures, some services
may be discontinued and others maintained with a re-
duced performance, which should be enough to support
recovery system operations.

Disaster recovery is not a concept specific to
telecommunications but a general plan covering all
aspects of the power utility. As such, if telecom as-
sets, infrastructure, and staff are located within the
perimeter of utility’s premises, then they are inte-
grated into the utility’s disaster recovery and business
continuity plan (DR/BCP). However, if telecommuni-
cations services are provided by a different entity, with
staff and assets at other sites, then the coherence of
the telecom service provider’s DR/BCP with that of
the utility must be assured and periodically audited.
In the former case, DR/BCP is a very important in-
put for telecommunications network design and must
be considered during the entire network life-cycle to
verify its feasibility and avoid common mode fail-
ures.

Business continuity planning (BCP) is based on:

� Maintaining, resuming, and minimizing the impact
of a disaster and recovering the business. It is more
than a recovery of the technology.� It is based on business impact assessment (BI) and
risk assessment.� Regular validation testing.

The disaster recovery plans are generally written to the
base of the recovery after a major event: the loss of
a plant through fire or flood or the loss of computer or
telecommunications systems across the enterprise.

The goal of BCM is to minimize the effects of a dis-
aster with preventive actions. It seeks to establish a cul-
turewithin organizations to generate greater resilience to
ensure continuity of service delivery. The BCM process
is defined on different levels within the organization:

� Strategic level. Policies, scope, and preconditions
are defined here. The process is formalized, and
its organization is agreed upon. Responsibility and
ownership of BCM is part of this level.� Tactical level. The decisions taken at the strategic
level are the framework for the structure of BCM.

Tactical level responsibilities include risk assessments
process and the definition of requirements and guide-
lines. The operational level is responsible for the im-
plementation of predefined tactical actions in order to
assure the agreed-upon service levels.

Evaluating Threats to Critical Activities
Telecommunications services can be negatively affected
by many different threats of different origins, whether
natural or intentional acts. Recovery mechanisms must
be defined in order to cope with these threats and min-
imize their impact on the overall service performance.
The definition of a recovery procedure requires a risk
assessment to be carried out to determine the source of
threads and their impact on operational service perfor-
mance. In fact, this risk assessment study should be part
of a company risk assessment process in order to corre-
late the risk of ICT infrastructure with company opera-
tions.

The risk assessment process relies on two inputs,
the estimated likelihood of every type of threat and in-
ternal vulnerability assessment. The result is a matrix
that provides information about the likelihood of a risk
and its impact compared with the cost of mitigating it.
The company should made a decision about the level
of risk that can be accepted, so this will determine the
measures to be taken to overcome and minimize the ef-
fect of those threats.

Threats faced by a utility can be disasters, failures,
or other disruptive events; the most common are in-
cluded in the following list:

� Natural disasters like floods, earthquakes, rain-
storms, typhoon, snowstorm, landslides etc.� Fire� Power failure� Terrorist attacks� Organized or deliberate disruptions� Theft� Major system and/or equipment failures� Human error� Cyberattacks or computer viruses� Legal issues� Worker strikes.

One important outcome of risk evaluation is the cor-
relation between generic company risks and their effect
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Fig. 14.20 Risk management and
risk assessment model. (Adapted
from [14.4])

on telecommunications infrastructure. In order to thor-
oughly analyze every risk and make the right decision
in terms of risks accepted and cost of mitigating other
risks, a risk management framework has to be used
as shown in Fig. 14.20. Layering risk assessment and
management process is very important to include every
aspect and detail of different functions and technologies
included in the company.

The four layers in Fig. 14.20 show the hierarchical
levels of the operation’s part of a typical power utility.
Every level of the organization or layer must carry out
its own risk assessment process, inform the upper level,
and manage its risks according to the directives set by
the upper level. These risk-management objectives are
related to the risk-management policy of the company.
Each level of the organization has a different set of
objectives, as it is exposed to different sets of risks.
Nevertheless, it is important to take into account that
there are also risk dependencies between levels, so in
order to determine global company risk exposure, these
dependencies should be considered. On the other hand,
these dependencies influence risk assessment and man-
agement of a particular layer, since dependencies with
other layers must be taken into account. Due to these
dependencies, a common framework and languagemust
be used for the identification and management of risks.

The business continuity plans of power utilities
should consider the effect of the disruption of critical ac-
tivities due to external or internal threats. To carry out

this analysis it is important to consider the resources re-
quired to support these critical activities and, thus, con-
sider specific threats and their particular vulnerabilities
in order to achieve a comprehensive risk assessment. The
risk-assessment method chosen depends on the organi-
zation, and it is important that the approach is adequate
tomeet the organization’s needs and its owncontext, also
politically, in terms of legislation and geographical loca-
tion, considering specific risk factors such as flooding,
earthquakes, etc. It is important to consider that a BCP
must be managed and maintained. The use of new tech-
nologies requires a detailed risk analysis and may re-
quire the reformulation of the BCP. Some of the more
relevant aspects of business continuity management for
a power utility are the following:

� Risk and vulnerability analysis. Risk assessment
must be updated regularly to identify new vulner-
abilities introduced by changes in the implementa-
tion of services and system reconfiguration.� Business impact analysis.� Response strategies.� Planning documentation and maintenance.� Staff training and awareness.

BCP should consider technology failure modes, com-
mon failure modes of different systems using the same
technology, as well as the risks introduced by cyberse-
curity attacks, which may have a much higher impact
than a natural disaster.
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14.4 Cybersecurity

Information security is a very important issue affecting
the entire information and communications system. It is
treated as a full end-to-end process through an appropri-
ate security policy identifying security domains, taking
measures to mitigate risks, and devising periodic audit
schemes to assess the effectiveness. The scope of in-
formation security must cover the system specification
phase to the dismantling phase.

14.4.1 Basic Principles

This section focuses on the influence of cybersecu-
rity on operational services and its related information.
A cybersecurity attack has a direct impact on service re-
liability or, in a more generic way, on the reliability of
the operational system.

The design of a mission-critical operational system
is implemented with an architecture and redundancy to
be tolerant to a single failure. Up to now, the effect of
a cybersecurity attack was not considered in the evalu-
ation of system availability, but this kind of attack may
have a much wider influence than device faults. Some
types of attacks can affect the reliability of an operation
without a total breakdown of the system. Consequently,
cybersecurity is becoming a capital aspect of opera-
tional system design. Large efforts have been made by
the international community to develop standards and
recommendations to better protect operational systems.

One aspect that cannot be denied when analyzing
the cybersecurity of operational services is its speci-
ficities and the big differences that can be identified
in comparison with that of information technology sys-
tems. Table 14.8 shows the most relevant differences.

In addition to these differences, there are other dif-
ferences to consider:

� Architecture. SAS architecture is rather different
from office or data center architecture. In an office,
there is a limited number of servers and a large num-
ber of hosts working as clients, whereas in a SAS,
every IED is a server, and there is only one client,
the SAS controller. Furthermore, in an SAS, con-

Table 14.8 IT versus OT differences

Topic Information technology Operational systems
Basic goal Information Maximize process availability
Primary risk impact Access to information Availability of operation
Security focus Centralized. Security of servers, Internet access Decentralized. Security of P&C functions. Minimize Internet access
Availability 95–99% 99.9–99.999%
Patch management Regular updated. Service disruption Selective updates. Minimize service disruptions
Mode of operation Interactive, transactional Interactive, real time, event driven
Reliability Depends on staff Depends on system design and IEDs

Topic Information technology Operational systems
Basic goal Information Maximize process availability
Primary risk impact Access to information Availability of operation
Security focus Centralized. Security of servers, Internet access Decentralized. Security of P&C functions. Minimize Internet access
Availability 95–99% 99.9–99.999%
Patch management Regular updated. Service disruption Selective updates. Minimize service disruptions
Mode of operation Interactive, transactional Interactive, real time, event driven
Reliability Depends on staff Depends on system design and IEDs

figuration is static, so there are no DHCP or DNS
servers but in an office configuration it is dynamic.� Source of attacks. Office protection from cyber-
attacks is designed to prevent attacks from outside
the LAN. Nevertheless, attacks to a SAS LAN com-
ing from outside the substation are extremely un-
likely, as there the connection comes from the control
center, which is the most secure domain in a power
utility. Attacks to SAS may come from inside the
LAN because of uncontrolled or unauthorized work
and from remote access. In fact, remote access is the
most critical connection form the point of view of
cybersecurity. Its protection must be thoroughly an-
alyzed to achieve the required protection level.� Types of attacks. Hosts used in office environment
are prone to suffer from virus and malware attacks,
whereas IEDs are much less susceptible to these
types of attacks. IEDs may suffer other attacks, such
as denial-of-service, unauthorized access to gain
control of a function or change settings that may
produce considerable damage.� Configuration principles. Due to the above-men-
tioned issues, security configuration must be imple-
mented in a rather specific way in order to protect
from internal attacks and from specific attacks that
affect the availability and reliability of the SAS.
These principles are described by the IEC 62351
family of standards.

Attacks to operational systems or functions are not
focused on copying or stealing information but on
blocking or gaining control of operational functions,
such as control to operated breakers or generators and
protection to disconnect loads.

For an attack to be successful, it has to exploit a vul-
nerability of one or several IEDs. Vulnerabilities may
be brought about by several reasons:

� Poor software quality. Errors and weakness in oper-
ating system and applications.� Legacy devices. Legacy devices have well-known
vulnerabilities that cannot be avoided, since these



14.4 Cybersecurity 1085
Section

14.4

devices cannot be updated due to lack of software
support from the vendor.� Configuration mistakes. Incomplete configurations
may let backdoors be opened or disable protection
mechanisms, thus facilitating attacks.� Password management. Changing default pass-
words, using nonstandard ones, and managing them
properly helps to protect from dictionary attacks
that may gain control of IEDs.� Documentation. Incomplete or errored documenta-
tion may lead to operation and maintenance mis-
takes that are considered as nonmalicious internal
attacks.

In the above list, we can notice that technology is not
the only factor that determines the degree of protection.
In fact, cybersecurity depends on the balance of three
major factors:

1. Technology. Cybersecurity aspects related to tech-
nology involve not only the equipment required to
protect operational systems, such as firewalls, but
also the proper configuration of every IED. Con-
figuration plays a capital role in achieving a good
protection level.

2. Procedures. An organization must be aware of cy-
bersecurity risks and, consequently, cybersecurity
measures should be included in every operational
procedure. Furthermore, specific procedures for cy-
bersecurity management, like passwords, access
rights, or certificate management, must be defined.

3. Human resources. Company staff need to be trained
on cybersecurity. Responsibilities related to cyber-
security must be clearly stated. Security policy and
procedures must be known and used by the staff.

To protect an operational system in a cost-effective way
it is necessary to carry out a vulnerability assessment
analysis. Knowing the vulnerabilities is the starting
point of safe system design. Not all the vulnerabili-
ties may be exploited if a corresponding vector attack
cannot be used in the operational environment. For in-
stance, if a vulnerability can only be exploited using and
email, and this service is not available in our SAS, there
is no risk associated with this particular vulnerability.

The following step is to determine the risk intro-
duced by every vulnerability. The risk level is a function
of the likelihood of an attack able to exploit this vulner-
ability. The impact of a successful attack on the avail-
ability of the system and on business operation should
also be considered. Once risks have been identified and
quantified in terms of probability, we produce a risk ma-
trix that will help us to determine how cyber-protection
is to be implemented and configured in order to reduce

the probability of a successful attack and assure that its
impact on the systemwill not reduce system availability
and reliability below performance objectives.

14.4.2 International Standards

There is a large number of standards related to cyber-
security. We will focus on international standards de-
veloped for the protection of operational systems. Fig-
ure 14.21 shows a hierarchy of cybersecurity standards.
The most generic family of standards is the ISO/IEC
27000 series that deals with the implementation and
management of cybersecurity in a company. This stan-
dard should be applied in any type of organization and
has no specific requirements for operational systems.

IEC 62433 is a series of standards that deals with
the cybersecurity aspects of industrial automation and
control systems, including power-utility automation
systems. It comprises a total of 13 volumes that are
grouped into four parts:

� General part. This includes generic concepts, con-
formance metrics and product development require-
ments.� Policies and procedures. This comprises security
management considerations, implementation guide,
patch management, and security requirements for
service providers.� System aspects. This includes security technologies,
risk assessment, and system security requirements.� Components. This includes product development,
life-cycle requirements, and security requirements
for components.

This standard provides an overview of cybersecurity in
the context of operational applications. The role of the
three main factors required to build a secure system
(procedures, persons, and technology) are presented.
Their associated functions along the system life-cycle
are developed.

The security domain and the zone design are also
relevant contributions of this standard. In this context,

• Cybersecurity of industrial control systemsIEC 62443

• Cybersecurity of operational systems 
 and control centersIEC 62351

• Internet standardsIETF

IEC 27000 • Cybersecurity management system

Fig. 14.21 International standards
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a security domain is a set of devices and applica-
tions that share the same security policy. Domains are
divided into security zones. A security zone gathers
elements that implement one or several functions and
are protected by a set of cybersecurity measures that
guarantee information confidentiality. In the context of
operational systems, security zones are associated with
SCADA or SAS functions.

A security zone is defined by:

� Scope: number and location of devices� Associated risks due to vulnerabilities and threats� Functions inside the zone� Access-control methods and rights� Technologies allowed to implement the zone.

Zones interchange information using conduits. A con-
duit is a communications channel protected by a set of
cybersecurity measures. Conduits are treated in a simi-
lar way to security zones. Vulnerabilities are associated
with telecommunications technologies, and it is usual
to forbid some technologies, depending on the type and
criticality of the information carried by this conduit. For
the technologies allowed, protection measures should
be specified, it can range from segmentation using tun-
nels to encryption.

IEC 62351 is a series of standards focusing on the
protection of the SCADA domain. This family of stan-
dards provides a clear and simple way of protecting the
SCADA infrastructure against almost any type of attack.

IEC 60870-6 TASE.2 (ICCP)

IEC 60870·5·104 & DNP3

IEC 60870-5-101 and Serial DNP3

IEC 61850 GOOSE and SV

IEC 61850 over MMS

IEC 62351-1: introductlon

IEC 62351-2: glossary

IEC 62351-3: profiles
including TCP/IP

IEC 62351-4: profiles
including MMS

IEC 62351-5: IEC 60870-5 and
derivates

IEC 62351-6: IEC 61850
profiles
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IEC 61850-8-2 MMS over XMPP

IEC 61970 and IEC 61968 CIM

IEC 62351-10: security architecture guidelines for TC 57 systems

IEC 62351-12: resilience and security recommendations for power systems with DER

IEC 62351-13: what security topics should be covered in standards and specifications?

Fig. 14.22 IEC 62351 architecture. (Adapted from IEC 62351-1)

The advantage of IEC 62351 is the use of exist-
ing resources to implement cybersecurity protection
measures. The standard focuses on the key security
measures:

� Authentication. This is the most important cyberse-
curity function. There is no security without authen-
tication. It is required to verify a user’s identity and
prevent nonauthorized access.� Confidentiality. This has to be used when the com-
munications channel is not reliable to prevent eaves-
dropping, listening, media playback, etc.� Auditing. It is very important to detect security
anomalies and to prevent denial of action or false
claim of action.

These functions are implemented using Internet stan-
dards or recommendations. Internet standards are pre-
pared by the Internet engineering task force (IETF) that
produces a request for comments (RFC), which is a doc-
ument that specifies protocols, formats, and methods to
be used to implement services over the Internet; RFCs
may become Internet standards, but even in this early
stage, they are being used by other standardization bod-
ies.

As mentioned before, access control and use con-
trol are the most important cybersecurity functions. IEC
62351 has standardized the role-based access-control
(RBAC) method to implement this functionality. IEC
61850 has also adopted this method, which is now
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Fig. 14.23 Cybersecurity control-
center architecture

mandatory for this technology and will become the
most common access control method for power-utility
operational functions in the near future.

When a person or an entity wants to use a service
protected by RBAC, it needs to specify its identity and
the role it wants to play in its interaction with the ser-
vice. This provides a higher level of protection, as the
user needs to have a valid identification, and the as-
signed role limits the possible actions that the user can
do within the system. Identity, roles, and properties of
RBAC can be expressed using the XACML language
that generates XML security configuration files, the for-
mat of which is defined with an XML schema.

14.4.3 Cybersecurity Control Center

Operational systems can suffer sophisticated attacks
that are not addressed to a single IED or function but
to a large number of them. These types of attack aim
to destroying assets or produce a blackout. These dis-
tributed and sophisticated attacks cannot be detected or
prevented from a single point of the network. A global
view is necessary to detect a collection of anomalies,

which, once correlated, can identify these types of ad-
vanced attacks. This dispersed information must be
gathered in a cybersecurity control center to be able to
process it and produce indications and alarms.

Figure 14.23 shows an example of the functional ar-
chitecture of such a type of control center.

Information is gathered using standard protocols,
such as the Simple Network Management Protocol
(SNMP) or syslog. This information is converted to
a standard format and stored in a database for later
processing. The process layer is where intelligence is
implemented to detect sophisticated attacks and pro-
duce statistics and reports for auditing purposes. Fi-
nally, some applications present the information to the
user and generate alarms and working orders.

The cybersecurity control center is a very important
component to support active security auditing, which is
a key component of a secure system.

Depending on the number of devices connected in
the operational network, the size of the cybersecurity
control center may range from a single host to an archi-
tecture made of several servers that may be physical or
virtualized.

14.5 Smart Grid

The smart grid is the evolution of the traditional power
system based on a hierarchy of bulk generation power
transmissions and distributions. This new architecture
uses advanced ICT technologies to connect disperse
generators and consumers in an optimal way to obtain
economic efficiency.

The most relevant objectives of a smart grid are:

� To support new businessmodels to promote the pres-
ence of active users to make the most of electricity.� To facilitate the use of renewable energies, improv-
ing energy efficiency.

� To provide the required level of resilience comply-
ing with the established reliability objectives.� To facilitate the integration of legacy technologies
and the migration of existing systems.� To ensure interoperability to support multivendor
solutions.� To use scalable and modular technologies able to
cope with the much higher volume of information
and able to adapt to technology evolution.

The smart grid is a very good example of a totally dis-
tributed grid, whose working principle is based on ICT.
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Consequently, this section is focused on ICT-specific
aspects of a smart grid, since this is the key component
to implement the smart part of the grid.

There are three key factors to implementing a reli-
able smart grid:

1. Telecommunications infrastructure. The deploy-
ment of a private telecom infrastructure is not eco-
nomically feasible, so public telecom services need
to be used together with already existing private
infrastructure. The fact that public services do not
comply with mission-critical services requirements,
introduces a drawback that can only be solved by re-
designing critical applications and accepting some
limitation in the reliability of those critical services.

2. Applications. New applications are required to sup-
port new operational decentralized principles, for
protection, control, and other new functions such as
demand response, etc. A large number of new ap-
plications is planned and will be gradually deployed
to allow the interaction of the power company with
dispersed energy consumers, producers, and storage
facilities. These applications comprise smart meter-
ing at the energy customer’s point of delivery, but
also the control of electrical loads and distributed
power generators, public facilities, such as electri-
cal vehicle chargers and public lighting, as well
as industrial and commercial/residential microgrids.
This mix of revenue management and operational
information exchange is still under research.

3. Cybersecurity. Smart grid cybersecurity has to face
very important challenges that will require a thor-
ough study starting from the specification phase.
The key aspects are:� The use of public unreliable communications

channels, such as wireless links, channels pro-
vided by public telecom operators, and the In-
ternet.� The need to protect critical assets located at
pubic sites and, therefore, without physical pro-
tection.� Extremely large and distributed infrastructure
with a large number of different types of IEDs.� Public services that imply the interaction of cus-
tomers with some devices and services using the
Internet or directly connected to some IED.

Figure 14.24 shows the smart-grid architecture as de-
fined by [14.5].

Two important aspects must be noted: the model
covers all the actors involved in a smart grid distributed
into domains and zones. The second and most important
aspect is the definition of interoperability at every one of
the layers. At the component, the communications and

information layer is achieved by using IEC 61850 stan-
dards, and the upper layer is defined by the smart-grid
user interface specified by the standard IEC 62939-1.

There are three technologies required to implement
a smart grid: the common information model for the
implementation of control centers, IEC 61850 for sub-
stations, generating plants and field devices, including
distributed-energy resources (DER) and the IEC 62351
to provide cybersecurity protection to the whole system.
As has already been mentioned, these technologies used
Ethernet as the physical access interface and IP as the
network protocol.

The design of a smart grid should consider most of
the issues already developed in the previous sections.
The reader is referred to Sect. 14.3 for topics related
to telecommunications network design, IEC 61850 and
cybersecurity.

ICT challenges that smart-grid design are faced
with are related to the following issues:

� Scalability. The expected massive deployment of
the smart gird requires scalable solutions and tech-
nologies. Nevertheless, this may be a drawback, as
high-end technologymay be too expensive to justify
the initial investment. The use of less-scalable solu-
tions may require frequent retrofitting, which may
put the return of the investment at risk.� Network management. Management and operation
of a heterogeneous telecom network requires com-
plex management procedures that should be imple-
mented usingmanagement centers able to cope with
many different technologies as well as the use of ex-
ternally provided services.� IT governance. The smart grid involves many differ-
ent applications, some of them devoted to grid op-
erations and others to support customer interaction,
and even, in the near future, some IT infrastructure
used to provide services to third parties. These is-
sues together with the growing virtualization will
require new IT-governance principles.

Although many successful experiences have already
been deployed, the complete migration from the tradi-
tional power system to a new smart-grid architecture
will take several years. There are a number of new stan-
dards – most of them already approved – that will pave
the way to this evolution, thus providing the necessary
guarantees of feasibility of this new approach.

The following paragraphs shows the most relevant
standards related to smart grids:

� ISO/IEC 15067-3. Smart grid application speci-
fications for demand response, distributed-energy
resources, and local storage. This standard specifies
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a framework to align residential needs to available
supplies.� ISO/IEC 15045 series. Gateways to link a home net-
work to the smart grid.� ISO/IEC 14543 series. Residential communications
architecture, protocols, network configuration, and
network management that carry smart-grid signals.� ISO/IEC 29145 series. Wireless beacon-enabled
energy-efficient mesh networks.� IEC 61400-25 series. Communications for mon-
itoring and control of wind power plants. It is
considered an expansion of IEC 61850, as it uses the
same data modeling, ACSI services, and the same
protocol stack.� IEC 61588/IEEE 1588. Precision clock-synchro-
nization protocol for networked measurement and
control systems.� IEC 61850-90-7. Object models for power convert-
ers in distributed-energy resources, as mentioned in
the previous sections.� IEC 61850-90-8. Object models for electric mobil-
ity, as mentioned in the previous sections.� IEC 61968 series. System interfaces for distribution
management, as mentioned in the previous sections.

� IEC 61970. Energy-management system applica-
tion programming interface, as already mentioned
in the previous sections.� IEC 62056 series. Data exchange for meter read-
ing, tariffs, and load control. This standard defines
methods, object identity, object modeling and ser-
vices, communications, and media-access methods
to establish instrument interfaces.� IEC 62325. Framework for energy-market commu-
nications.� IEC 62351 series. Data and communications se-
curity. This series of standards identifies threats
to operational systems, including smart grids, and
specifies protection methods.� IEC 62448. Power-line communications systems
for power-utility applications. Establishes the plan-
ning of service and performance parameters for
operational requirements.� IEC 62746. System interface between the cus-
tomer’s energy-management system and the power
management system. It defines system interfaces,
profiles, and communications protocols.� IEC 62872. System interface between industrial fa-
cilities and the smart grid.
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� OASIS Energy Interoperation 1.0. Information
model and messages to enable standard communi-
cations of energy interoperation, such as demand
response events, realtime price, etc.� OASIS Energy Market Information Exchange. De-
fines an information model and XML vocabulary
for the interoperable and standard exchange energy-
market-related information.� OASIS WS-CALENDAR. Information model and
XML vocabulary for communications schedules
generating orders.

� IEEE P203.5 Smart Energy Profile 2.0. Standard-
based application profile for use in smart-grid
home-area networks (HAN) based on IEC CIM
(IEC 61968) using the IP Protocol.� IEEE 1547.3. Guide for monitoring, information
exchange, and control of distributed resources in-
terconnected with electric power systems. This
standard provisions information modeling and case
analyses.

14.6 Outlook of Future Technologies

The massive deployment of the smart gird, which im-
plies the integration of distributed-energy resources,
most of them based on intermittent generating units,
will require the use of new technologies that allow new
and more advanced services to be supported.

Operational services must maintain or even im-
prove their performance. Although the technologies to
come will introduce a number of advantages, they will
also present a number of challenges. The most relevant
changes that must be considered are:

� Virtualization. Telecommunications and virtualiza-
tion of applications is becoming common practice
for the implementation of IT solutions. It brings
many advantages and cost reduction. Nevertheless,
for mission-critical operational applications, and
this is related to telecom services, these solutions
bring about many doubts about their reliability and
availability, as well as their lack of transparency on
how the service is being implemented. Performance
assessment is not a guarantee, since service con-
figuration and implementation modes can change
without the user being informed. Not to mention cy-
bersecurity concerns, as it is not possible to know
the level of protection offered by the service. In-
ternally provided virtual services may be a feasible
solution, as power utility can verify which tech-
nologies are being used, as well as the proper
configuration to prevent a loss of service reliability.� Clouds. Clouds are another way of service virtu-
alization that present similar advantages and draw-
backs to those mentioned in the previous paragraph.� Big data. The massive and exponential growth of in-
formation gathered by new intelligent devices and
new applications will require the use of big-data
technology to extract useful information. This in-
formation will be used to improve the efficiency and
performance of the power system.

� Wireless communications. Last-mile communica-
tions technologies are evolving towards wireless so-
lutions. Consequently, wired-access interfaces will
be used less and less in the future. The transmission
capacity of wireless technologies is continuously
growing, putting wired solutions aside. These tech-
nologies provide great flexibility and mobility and
simplify installation procedures, but wireless ser-
vice reliability is lower than wired solutions, and, in
many cases, is not suitable for mission-critical op-
erational applications. The use of wireless solutions
has to be thoroughly studied due to their higher la-
tency and lower service reliability.� Cybersecurity. The use of standard and opened
technologies enables new attacks. The secure de-
ployment of new technologies requires implement-
ing cybersecurity-protection methods using an en-
gineering approach. That is to say, assessing new
vulnerabilities and implementing the right protec-
tion measurements. New tools and technology are
being implemented to facilitate this new engineer-
ing process.

If we focus on telecom technologies, the transmission
capacity of fiber optics is far higher than that required
for any operational or added-value application. On the
other hand, new network technologies will need to be
used to cope with the scalability requirements. Among
other solutions software-defined networks (SDN) are
expected to be the next technology wave.

SDN is a set of techniques used to facilitate the
design, delivery, and operation of network services in
a deterministic, dynamic, and scalable manner. SDN is
a technology currently used in data centers because of
its flexibility, scalability, and virtualization.

The SDN architecture is an evolution of traditional
connection-oriented networks, that is to say, there is
a control plane that set ups connections – or in this case,
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data-flow paths – and a forwarding plane that switches
packets through pre-established paths.

Forwarding and control planes are decoupled and
defined using abstract definition methods. Due to this,
applications can specify services and control a network
dynamically, accordingly using implementation crite-
ria that better suits the application requirements. The
separation between control and forwarding planes is
implemented with the goal of reducing complexity and
providing flexibility to allow for a faster innovation.

SDN includes four functional layers:

� Device and resource functional layer. The resources
of the control and management planes of devices
are mapped to control and management planes us-
ing abstraction techniques. The forwarding plane,
which implements the data path, is responsible
for handling and forwarding packets. It provides
switching, routing, packet transformation, and fil-
tering functions. The operational plane controls the
operational state of the network device, including
the information of the device.� Control layer. The control plane can be distributed
among SDN nodes. Its main functionality is the
configuration of the forwarding plane by setting the
rules to handle network packets. Communications
between control-plane entities is implemented us-
ing gateway protocols, such as the Border Gateway
Protocol (BGP) or other protocols, such as the Path
Computation Element (PCE) Communications Pro-

tocol (PCEP). Control-plane functionalities usually
include:
– Topology discovery
– Maintenance services
– Packet route setup
– Path failover mechanisms.� Management layer. The management plane is cen-
tralized. It implements network-configuration func-
tions as well as fault and monitoring management.� Network services layer. This provides a service-
abstractions interface to be used by applications and
other services.

When the control plane is centralized, the OpenFlow
Protocol is used to communicate the control plane with
the forwarding plane.

OpenFlow defines the protocol used by a centralized
network controller to control OpenFlow switches. Each
OpenFlow-compliant switch maintains one or more
flow tables, which are used to perform packet lookups.
Tables define packet forwarding actions.

The use of SDN to support operational applica-
tions must be assessed. It offers many advantages, but
availability, reliability, and implementation architecture
must be checked in order to verify the fulfilment of
mission-critical operational application requirements.

Reference note: this chapter relies on [14.1], edited
by the author of this chapter as a result of the compila-
tion and update of several works produced by CIGRE
study committee D2.
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This chapter presents an overview of power dis-
tribution networks. The description of the main
components of a distribution network are given
and various power flowmodels for the steady state
analysis of distribution networks are formulated.
The increasing penetration of distributed energy
resources into the distribution level has trans-
formed distribution networks into active ones. The
basic functions of an advanced distribution man-
agement system for the control and monitoring of
a distribution network are presented. Furthermore,
methods for the operation of the network under
normal and emergency operating conditions and
for distribution network planning are presented.

15.1 Power Distribution Networks ............. 1093

15.2 Network Components Modeling ......... 1095
15.2.1 Transformers ..................................... 1096
15.2.2 Distribution Lines .............................. 1096
15.2.3 Load Models...................................... 1097
15.2.4 Shunt Capacitors ............................... 1097
15.2.5 Voltage Regulators ............................. 1098

15.3 Power-Flow Analysis
of Distribution Networks ................... 1099

15.3.1 Branch-Flow Equations...................... 1099
15.3.2 Linear Approximation

of Branch-Flow Equations .................. 1100

15.3.3 Quadratically Constrained
Approximation
of Branch-Flow Equations .................. 1100

15.3.4 Conic Approximation
of Branch-Flow Equations .................. 1100

15.3.5 Simulation Results ............................. 1101
15.3.6 Three-Phase Power-Flow Analysis

of Unbalanced Distribution Networks .. 1101

15.4 Active Distribution Networks ............. 1103
15.4.1 Distributed Energy Resources .............. 1103
15.4.2 Demand Response ............................. 1105
15.4.3 From Passive to Active ........................ 1106
15.4.4 Active Network Management .............. 1106

15.5 Distribution Network Monitoring
and Control ...................................... 1107

15.6 Operation of Active
Distribution Networks ....................... 1115

15.6.1 Operation of Active Distribution
Networks Under Normal Operating
Conditions ........................................ 1115

15.6.2 Operation of Active Distribution
Networks Under Emergency Operating
Conditions ........................................ 1117

15.7 Distribution Network Planning .......... 1120

15.8 Summary .......................................... 1123

15.A Appendix: Load and Line Data
of Distribution Networks ................... 1123

References ................................................... 1126

15.1 Power Distribution Networks

Power distribution systems are responsible for deliv-
ering electric power from high-voltage transmission
or subtransmission systems to the end customers. As
shown in Fig. 15.1, the distribution system starts from
the primary distribution substation, where a power
transformer decreases the high voltage (HV) of the
transmission system (35�230kV) to medium voltage
(MV) (1�35 kV) [15.1]. Primary distribution feeders,
which are MV circuits, connect the primary distribu-
tion substation with the secondary distribution substa-
tions. The power transformers in the secondary dis-

tribution substations decrease the MV to low voltage
(LV) (100�1000V) [15.1], where residential and com-
mercial end users are connected to the system using
secondary distribution lines. Most distribution systems
(both primary and secondary) operate in radial configu-
ration, which means that there is only one path from the
distribution substation to each end customer. However,
operation of meshed MV distribution networks also ex-
ists in some countries, feeding major urban areas. The
main advantages of the operation of radial distribution
networks over meshed ones [15.2, 3] are:
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Fig. 15.1 An example of a distribution network

� Network planning is easier and with lower invest-
ment cost.� Network operation, which includes voltage control
and power flow management, is less complex.� Protection coordination is simpler.� Short circuit currents are lower.

Distribution networks can be either overhead or un-
derground. Overhead distribution networks have lower
investment cost than underground ones, and they are
very common in rural areas, where load density is low.
Underground distribution networks are usually found in
urban areas with high load density, for aesthetic reasons
and due to space limitations. Their reliability is higher,
since they are not directly affected by weather condi-
tions, e.g., lightning, wind, and freezing. Furthermore,
in some areas, distribution networks are designed to be
partially overhead and partially underground.

The infrastructure of distribution systems is exten-
sive, and its main components are [15.4]:

� Distribution substations� Primary distribution feeders� Distribution transformers� Secondary distribution lines� Voltage regulators� Shunt capacitors� Switchgears� Metering equipment.

The configurations and lengths of distribution networks
vary depending on the country, area (urban or rural)
and the type of customers they serve. However, most of
them share similar characteristics. Figure 15.2 presents
the one-line diagram of a typical distribution network
configuration and its major components. The distribu-
tion network comprises one or more feeders (lines)
originating from the main substation. The main feeder

is a three-phase circuit, which usually consists of con-
ductors with an ampacity of 400A and above, and it is
considered as the backbone of the distribution network.
The distribution lines branching of the main feeder are
called laterals, and they connect secondary distribution
transformers or other sublaterals. Even though distri-
bution networks are designed to operate as perfectly
balanced three-phase power systems, they are inher-
ently unbalanced, mostly due to the uneven connection
of single-phase loads or distributed generators along the
feeder.

A circuit breaker is placed at the origin of the
feeder to protect it from excess current caused by an
overload or a short circuit and prevent its damage. A re-
closer, which is a circuit breaker equipped with relays,
is usually placed in the main feeder of overhead lines.
Switches and/or disconnectors are also placed along the
feeder to sectionalize it for maintenance and restora-
tion purposes. Note that a switch can carry and break
current under normal circuit conditions only, and a dis-
connector can open or close only when the current is
negligible. In the case of faults, fuse cutouts or sec-
tionalizing switches, which are disconnectors equipped
with a tripping mechanism, are used in the laterals to
isolate them from the distribution network. The section-
alizing switches cooperate with the upstream recloser,
since they are not rated to interrupt fault currents. Most
feeders are connected with at least one other feeder or
substation via a line with a normally open switch (tie
line). In the case of permanent faults, this switch can be
closed to partially restore the load.

Voltage regulators and shunt capacitors are the
primary devices for voltage control in distribution net-
works. Shunt capacitors can be used for reactive power
support and power factor correction. Voltage regulators
can be placed in the distribution substation and along
the feeder to maintain the voltage within its nominal
limits.
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The main goal of distribution systems is to ensure
the continuity of service to load demand at minimum
cost. Moreover, they are responsible for integrating dis-
tributed energy resources (DER) ensuring certain stan-
dards of power quality. DER include distributed gen-
erators, mostly based on renewable energy resources
(RES), active demand, and storage. Therefore, the role

of distribution systems has become more active, creat-
ing new challenges. The key to achieving these goals
is the optimal operation of the existing network and
optimal distribution network planning. Due to the com-
plexity and the large number of components in the
distribution network, its optimal operation and planning
are complex tasks, which are affected by many factors.

15.2 Network Components Modeling

The steady-state analysis of power distribution net-
works requires the effective modeling of various net-
work components. The equivalent circuit of each com-
ponent is necessary to perform technical calculations,

and their combination enables the representation of the
actual distribution network. The main components of
the power distribution network and their modeling are
presented in the following sections.
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Fig. 15.3 Single-phase equivalent circuit of a transformer

15.2.1 Transformers

Power transformers are static devices that transfer
power from one alternating voltage to another through
electromagnetic induction. They are the basic compo-
nents of distribution substations and they are gener-
ally used to reduce (i) high voltages (< 230 kV) to
primary system voltages (1�35 kV) and (ii) primary
system voltages to utilization voltages (120�600V).
The simplified transformer model referred to the pri-
mary side is presented in Fig. 15.3. As is shown in
Fig. 15.3, transformers can be represented by a series
impedance. Distribution transformers with low capacity
(rated power) have a larger series resistance than reac-
tance. On the contrary, the resistance of high-capacity
transformers can be considered negligible compared to
their reactance. For simplification purposes, transform-
ers are sometimes considered ideal, having zero losses
and 100% efficiency.

Given the specifications of a transformer, the equiv-
alent transformer impedance referred to the primary
winding (Z0

eq) is calculated as follows

Z0
eq D R0

eq C jX0
eq ; (15.1)

R0
eq D R1 CR0

2 D R1 C a2R2 ; (15.2)

X0
eq D X1 CX0

2 D X1 C a2X2 ; (15.3)

a D N1

N2
D V1

V2
; (15.4)

where, R1 and R2 represent the resistance of the pri-
mary and secondary winding, respectively; X1 and X2

represent the reactance of the primary and secondary
winding, respectively; and a denotes the transformer
turns ratio or voltage ratio. Note that complex num-
bers are marked with bold font. Tables 15.1 and 15.2
present the technical characteristics of single-phase and
three-phase distribution transformers [15.5], respec-
tively.

15.2.2 Distribution Lines

Distribution lines can be divided into two categories:

� Overhead lines: these have one or multiple conduc-
tors (usually three or four), and they are mounted in

Table 15.1 Technical characteristics of single-phase dis-
tribution transformers with primary voltage 20 kV and
secondary voltage 0:231 kV [15.5]

Rated power (kVA) R (%) X (%) Z (%)
5 2.16 3.37 4.00
10 2.23 3.32 4.00
15 1.87 3.53 4.00
25 1.95 3.49 4.00
50 1.58 3.67 4.00

Rated power (kVA) R (%) X (%) Z (%)
5 2.16 3.37 4.00
10 2.23 3.32 4.00
15 1.87 3.53 4.00
25 1.95 3.49 4.00
50 1.58 3.67 4.00

Table 15.2 Technical characteristics of three-phase dis-
tribution transformers with primary voltage 20 kV and
secondary voltage 0:4 kV [15.5]

Rated power (kVA) R (%) X (%) Z (%)
250 1.13 3.84 4.00
400 1.00 3.87 4.00
500 0.95 3.89 4.00
630 0.90 3.90 4.00
800 0.97 5.92 6.00
1000 0.94 5.93 6.00
1250 0.96 5.92 6.00
1600 0.96 5.92 6.00

Rated power (kVA) R (%) X (%) Z (%)
250 1.13 3.84 4.00
400 1.00 3.87 4.00
500 0.95 3.89 4.00
630 0.90 3.90 4.00
800 0.97 5.92 6.00
1000 0.94 5.93 6.00
1250 0.96 5.92 6.00
1600 0.96 5.92 6.00

poles made of wood or concrete. Their cost is gen-
erally low, since their insulation is provided mostly
by air. Conductors are generally made of aluminum
(all-aluminum or steel-reinforced) and copper.� Underground lines: their cost is several times higher
than the cost of overhead lines. They are preferred
for aesthetic and environmental reasons in urban en-
vironments. They are less susceptible to outages due
to weather conditions (e.g., lighting, wind, freezing,
etc.).

The relatively short length of MV and LV distribution
lines, compared to transmission lines, allows simpli-
fied modeling. Overhead distribution lines are usually
represented by a series impedance circuit ignoring its
shunt capacitance. In the modeling of underground dis-
tribution lines, the line’s shunt capacitance needs to be
considered, and the  equivalent line model is used. The
typical electrical characteristics of a distribution line
are:

� Type (overhead or underground)� The conductor’s material and cross-sectional area� Series impedance per unit of line length� Ampacity� Nominal operating voltage.

Table 15.3 presents the typical electrical characteristics
of several overhead lines. In Table 15.3, ACSR stands
for aluminum conductor steel reinforced, Cu stands for
copper, and Al stands for aluminum.
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Table 15.3 Typical electrical characteristics of various overhead distribution lines

Material and cross-
sectional area (mm2)

R (�=km) X (�=km) Ampacity (A) Voltage (kV)

ACSR–16 1.268 0.422 136 20
ACSR–95 0.215 0.334 448 20
Cu–95 0.220 0.358 352 20
Cu–16 1.274 0.334 115 0.4
Cu–35 0.596 0.309 185 0.4

Material and cross-
sectional area (mm2)

R (�=km) X (�=km) Ampacity (A) Voltage (kV)

ACSR–16 1.268 0.422 136 20
ACSR–95 0.215 0.334 448 20
Cu–95 0.220 0.358 352 20
Cu–16 1.274 0.334 115 0.4
Cu–35 0.596 0.309 185 0.4

15.2.3 Load Models

The term load is defined as the aggregation of multiple
single devices, such as electrical appliances, lighting,
and motors, which consume power and are connected
to the system [15.4, 6]. A load model is a mathemati-
cal representation of the changes in load demand (active
and reactive power), usually as a function of the changes
in the bus voltage and, in some cases, frequency. Load
models can be divided into two categories: dynamic and
static [15.7]. Dynamic models represent load demand at
any instance of time as a function of voltage, frequency,
and time. Dynamic models are typically represented in
the form of differential equations and are used in volt-
age stability studies. Static models represent the power
demand of the load (active and reactive) as a function
of voltage magnitude and frequency at a particular in-
stant in time (snapshot). For power-flow applications,
static models that incorporate only the voltage depen-
dence characteristics are used [15.6].

The most common static load models are:

� Constant impendance load model. The active and
reactive power of constant impedance loads vary
proportionally to the square of the voltage magni-
tude.� Constant current load model. The active and reac-
tive power of constant current loads vary in direct
proportion (linearly) to the voltage magnitude.� Constant power load model. Constant power loads
draw constant active and reactive power, irrespec-
tive of the changes in the bus voltage magnitude.� Polynomial load model. This model represents the
active (P) and reactive (Q) power of the load in re-
lationship to voltage magnitude as follows

P D P0

"

c1

�

V

V0

�2

C c2
V

V0
C c3

#

; (15.5)

Q D Q0

"

c4

�

V

V0

�2

C c5
V

V0
C c6

#

; (15.6)

where c1–c6 are the polynomial model coefficients,
V is the actual voltage magnitude, V0 is the nomi-
nal voltage, and P0 and Q0 are the nominal active

and reactive power of the load. This model is often
referred to as the ZIP model. Z stands for con-
stant impedance, I represents constant current and
P refers to constant power.� Exponential load model. This model expresses the
relationship between active/reactive power demand
and system voltage with an exponential equation, as

P D P0

�

V

V0

�np

; (15.7)

Q D Q0

�

V

V0

�nq

: (15.8)

The exponents np and nq can be set to any value
in order to represent the desired load character-
istic. Setting np D nq D 2, the load is a constant
impedance load; setting np D nq D 1, the load is
a constant current load, and setting np D nq D 0, the
load is a constant power load.� Frequency-dependent load model. This is a model
that includes frequency dependence on either expo-
nential or polynomial load models. This is achieved
by multiplying the relevant exponential or polyno-
mial load model with the frequency factor given by

1C af .f � f0/ ; (15.9)

where f is the actual frequency of the bus consid-
ered, f0 is the nominal frequency, and
af is the frequency-sensitivity parameter of the
model.

15.2.4 Shunt Capacitors

Shunt capacitors are used extensively in distribution
networks to regulate the voltage and to provide reactive
power support. Shunt capacitors are installed at (i) the
MV side of the HV/MV substation to provide reactive
power support to the transmission system and (ii) along
the distribution feeder for voltage support and power
factor correction. Based on their installation type, ca-
pacitors are categorized as follows:

� Fixed capacitors: these are the most common type
of capacitor banks, and their connection is perma-
nent. They provide voltage support, but their effect
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Fig. 15.4 Voltage regulator model

on voltage fluctuation along the feeder is limited.
Their installation cost is relatively low.� Switched capacitors: these can be switched as
a block or in discrete consecutive steps. They are
operated manually or by automated control. They
reduce the voltage drop and fluctuations along the
feeder. However, their investment cost is higher than
that of fixed capacitors.

Similarly to the load model, shunt capacitors can be
modeled as purely reactive constant impedance or
power load.

15.2.5 Voltage Regulators

The voltage regulator is used to automatically maintain
voltages constant along the entire feeder for varying
load demand. It consists of an autotransformer with
a tap (step) changer in the series winding. Most voltage
regulators installed in MV distribution networks enable
voltage regulation in a range of ˙10% of the nominal
voltage in 32 steps, with voltage change per step equal
to 0:625% of the nominal voltage. The voltage regula-
tor is usually modeled as an ideal transformer in series
with the distribution line, as shown in Fig. 15.4. The
regulated voltage of bus j (Vj) is calculated as a func-

HV

MV

F1 F2 F3

VR0

HV

MV

F1 F2 F3

VR0

VR1

VR2

a) b)

Fig. 15.5a,b Voltage regulator
placement. (a) VR0 regulates the
voltage of the three feeders, (b) VR1
and VR2 individually regulates
the voltage of feeders F1 and F2,
respectively, in coordination with VR0

tion of the tap position as

Vj D Vm

˛
; (15.10)

atap D 1˙ Step tapij ; (15.11)

where Vm is the voltage of bus m, atap is the voltage reg-
ulator’s ratio, Step is the voltage regulator’s step voltage
(per unit, p.u.), and tapij is the tap position of the voltage
regulator.

The tap position of the voltage regulator is con-
trolled by the line-drop compensator (LDC). The LDC
changes the tap position of the voltage regulator in or-
der to maintain the voltage at a regulation point that is
located between the voltage regulator and the end of the
feeder. The LDC boosts the voltage during heavy load
and lowers it during light load. Thus, the range of the
voltage fluctuation along the feeder remains relatively
small throughout the day.

Most of the HV/MV substations are equipped with
a voltage regulator with an on-load tap changer. In this
case, voltage regulation is performed simultaneously in
all distribution feeders connected to this substation. As
is shown in Fig. 15.5a, VR0 regulates the voltage of
feeders F1, F2, and F3. The simultaneous voltage regu-
lation is effective when the load variation of all feeders
is similar throughout the day, e.g., all feeders serve res-
idential loads. Otherwise, individual voltage regulators
are installed along each feeder, which serve customers
with different load behaviors. As is shown in Fig. 15.5b,
VR0 provides voltage regulation in all feeders; VR1
individually regulates the voltage of feeder F1 in co-
ordination with VR0; VR2 individually regulates the
voltage of feeder F2 in coordination with VR0.
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15.3 Power-Flow Analysis of Distribution Networks

Power-flow analysis is fundamental for the operation
and planning of power distribution systems. The load-
ing of a distribution feeder is inherently unbalanced
due to a large number of unequal single-phase loads
and the nonsymmetrical conductor spacing of three-
phase distribution lines. However, in several cases, it
is assumed a perfectly balanced system so that a single-
phase equivalent can be used. Sections 15.3.1–15.3.5
present power-flow models for the analysis of bal-
anced distribution networks, while Sect. 15.3.6 presents
the analysis of three-phase unbalanced distribution net-
works. It should be noted that complex numbers are
marked in bold font.

15.3.1 Branch-Flow Equations

The AC power-flow problem is inherently a nonlin-
ear and nonconvex problem. The power flow models
presented in Sects. 15.3.1–15.3.5 are based on the
branch-flow equations that were first used in [15.8, 9].
The single-phase equivalent circuit of a branch of a dis-
tribution system is shown in Fig. 15.6. For the line of
Fig. 15.6 that connects bus i with bus j, Vi and Vj are
the complex voltage of bus i and bus j, respectively;
Iij are the complex current on line i–j; Pij and Qij are
the real and reactive power flows from bus i to bus j,
respectively; zij D rij C jxij is the complex impedance
of line i–j; Pj, and Qj is the injected active and reac-
tive power at bus j, respectively, calculated as the load
power minus the power generated at bus j. According to
Ohm’s law, the voltage drop of branch i–j can be written
as

Vi �Vj D Iijzij : (15.12)

The branch-flow on line i–j is calculated as

Sij D ViI�
ij : (15.13)

To simplify the notation, let jVij2 D Ui and
ˇ

ˇIij
ˇ

ˇ

2 D Isqrij .
Then, taking the magnitude squared of (15.12), we have

ˇ

ˇVj

ˇ

ˇ

2 D ˇ

ˇVi � Iijzij
ˇ

ˇ
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� �

Vi � Iijzij
��
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) Uj D Ui � 2Re
�

Sijz�
ij

�C Isqrij

�

r2ij C x2ij
�

) Uj D Ui � 2
�

Pijrij CQijxij
�C Isqrij

�

r2ij C x2ij
�

;

(15.14)

where Re.z/ is the real part, and z� is the complex con-
jugate number z, respectively.

Using the branch-flow equations, the power-flow
balance at each bus can be expressed in terms of
voltage square magnitude, current square magnitude,
active power branch flow and reactive power branch
flow, assuming that all system loads are constant power
loads. Assuming radial distribution network operation,
letW D .N;E/ be the directed graph that represents the
network, in which N represents the set of buses, and E
represents the set of the distribution lines. Due to its
radial configuration, graph W is a spanning tree, and
the root of the tree is the substation bus. Let Nss � N
be the set of the substation buses. The direction of the
spanning treeW can be arbitrarily defined with the con-
nection .i; j/ denoting a direction from bus i to bus j.
For each connection.i; j/ 2 E, it is considered that bus i
is the parent of bus j, or bus j is the child of bus i.
Let Np.j/� N be the bus set of the parent of bus j
and let Nc.j/� N be the bus set of all the children of
bus j. Note that in radial distribution networks, each
bus can only have one parent, except for the substa-
tion bus, which has no parents. The power-flow analysis
variables and parameters are illustrated in Fig. 15.7.
Therefore, the power-flow problem can be formulated
as

X

i2Np.j/

�

Pij � Isqrij rij
��

X

k2Nc.j/

Pjk D Pj; 8j 2 NnNss ;

(15.15)
X

i2Np.j/

�

Qij � Isqrij xij
��

X

k2Nc.j/

Qjk D Qj; 8j 2 NnNss ;

(15.16)

Pss;i D
X

j2Nc.i/

Pij; 8i 2 Nss ; (15.17)

Qss;i D
X

j2Nc.i/

Qij; 8i 2 Nss ; (15.18)

UiI
sqr
ij D P2

ij CQ2
ij; 8.i; j/ 2 E ; (15.19)

Uj D Ui � 2
�

Pijrij CQijxij
�C .r2ij C x2ij/I

sqr
ij ;

8.i; j/ 2 E : (15.20)

Bus i Bus j

zij = rij + j xij

Vi Vj

Iij

Fig. 15.6 Single-phase equivalent circuit of a branch con-
necting bus i with bus j
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Fig. 15.7 Power-flow analysis variables of a radial distri-
bution network

The active and reactive power-node balances are given
by (15.15) and (15.16), respectively. The active (Pss;i)
and reactive (Qss;i) power supplied by the substation
at bus i are calculated by (15.17) and (15.18), respec-
tively. The apparent power flow of line i–j is given
by (15.19). The voltage drop between buses i and j
is presented in (15.20). The power-flow problem de-
scribed by (15.15)–(15.20) is a nonlinear programming
(NLP) problem due to the nonlinear constraint (15.19).
The number of equations is equal to 2 jNj C 2 jEj,
where jNj and jEj are the orders of the set of buses
and distribution lines, respectively. For radial distri-
bution networks, it is known that jEj D jNj � jNssj,
where jNssj is the order of the set of the substation
buses. Hence, the total number of equations is equal
to 4 jNj � 2 jNssj.

15.3.2 Linear Approximation
of Branch-Flow Equations

The linearized model of the power-flow equa-
tions (15.15)–(15.20) is obtained by eliminating the
active and reactive power losses of the lines and con-
sidering that all bus voltages are equal to 1:0 p:u.
Therefore, the linearized power flow model [15.10] is
formulated as

X

i2Np.j/

Pij �
X

k2Nc.j/

Pjk D Pj; 8j 2 NnNss ; (15.21)

X

i2Np.j/

Qij �
X

k2Nc.j/

Qjk D Qj; 8j 2 NnNss ; (15.22)

Pss;i D
X

j2Nc.i/

Pij; 8i 2 Nss ; (15.23)

Qss;i D
X

j2Nc.i/

Qij; 8i 2 Nss : (15.24)

The power-flow problem described by (15.21)–(15.24)
is a linear programming (LP) problem. The number
of equations is equal to 2jNj, which is considerably
lower compared to the model of Sect. 15.3.1. Using this
model, the active and reactive power flow of distribu-
tion lines and the active and reactive power supplied by
the substation(s) can be calculated approximately.

15.3.3 Quadratically Constrained
Approximation
of Branch-Flow Equations

The NLP power-flow problem described by (15.10)–
(15.15) can be simplified to a quadratically constrained
programming (QCP) problem. This approximation is
achieved by considering that all bus voltages are equal
to 1:0 p:u. Thus, the QCP power flow model is formu-
lated as

X

i2Np.j/

�

Pij �
�

P2
ij CQ2

ij

�

rij
�

X

k2Nc.j/

Pjk D Pj ;

8j 2 NnNss ; (15.25)
X

i2Np.j/

�

Qij �
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P2
ij CQ2

ij

�

xij
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X

k2Nc.j/

Qjk D Qj ;

8j 2 NnNss ; (15.26)

Pss;i D
X

j2Nc.i/

Pij; 8i 2 Nss ; (15.27)

Qss;i D
X

j2Nc.i/

Qij; 8i 2 Nss : (15.28)

The number of equations of the model described
by (15.25)–(15.28) is 2jNj as in the model of
Sect. 15.3.2. Moreover, the use of the quadratic con-
straints (15.25) and (15.26) instead of the linear con-
straints (15.21) and (15.22) increases the accuracy of
the model. Similarly to the model of Sect. 15.3.2, the
QCP model calculates approximately the active and re-
active power flow of distribution lines and the active and
reactive power supplied by the substation(s).

15.3.4 Conic Approximation
of Branch-Flow Equations

The power-flow problem described by the equality
constraints (15.20)–(15.25) is, in general, nonlinear
due to the nonlinear constraint (15.19). Relaxing the
equality constraint (15.19) to inequality, a second-
order cone programming (SOCP) approximation of the
branch flow can be derived [15.10, 11]. The branch-flow
equations are further simplified by dropping the last
quadratic term of (15.20), since its value is negligible
compared to the values of the remaining terms. Hence,
the SOCP approximation of the branch-flow equations
is formulated as

X

i2Np.j/

�

Pij � Isqrij rij
��

X

k2Nc.j/

Pjk D Pj; 8j 2 NnNss ;

(15.29)
X

i2Np.j/

�

Qij � Isqrij xij
��

X

k2Nc.j/

Qjk D Qj; 8j 2 NnNss ;

(15.30)
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Pss;i D
X

j2Nc.i/

Pij; 8i 2 Nss ; (15.31)

Qss;i D
X

j2Nc.i/

Qij; 8i 2 Nss ; (15.32)

UiI
sqr
ij � P2

ij CQ2
ij; 8.i; j/ 2 E ; (15.33)

Uj D Ui � 2
�

Pijrij CQijxij
�

; 8.i; j/ 2 E : (15.34)

SOCP [15.12] problems are convex optimization
problems, and they can be solved in polynomial time
using primal-dual interior point algorithms. It should be
noted that their mixed integer counterparts [15.10] can
be efficiently handled by commercial branch and bound
solvers, and they can be widely applicable to power en-
gineering problems. The SOCP model approximately
calculates the active and reactive power flow of distri-
bution lines; the active and reactive power supplied by
the substation(s); and the voltage square magnitude of
all buses.

15.3.5 Simulation Results

This section evaluates the performance of the afore-
mentioned models of the branch-flow equations using
33-bus, 83-bus, and 135-bus distribution test systems.
The bus load data and the technical characteristics of
the distribution lines of the 33-bus, 83-bus, and 135-bus
distribution test systems can be found in Tables 15.11–
15.13 of Appendix 15.A. The following power flow
models are analyzed:

� LP: this model is described by (15.21)–(15.24).� QCP: this model is described by (15.25)–(15.28).� SOCP: this model is described by (15.29)–(15.34).� NLP: this model is described by (15.15)–(15.20).

Table 15.4 Power-flow analysis results of the 33-bus, 83-bus, and 135-bus distribution systems

33-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 3.715 3.901 3.913 3.913
Reactive power injected from substation (Mvar) 2.300 2.423 2.432 2.432
Minimum voltage magnitude (p.u.) – – 0.914 0.914
Computation time (s) 0.063 0.063 0.078 0.140

83-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 28.350 28.852 28.868 28.868
Reactive power injected from substation (Mvar) 20.700 21.998 22.037 22.037
Minimum voltage magnitude (p.u.) – – 0.929 0.930
Computation time (s) 0.109 0.125 0.219 0.265

135-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 18.314 18.619 18.628 18.627
Reactive power injected from substation (Mvar) 7.935 8.605 8.623 8.623
Minimum voltage magnitude (p.u.) – – 0.932 0.933
Computation time (s) 0.218 0.249 0.749 1.155

33-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 3.715 3.901 3.913 3.913
Reactive power injected from substation (Mvar) 2.300 2.423 2.432 2.432
Minimum voltage magnitude (p.u.) – – 0.914 0.914
Computation time (s) 0.063 0.063 0.078 0.140

83-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 28.350 28.852 28.868 28.868
Reactive power injected from substation (Mvar) 20.700 21.998 22.037 22.037
Minimum voltage magnitude (p.u.) – – 0.929 0.930
Computation time (s) 0.109 0.125 0.219 0.265

135-bus distribution system
LP QCP SOCP NLP

Active power injected from substation (MW) 18.314 18.619 18.628 18.627
Reactive power injected from substation (Mvar) 7.935 8.605 8.623 8.623
Minimum voltage magnitude (p.u.) – – 0.932 0.933
Computation time (s) 0.218 0.249 0.749 1.155

The voltage magnitude of the primary substation(s)
is equal to 1:0 p:u. in all simulations for each test
system. The aforementioned branch-flow models were
implemented in the GAMS (general algebraic modeling
system) [15.13], and the CONOPT [15.14] solver was
used for the solution of LP, QCP, SOCP, and NLP mod-
els. All simulations were carried out on a PC with an
Intel Core i7 CPU at 3:40GHz and 4GB of RAM.

The simulation results of power flow for the afore-
mentioned test systems are presented in Table 15.4.
As is shown in Table 15.4, the simulation results of
the SOCP model are almost identical to the results of
the NLP model, which represents the original branch-
flow equations. However, the computation performance
of the SOCP model is better than that of the NLP
model. Furthermore, the solution of the QCP model de-
rives similar results to the SOCP and NLP models in
shorter computation time. As expected, the least accu-
rate power-flow model is the LP model, since it neglects
the active and reactive power losses and it considers that
the voltage magnitude of all buses is equal to 1:0 p:u.
In terms of accuracy and computation performance, the
QCP model is more attractive than the LP, SOCP, and
NLP models. However, it cannot be used for planning
or operation methods that require the calculation of bus
voltages or need to consider voltage constraints. In this
case, the SOCP model is the most reliable choice.

15.3.6 Three-Phase Power-Flow Analysis
of Unbalanced Distribution Networks

The model of a three-phase distribution line is pre-
sented in Fig. 15.8. The bus voltage and line current
are represented by 3�1 matrices, while the line’s series
impedance and shunt admittance matrices are repre-
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sented by 3�3 matrices, as follows

ŒVabc�D
0

@

Va

Vb

Vc

1

A ; (15.35)

ŒIabc�D
0

@

Ia
Ib
Ic

1

A ; (15.36)
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1

A ; (15.37)

Œyabc�D
0

@

yaa yab yac
yba ybb ybc
yca ycb ycc

1

A ; (15.38)

where, Va, Vb and Vc are the complex voltages of
phase a, b, and c, respectively; Ia, Ib and Ic are the com-
plex currents of phase a, b, and c, respectively; zmm is
the series self-impedance of phase m for m D fa; b; cg;
zmn is the series mutual impedance between phases m
and n for fm; ng D fa; b; cg and m ¤ n; ymm is the shunt
self-admittance of phase m for m D fa; b; cg; ymn is
the shunt mutual admittance between phases m and n
for fm; ng D fa; b; cg and m ¤ n.

Applying the Kirchhoff’s laws, the voltages and
currents at bus i in terms of the voltages and currents

Initialize all bus
voltages

Backward sweep
Calculate currents

and update voltages

Forward sweep
Calculate voltage drops

and update currents
Is convergence 

achieved?

End

No

Yes Fig. 15.9 Flowchart
of the backward/-
forward sweep
method

of bus j are calculated by (15.39)–(15.41) as

ŒVabc�j D ŒVabc�i CZabc

�

1

2
yabcŒVabc�i � ŒIabc�i

�

;

(15.39)

ŒVabc�i D ŒVabc�j CZabc

�

1

2
yabcŒVabc�j C ŒIabc�j

�

;

(15.40)

ŒIabc�j D 1

2
yabc

�

ŒVabc�i C ŒVabc�j
�� ŒIabc�i : (15.41)

An efficient method to solve the three-phase
power-flow problem is the backward/forward sweep
method [15.4]. This method consists of three basic
steps, and its flowchart is presented in Fig. 15.9. The
method comprises an iterative process, which is ter-
minated when a convergence criterion is satisfied. Fig-
ure 15.10 shows a simple distribution network example,
which helps describe the backward and forward sweep
steps. The indexing of the buses is performed using the
reverse breadth-first (RBF) and breadth-first (BF) sort-
ing methods [15.15].

The method starts by initializing all the bus volt-
ages. The selected initial values of the bus voltages are
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Fig. 15.10 Distribution network example

usually equal to their nominal values. Afterwards, the
distribution network is traversed processing the buses
and the laterals in the RBF order. For example, in
Fig. 15.10, the distribution network will be traversed
from the end bus, i.e., bus N, towards the first bus, i.e.,
bus zero. In every bus, the currents injected by the load
or the shunt capacitor are calculated based on the bus
voltage of the current iteration. Then, Kirchhoff’s cur-
rent law is applied in order to determine the incoming
injected current (IN ). After computing the incoming in-
jected current at bus N, the voltage of bus N–1 (VN�1)
is calculated. Hence, all bus voltages and line currents
are determined in RBF order and moving the process
towards the source bus. Thus, the last examined lat-
eral, which is in fact the main feeder, is processed, and

the bus voltage of the source bus is determined com-
pleting the backward sweep step. The voltage of the
source bus (V0) is given, and the error between the cal-
culated value of the backward sweep step, and the given
value of source bus voltage is computed. If the error is
smaller than a given threshold, the power-flow analy-
sis is terminated. Otherwise, the forward sweep step is
executed. The selection of the error threshold value is
critical because a relative high value may lead to inac-
curate results, while a relative small value may lead to
multiple iterations.

If the error does not have a value lower than the
defined threshold, then the execution of the forward
sweep step is necessary. In this step, the currents that
were calculated in the backward sweep step are taken
as granted, and the bus voltages of the network are cal-
culated considering that the source bus voltage is equal
to its given value. The distribution network is, now, tra-
versed processing the buses and the laterals in BF order.
For example, in Fig. 15.10, the distribution network will
be traversed from the first bus, i.e., bus zero, towards the
end bus, i.e., bus N.

15.4 Active Distribution Networks

The increasing penetration of distributed generation
(DG) [15.16], the integration of energy storage systems
(ESSs) [15.17], and the participation of the consumers
in demand-response (DR) mechanisms [15.18] have
reshaped the planning and operation of modern distri-
bution networks. The advancements of information and
communication technologies (ICT) and the extensive
deployment of smart meters and advanced metering in-
frastructure (AMI) enable the management of DERs
transforming the distribution networks from passive to
active distribution networks (ADNs).

The definition of ADNs, as formulated by CIGRE
2008 WG C6.11 [15.19] is:

ADNs have systems in place to control a com-
bination of DERs, defined as generators, loads
and storage. Distribution system operators (DSOs)
have the possibility of managing the electricity
flows using a flexible network topology. DERs take
some degree of responsibility for system support,
which will depend on a suitable regulatory envi-
ronment and connection agreement.

The main goals of the ADN concept can be summarized
as follows:

� Increased penetration of DG and storage� Participation of consumers in DR mechanisms� Asset management optimization and cost-efficient
network operation� Enhancement of the self-healing capability of the
network during an outage� Power quality improvement� Ancillary service provision to DSO and transmis-
sion system operator (TSO)� Security improvement from physical and cyber-
attacks.

15.4.1 Distributed Energy Resources

This section gives a brief overview of the various dis-
tributed energy resources (DERs) most commonly met
in ADNs [15.20]. It should be noted that the section in-
tends to describe small dispersed resources, while larger
installations are beyond its scope.

Photovoltaic Systems
Photovoltaic (PV) systems directly convert solar energy
into electricity [15.21]. They consist of an arrangement
of several components, which include solar panels,
solar inverters, and mounting and cable equipment.
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Fig. 15.11 A rooftop PV system
installed at the Electric Energy
Systems Laboratory of the National
Technical University of Athens
(Courtesy Authors)

A solar panel comprises multiple solar cells, which are
made of semiconductor materials and are connected to-
gether in various series and parallel configurations. The
output direct current of the solar panels is converted
into utility frequency alternate current by the solar in-
verter. Due to the fact that the solar irradiation has
a nonlinear effect on the output power of a PV system,
a maximum power-point tracking (MPPT) mechanism
is employed by the inverter to determine its optimal op-
erating point [15.22].

The main advantage of the PV systems is that their
installation and operation do not cause environmen-
tal pollution or greenhouse gas emissions. Their main
disadvantage is that they are an intermittent source of
energy, since they are dependent on a stochastic pri-
mary source. Other disadvantages are their relatively
low efficiency, e.g., 10�24% and the fact that their out-
put power drops dramatically when even a small portion
of the solar panel is shaded. A way to improve their
efficiency is the installation of solar trackers, which ori-
entate the solar panels toward the sun. PV systems can
be rooftop, pole, or ground mounted. The capacity of
the rooftop mounted PV systems ranges from few to
several tens of kW. A rooftop-mounted PV system is
shown in Fig. 15.11. PV systems with a larger capacity
that ranges from few hundreds of kW to few MW are
pole or ground mounted.

Wind Turbines
Wind turbines convert the kinetic energy of the wind
into electricity [15.23, 24]. The output power of a wind
turbine depends on wind speed. The wind speed at
which the turbine starts to generate power is called
cut-in speed, and it is typically equal to 3�4m=s. The
turbine does not generate electric power below the cut-
in speed. As the wind speed rises above the cut-in
speed, the output power of the wind turbine increases
rapidly until it reaches the rated wind speed of the

turbine, which typically ranges from 12�17m=s. At
higher wind speeds, the wind turbine generates its rated
output power. The wind turbine is forced to shut down
when the wind speed exceeds the cut-out speed, typi-
cally around 25m=s, in order to prevent its damage.

Wind turbines can be classified into (i) horizontal-
axis and (ii) vertical-axis wind turbines, with the former
being the most common. Horizontal-axis wind turbines
have the rotor shaft and generator arranged horizontally
at the top of a tower. A small horizontal-axis wind tur-
bine is shown in Fig. 15.12. Vertical-axis wind turbines

Fig. 15.12 A small horizontal-axis wind turbine installed
at the Electric Energy Systems Laboratory of the National
Technical University of Athens (Courtesy Authors)
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have the rotor shaft and generator arranged vertically
to the ground. Similarly to PVs, the main advantage
of the wind turbines is that they are a clean source of
energy, available worldwide. The main disadvantage is
that they are an intermittent power source and, if not
properly designed, they can create noise. Larger sized
wind turbines are accused of aesthetic problems.

Small Hydro Turbines
Small hydro stations produce hydroelectric power
[15.25]. Hydro turbines convert water pressure into
mechanical shaft power, which is used to rotate an
electrical generator. Even though there is no global def-
inition of small hydro turbines, their generating capac-
ity usually ranges from 1�25MW. Installations with
a generating capacity from 100 kW to 1MW are termed
mini hydro turbines; installations from 10�100 kW mi-
cro hydro turbines, and installations below 10 kW are
termed pico hydro turbines. In most cases, small hydro
is run-of-the-river, which means that there is a small
or no water reservoir capacity. Therefore, they have
a small environmental impact.

Microturbines
Microturbines are small combustion turbines, which
can be used as small-scale distributed power generation,
often in combined heat and power (CHP) applica-
tions [15.26]. Their generating capacity ranges from
25�500 kW. The operation of a microturbine is simi-
lar to that of conventional gas turbines. They use most
commercial fuels, such as natural gas, petrol, propane,
and diesel, and their typical efficiency ranges from
20�35%. However, when they are used in CHP ap-
plications, their efficiency can exceed 80%. The main
advantages of microturbines are that they have a com-
pact size, a small number of moving parts, and low
emissions.

Electrical Energy Storage Technologies
Electrical energy storage systems are recognized to
have great potential in meeting challenges for the
efficient management of the power systems, created
by the intermittency of the generation of renewable
power [15.27]. Electrical energy storage systems con-
vert electrical energy to chemical, mechanical, or an-
other storable forms of energy. Then, they can con-
vert this stored energy back to electrical energy, when
needed. They can provide various services at the
distribution-system level, like load leveling and peak
shaving, ancillary services (e.g., voltage and frequency
regulation, power quality improvement, and spinning
reserves), balancing (firming up) renewable energy
power variations, resiliency to ride through blackouts,
etc.

There are several energy storage technologies, such
as battery energy storage systems (BESS), flywheels,
pumped-storage hydroelectricity, compressed air en-
ergy storage (CAES), and superconducting magnetic
energy storage (SMES) [15.28]. BESS use rechargeable
batteries to convert electrical energy to chemical en-
ergy. They provide fast response times and, due to their
compact size and quiet operation, they can be placed
inside or close to buildings, household facilities, or
wherever they are needed. The most common technolo-
gies use lead-acid, lithium-ion (Li-ion), sodium-sulfur
(NaS), and nickel-cadmium (NiCd).

Pumped-storage hydroelectricity facilities pump
water from a reservoir at low altitude to another one
at a higher altitude during off-peak electricity periods.
During periods of high demand, the stored water is re-
leased to generate electricity through turbines. Pumped
storage enables the use of surplus energy from RES dur-
ing periods with high load demand.

Flywheels store electricity in kinetic energy by ac-
celerating a rotor. They have a longer lifespan than
batteries and they can be used as an uninterruptible
power supply, frequency regulation, or for smoothing
wind power fluctuations.

CAES systems compress air into a storage ves-
sel, e.g., an underground cavern, during periods of low
demand. During periods of high demand, the air is re-
leased, heated and used to drive a turbine in order to
generate electricity. SMES systems store energy within
the magnetic field of a superconducting coil, which has
been cryogenically cooled to a temperature below its
superconducting critical temperature. They have small
power losses and short time delays during charge and
discharge.

15.4.2 Demand Response

Demand response (DR) is defined as:

Changes in electric usage by end-use customers
from their normal consumption patterns in re-
sponse to changes in the price of electricity over
time, or to incentive payments designed to induce
lower electricity use at times of high wholesale
market prices or when system reliability is jeop-
ardized [15.29].

DR programs provide mutual financial benefits to both
utilities and end customers, improve reliability, and can
reduce a network’s peak load in the long term. Cus-
tomers who participate in DR can change their energy
consumption by partial load curtailment or load shifting
from on-peak to off-peak time periods (valley filling).
The efficient implementation of DR requires advanced
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ICT to enable communication between utility and cus-
tomers, installation of smart meters, and load control
devices. Load control devices are used to remote control
specific loads, e.g., motors, compressors, and thermo-
static loads, e.g., space/water heating, and refrigeration.

15.4.3 From Passive to Active

The configuration of the distribution network has a di-
rect impact on its operation and performance. Tradi-
tionally, distribution networks have been planned based
on load forecasting, whereas distributed generation is
often excluded. The network configurations derived
from these planning studies consider maximum load
demand and one-directional power flows (from substa-
tion to the consumers). Voltage regulation is provided
by the on-load tap changers (OLTCs) at the HV/MV
substations, in-line voltage regulators, and capacitors.
Loss minimization studies involve the reconfiguration
of distribution networks on a seasonal or monthly basis.
Control actions in these passive distribution networks
are limited, since all the potential operational issues are
solved at the planning stage.

Offline power system analysis is performed to esti-
mate the feasibility of the DG units’ connection in order
to avoid overvoltages and feeder overloads. These stud-
ies consider worst-case load/generation conditions, i.e.,
maximum load/no generation and minimum load/maxi-
mum generation. DG is modeled as a negative load with
a constant power factor. This approach, known as the fit
and forget approach, is acceptable, if DG connections
to the network are relatively rare and geographically
scattered, and thus do not have a negative impact on
network operation and planning. At higher levels of DG
penetration, however, the fit and forget approach can be-
come a barrier, or it can lead to costly investments of
the distribution infrastructure. To deal with these chal-
lenges in a reliable and cost-effective way, a more active
approach is needed.

15.4.4 Active Network Management

Active networkmanagement (ANM) enables the coordi-
nated control of distribution network components, such
as OLTCs, voltage regulators, switched capacitors and
switches, DG active and reactive output powers, en-
ergy storage systems, and flexible loads in an integrated
manner. The objective of ANM schemes is to optimize
the network operation considering single or multiple
criteria. The fundamental difference between passive
and active distribution networks is that ANM exploits
the capacity and control capabilities of the DERs at
distribution level, in order to optimize the network’s
planning and operational costs.

The large-scale integration of variable RES brings
significant challenges to grid operation, which requires
new and more complex tools for the distribution man-
agement system (DMS), however ANM techniques can
exploit the inherent flexibility of the DER to provide
cost-effective and efficient solutions for voltage and
power-flow management in distribution systems.

The most common ANM schemes can be grouped
as follows [15.30, 31]:

� Coordinated voltage control: voltage regulation de-
vices are operated in a coordinated way with all
available DERs active and reactive power-control
capabilities.� Adaptive power factor: the power factor of DG units
is adapted in order to absorb or supply reactive
power, in coordination with other voltage control
devices.� Active power curtailment: DG active power is cur-
tailed due to technical constraint violations. This is
usually a last resort scheme, since it has financial
implications for the DG operators.� Energy storage management: energy storage used
for valley filling and peak power shaving to opti-
mize the operation of the network in a technical
and economic way. Energy storage operation can
provide several benefits in distribution system op-
eration, but it potentially affects the local energy
market.� Demand side participation: modification of the con-
sumers’ loads (load reduction, load shifting) either
by direct control actions or individual consumer ac-
tions through financial incentives, is a great source
of flexibility.� Distribution network reconfiguration: the online
reconfiguration of distribution networks through
remotely controlled switching during normal and
emergency conditions.

Table 15.5 summarizes passive and active network so-
lutions to current distribution network problems.

The implementation of ANM requires an advanced
communication infrastructure that is more flexible and
more demanding than that of traditional distribution
networks. The communication infrastructure is a sub-
stantial part of ADN, since ANM is highly dependent
on real-time information about the network. Simultane-
ous analysis of power and communication systems is
necessary to properly assess the reliability, availability,
and security requirements of ADNs [15.32].

In the smart grid era, DMSs could provide real-time
monitoring and control in order to improve a network’s
performance. The management system of an ADN con-
sists of two functional blocks: state estimation and
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Table 15.5 Passive and active network management solutions to the technical challenges of distribution networks

Technical challenges Passive distribution network Active distribution network
Feeder overload � Network reinforcement

(e.g., reconductoring of feeder segments)� Network reconfiguration

� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Voltage drop/rise � Capacitor/voltage regulator placement� Network reinforcement� Network reconfiguration

� Coordinated voltage control� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Loss minimization � Capacitor placement� Network reinforcement� Network reconfiguration

� Coordinated voltage control� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Reactive power support � Capacitor placement� Transmission system
� DG units� ESS

Protection � Recloser/fuse coordination � Adaptive protective schemes

Fault location � Trouble call system� Impedance-based methods
� Fault passage indicators� Smart meters� Automated outage mapping

Service restoration � Technical crew dispatch� Manual switches operation
� Self-healing schemes� Remote controlled switches operation

Technical challenges Passive distribution network Active distribution network
Feeder overload � Network reinforcement

(e.g., reconductoring of feeder segments)� Network reconfiguration

� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Voltage drop/rise � Capacitor/voltage regulator placement� Network reinforcement� Network reconfiguration

� Coordinated voltage control� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Loss minimization � Capacitor placement� Network reinforcement� Network reconfiguration

� Coordinated voltage control� DG active/reactive power control� ESS integration� DR schemes� Online reconfiguration

Reactive power support � Capacitor placement� Transmission system
� DG units� ESS

Protection � Recloser/fuse coordination � Adaptive protective schemes

Fault location � Trouble call system� Impedance-based methods
� Fault passage indicators� Smart meters� Automated outage mapping

Service restoration � Technical crew dispatch� Manual switches operation
� Self-healing schemes� Remote controlled switches operation

control scheduling. A distribution system state estima-
tor (DSSE) receives real-time measurements from the
advanced metering infrastructure installed in the dis-
tribution network, and with the proper deployment of
pseudomeasurements and the use of network topology,
the network status, i.e., nodal voltage magnitude and
angle, is estimated. Based on the output values of the
DSSE, an operation framework calculates the control
values for the devices connected to the network. The set
of control values aims at optimizing the power flow in
the network and mitigating eventual voltage problems

that may arise in the operation of the grid, resulting
from the variability of RES. Furthermore, a short-term
load and RES forecasting function is required by the
management systems of ADNs that incorporate opti-
mization functions for the grid operation under normal
and emergency conditions.

The main goal of ADNs is also to increase renew-
able DG penetration in existing distribution networks,
which have been designed assuming HV/MV substa-
tion is the sole power source, while certain technical
constraints are kept within their limits.

15.5 Distribution Network Monitoring and Control

Electric distribution utilities need to efficiently manage
their distribution assets, with the aid of an advanced
distribution management system (ADMS), in order to
ensure higher reliability, improved power quality, data
security, and resiliency to natural disasters for the cus-
tomers [15.33–35]. ADMS is a collection of applica-
tions designed to continuously monitor and control, in
an optimal manner, the various devices at substations
and feeders of the distribution network (circuit break-
ers, reclosers, line switches, capacitor bank switches,
voltage regulators, etc.), acting as a decision support
system to the field operating personnel. ADMS in-
cludes the network applications, an outage management

system (OMS), and the Supervisory Control and Data
Acquisition (SCADA) system.

SCADA gathers the real-time data from various
remote locations or plants, presents the data on vari-
ous HMIs, and records and logs the data on SCADA
database management system [15.35, 36]. Figure 15.13
depicts the configuration and components of a SCADA
system.

As can be seen from Fig. 15.13, a SCADA system
consists of the following main elements:

� Supervisory computer system: This is responsible
for communicating with the field-level controllers
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Fig. 15.13 Configuration of a SCADA system

(RTUs and PLCs). The remote terminal units
(RTUs) and the programmable logic controllers
(PLCs) are connected to sensors and actuators in
the process and are networked to the supervisory
computers. An RTU is a microprocessor-controlled
electronic device that interfaces objects in the phys-
ical world to the control system by using messages
from the master supervisory system to the control
connected objects [15.37, 38]. A PLC is a digital
computer used for automation of typically industrial
electromechanical processes, such as control of ma-
chinery on factory assembly lines, amusement rides,
or light fixtures [15.39]. PLCs have more sophisti-
cated embedded control capabilities than RTUs and
are programmed in one or more IEC 61131-3 pro-
gramming languages [15.39]. PLCs are often used

in place of RTUs as field devices because they are
more economical, versatile, flexible, and config-
urable.� Communication infrastructure: This connects the
supervisory computer system to the RTUs and
PLCs, and may use industry standard or manufac-
turer proprietary protocols [15.40, 41]. Both RTUs
and PLCs operate autonomously on the near-real-
time control of the process, using the last command
given from the supervisory system. Figure 15.14 de-
picts the most common communication protocols
used in distribution network control.� Human–machine interface (HMI): This presents in-
formation to the system operators graphically in the
form of mimic diagrams, which are a schematic
representation of the network being controlled, and
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alarm and event logging pages. The HMI is linked to
the SCADA supervisory computers to provide live
data to drive the mimic diagrams, alarm displays,
and trending graphs.� Alarm handling: This checks whether certain alarm
conditions are satisfied, to determine when an alarm
event has occurred. Once an alarm event has been
detected, one or more actions are taken (such as the
activation of one or more alarm indicators, and per-
haps the generation of email or text messages, so
that management or remote SCADA operators are
informed).

Figure 15.15 shows the structure of an ADMS sys-
tem. The OMS includes trouble call, fault detection,
fault location, isolation and supply restoration, crew
management and outage reporting. The geographic in-

formation system (GIS) integrates hardware, software,
and data for capturing, managing, analyzing, and dis-
plays all forms of geographically referenced informa-
tion. GIS manages and maps the location of millions of
miles of overhead and underground transmission lines,
enabling the distribution utilities to identify vulnerabil-
ities that cause outages, to weigh asset investments, to
understand customer satisfaction, and to determine the
right location for new facilities and new technology,
such as smart grid sensors and smart meters.

The different functions of an ADMS system are
briefly analyzed here:

� Network connectivity analysis (NCA)
This helps the operator to identify or locate the feed-
ing point of the various network components. Based
on the status of all switching devices, such as circuit



Section
15.5

1110 15 Distribution Systems

PLC

PLC

PLC

Feeder.
SCADA

Power 
plant

SCADA

Solar 
power

SCADA

Offshore 
wind
Farm

EV 
charging

GIS

DMS

OMS

SCADA

ADMS system

ADMS functions

• NCA
• DSE
• VVC
• LSA
• FLISR
• STLF
• DPF
• VR

Smart AMIADMS

Fig. 15.15 ADMS
functional structure

breakers (CBs), ring main units (RMUs), and isola-
tors, NCA determines the topology and the redial or
loop mode of the network.� Distribution state estimation (DSE)
DSE is used for estimating the distribution net-
work state and represents the basic DMS function,
with all other DMS analytes based on its results.
The state estimation (SE) function is based on al-
gorithms especially oriented towards distribution
networks, with low availability of real-time data,
which must be compensated with historical data.
The historical data of the network consist of daily
load profiles—current magnitudes and power fac-
tors, or active and reactive power for all load classes
(industrial, commercial, residential), for all sea-
sons (winter, spring, summer, autumn), for types of
days (weekday, Saturday, Sunday, and holidays)—
and peak loads for all distribution transformers
and/or consumers (peak currents and/or peak pow-
ers), and/or monthly electric energy transfers across
all distribution transformers.� Volt/VAR control (VVC)
This refers to the process of managing the voltage
levels and the production, absorption, and flow of re-

active power at all levels in the distribution system.
The VVC application helps the operator to mitigate
such conditions by suggesting the required tap posi-
tions and capacitor switching to ensure the voltage
to its limit and, thus, optimize Volt/VAR control.� Load shed application (LSA)
The LSA automates and optimizes the process of
selecting the best combination of switches to be
opened and controlling in order to shed the desired
amount of load.� Fault location isolation and service restoration
(FLISR)
This works in conjunction with SCADA, telecom-
munications, and distribution automation devices
to decrease the number of customers affected by
a power outage by automatically opening and clos-
ing switches to isolate compromised sections of line
and to re-energize healthy sections of the system to
restore energy distribution.� Short-term load forecasting (STLF)
Short-term load forecasting is an important tool for
planning, triggering load management strategies,
and for determining unit commitment schedules. It
can produce three types of forecasts based on full
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historical load and weather data: 24-hour forecast,
7-day forecast, and 24-hour forecast, also producing
interpolated predictions for 15, 30, 45, and 60min
into the upcoming hour.� Distribution power flow (DPF)
This provides a power-flow solution that best fits
the power system model and the SCADA feeder
measurements in the substations, and offers bene-
fits, such as improved detection of system problems,
including overloads and voltage violations, and ac-
curate assessment of line losses.� Voltage reduction (VR)
This helps the operator to reduce, maintain, or re-
store system voltage in response to event triggers.

The DSSE, which is the key function in the ADMS, will
be further described in the following. DSE is carried out
based on measurements of electrical variables and cal-
culates the state estimates (all node voltage magnitudes
and phase angles) at a specified time. The functionality
of state estimation is shown in Fig. 15.16.

In order to derive consistent and qualified state
estimates, it is necessary to use all the information
available for the distribution network and not only
real-time measurements, whose availability is very lim-
ited in practice [15.42]. Therefore, the DSSE func-
tionality includes information from different sources,
namely: automated meter reading (AMR)/advanced
metering infrastructure (AMI), RTUs, and phasor mea-
surement units (PMUs) synchronized by the Global
Positioning System (GPS) signal [15.43–55]. Further-
more, smart meters connected to LV nodes can make
time-synchronized measurements of active and reactive
loads, as well as voltage magnitudes, at predefined time
intervals (usually every 15min), transmitting them to
a database server periodically (for instance, daily). This

ensures that the DSE will have, at least, measurements
from the previous day of all the loads [15.46, 50]. Based
on these measurements a set of pseudomeasurements
will be generated and used together with near real-time
information, for instance fromDGs [15.43, 47], to make
the network fully observable and guarantee an adequate
degree of redundancy for running the state estimator.
This can be accomplished by one of the proposed load
estimation models in the literature [15.56–62], which
utilize previous-day metered LV consumption data as
well as same-day dependent variables, such as temper-
ature, day type (weekday or weekend), humidity, etc.
The upstream MV/LV substation load is estimated by
aggregating all the downstream LV loads.

Figure 15.17 shows the components of the distribu-
tion network control architecture.

The mathematical formulation of the DSSE is based
on the following nonlinear measurement model [15.42,
63]

z D h.x/C e ; (15.42)

where z is the measurement vector, h.x/ is the vector
of nonlinear functions relating measurements to states,
x is the true state vector consisting of nodal voltages
(magnitudes and phase angles), and e is the vector of
measurement errors. The class of estimators discussed
in this section is based on the maximum likelihood the-
ory and relies on a-priori knowledge of the distribu-
tion of the measurement error (normal), with E.e/D 0
and E.eeT/D R D diag.�2

i /, where �
2
i is the variance of

the i-th measurement error. A node is arbitrarily selected
as the reference node, and its voltage angle is set to zero.

Measurements can be classified as critical (nonre-
dundant) and noncritical (redundant). A critical mea-
surement is one whose elimination from the measure-
ment set makes the network unobservable [15.64]. Crit-
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Fig. 15.17 Distribution network control architecture

ical measurements have zero residuals and, therefore,
their errors cannot be detected. Noncritical measure-
ments have nonzero residuals, allowing detection and
possibly identification of their errors. A minimally de-
pendent set of measurements has the property that
elimination of any measurement from this set makes
the remaining measurements critical. All the measure-
ments of a minimally dependent set have equal absolute
values of their normalized residuals [15.64]. As a con-
sequence, gross error on one or more measurements
of a minimally dependent set can be detected but not
identified. Since the measurement redundancy is low in
distribution networks, a few critical measurements and
minimally dependent sets may occur, making the error
filtering process rather difficult. This is the reason why
forecast load (pseudo) measurements should be as ac-
curate as possible.

The following input information should be available
to the state estimator:

� Network electrical parameters� Network configuration (topology) based on the sta-
tus of switching devices and the position of trans-
former taps� Actual (real-time) measurements subject to errors,
due to metering inaccuracies and communication
system (voltage magnitudes V, active and reactive
branch power flows Pf, and Qf, active and reac-
tive injections Pi and Qi at load and generation
nodes, and branch currents I at primary or distri-
bution substation transformers and often at feeder
heads)� Pseudo measurements subject to errors (forecasted
or historical active and reactive load injections Pi
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and Qi or manually entered measurements of any
type)� Virtual measurements that contain no error (zero in-
jectionsPi andQi at network nodes that have neither
load nor generation, zero voltage drops Vki and ıki
at closed switching devices ki, and zero active and
reactive power flows Pf and Qf at open switching
devices).

After the execution of the SE algorithm, the voltage
magnitudes V and phase angles� of the network nodes
are estimated. The following output information is pro-
vided:

� Voltage magnitudes and phase angles at all nodes� Active and reactive injected power at each genera-
tion and load node� Active and reactive power flows at both sides of
each line, transformer, and switch� Current flows at both sides of each line, transformer,
and switch� Detection and removal of bad and conflicting data.� Status of the switching devices with unknown or
wrong status.

The problem is finding an estimate Ox of the state vector
that minimizes the following objective function [15.42]

J.x/D
m
X

iD1

�.ri/ ; (15.43)

where ri � N.0;1/ is the weighted residual of the i-th
measurement

ri D zi � hi.x/

�i
: (15.44)

Table 15.6 summarizes the approaches adopted for state
estimation solution. The different estimators can be
characterized based on the choice of the � function.

Performance evaluation of the SE techniques has
shown that WLAV and SHGM methodologies cannot
be applied to distribution systems [15.44]. The WLS
method gives consistent and better quality performance
when applied to distribution systems. Hence, WLS is

Table 15.6 State estimation approaches

Approach � .ri/ Solution method

Weighted least squares (WLS) 1
2 r

2
i Newton iterative

Weighted least absolute value (WLAV) jrij Linear programming (LP) or interior point (IP)

Schweppe–Huber generalized-M (SHGM)

(

1
2 r

2
i if jrij 
 ˛wi

˛wi jrij � 1
2˛

2w2
i otherwise ;

where wi is the iteratively modified weighting
factor and ˛ is a tuning parameter

Iteratively reweighted least squares (IRLS)

Approach � .ri/ Solution method

Weighted least squares (WLS) 1
2 r

2
i Newton iterative

Weighted least absolute value (WLAV) jrij Linear programming (LP) or interior point (IP)

Schweppe–Huber generalized-M (SHGM)

(

1
2 r

2
i if jrij 
 ˛wi

˛wi jrij � 1
2˛

2w2
i otherwise ;

where wi is the iteratively modified weighting
factor and ˛ is a tuning parameter

Iteratively reweighted least squares (IRLS)

found to be the suitable solver and is used in this
project.

The solution Ox can be found by the normal equa-
tions’ (NE) iterative procedure as follows

G
�

xk
�

�xk D HT
�

xk
�

R�1�zk ; (15.45)

where, �xk D xkC1 � xk, �zk D z� h.xk/;H D @h=@x,
and G D HTR�1H is the Jacobian matrix, respectively,
evaluated at x D xk, and k is the iteration index.

Since real-time measurements of node injections
(loads) are not available in practical distribution net-
works, a kind of load modeling is necessary to generate
the required load data for the DSSE execution. The load
information can be modeled considering one of the fol-
lowing sources [15.53–62]:

� Historical samples obtained for different seasons,
days, and times, are stored separately for different
load types (residential, industrial, and commercial),
based on some monitoring and energy bill data.� AMI, which transfer customer load information to
the utility DMS in a bidirectional way.� AMR systems, which transmit energy consumption
data to the utility for billing, between defined time
intervals (minutes to hours), in a unidirectional way.� Advanced AMR meters, which work as intelligent
monitoring devices and utilize the communication
infrastructure to provide vital information on low
voltage levels.� Smart GPS synchronized PMU devices, located at
strategic nodes of the network, to measure voltage
and current phasors.

It is assumed that domestic smart meters connected
to a node take synchronized measurements of active
(P) and reactive (Q) consumption of the loads at pre-
defined time intervals. These measurements are trans-
mitted to a database server periodically. In any case,
DSE will have the previous day’s measurements of
all the loads. The proposed SE will reliably estimate
the node voltages of a distribution network by using
the previous day’s measurements (while considering
whether the day is a weekday, Saturday, or Sunday).
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Table 15.7 Required data for state estimation execution

LV network � P=Q power consumption and V magni-
tude at every LV load bus� P power production and V magnitude at
every LV production bus.

MV network � P=Q power consumption at MV consump-
tion bus, if available.� P=Q power production and V magnitude
and phase at MV production bus, if avail-
able.� P=Q power flow in the MV lines with
RTU or PMU.

MV/LV
(secondary)
substations

� P=Q power consumption, V magnitude
and/or I magnitude and power factor, in
the primary or secondary of the trans-
former, if available.

HV/MV
(primary
substation)

� P=Q power consumption, V magnitude
and/or I magnitude and power factor, in
the primary or secondary of the trans-
former, if available.

LV network � P=Q power consumption and V magni-
tude at every LV load bus� P power production and V magnitude at
every LV production bus.

MV network � P=Q power consumption at MV consump-
tion bus, if available.� P=Q power production and V magnitude
and phase at MV production bus, if avail-
able.� P=Q power flow in the MV lines with
RTU or PMU.

MV/LV
(secondary)
substations

� P=Q power consumption, V magnitude
and/or I magnitude and power factor, in
the primary or secondary of the trans-
former, if available.

HV/MV
(primary
substation)

� P=Q power consumption, V magnitude
and/or I magnitude and power factor, in
the primary or secondary of the trans-
former, if available.

Simulation algorithm of load and state estimation on day d, time interval i

P, Q data of all
customers for time

intervals i–1

P, Q, V data of HV/MV
substations and DG buses

availableP, Q data of all
customers for time

intervals i, i–1

Load estimator State estimator

State estimation
error calculation

Vestimated Vactual
P, Q estimated values for all
consumers for time interval i

P, Q estimated values of all
MV/LV transformers

for time interval i

Day dDay d–1

Aggregation

Aggregation

P, Q data of all consumers for
consecutive days d, d–i
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V, P, Q of all buses of
distribution network

Average, time-of-day
P, Q consumptions

Power flow algorithm
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Ioad curves (P, Q)

P, Q profiles of all consumers
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Daily Ioad profiles for a whole
year from electronic database

P, Q actual values
of all MV/LV
transformers

for time interval i

Fig. 15.18 Data flow chart of the load and state estimation

Table 15.8 Transmission frequency for each data level

Past data
of the LV
network

It should be available once a day with 24 h of
delay (i.e., from d� 1).

Dynamic
data of the
LV network

The data of some reference DG and load units
(by distribution transformer controllers—
DTC) should be available every 15min with
a maximum delay of 1min.

MV network It should be available in real time (e.g., on
a 1min time basis).

Past data
of the LV
network

It should be available once a day with 24 h of
delay (i.e., from d� 1).

Dynamic
data of the
LV network

The data of some reference DG and load units
(by distribution transformer controllers—
DTC) should be available every 15min with
a maximum delay of 1min.

MV network It should be available in real time (e.g., on
a 1min time basis).
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The AMR meters installed at distributed genera-
tors (DG) will measure the net active power P, the net
reactive power Q, and the voltage magnitude V at pre-
defined time intervals and communicate immediately to
the server. The SE will also read the P=Q consumption
of the loads connected to each transformer, which will
be summed up (as the measurements are time synchro-
nized) to calculate the load of the transformer (and the
node). The previous day’s loads of the nodes and near
real-time power measurements from distributed gener-
ators will be used as power injection measurements.
Summarizing, the required data for state estimation ex-
ecution are shown in Table 15.7 [15.42].

The transmission frequency for each data level is
shown in Table 15.8 [15.42].

A general framework for the combined simulation
of load and state estimation is presented in Fig. 15.18.

The load estimation algorithm uses data provided
by LV or MV smart meters and deploys a simple
time series model [15.62] using basic class-specific
load curves associated to each consumer type (e.g., do-
mestic, commercial etc.) to improve the accuracy of
individual customer load estimates. Load estimates can
be obtained hourly, half-hourly, or at shorter time inter-
vals. Then, all individual load estimates are aggregated,
based on topology and connectivity data, to extract load
estimates per MV/LV distribution transformers. These
values are treated as pseudomeasurements and used
as inputs to the state estimation algorithm along with
(near) real-time data collected from other points of the
power network [15.62]. The time delay in data trans-
missions from smart meters to data management centers
is a parameter that significantly affects the load estima-
tion algorithm performance.

15.6 Operation of Active Distribution Networks

Distribution system operation aims at satisfying the
load demand in a safe and economical way. The secu-
rity, quality, and economy of the power supply depend
on the control capabilities of the network’s equipment.
The operation functions of power distribution networks
can be divided into two categories, each corresponding
to different time horizons:

� Realtime operation, in which control actions are
applied in a short time period; they are calculated
based on real-time measurements and state estima-
tion techniques.� Day-ahead or schedule operation, in which control
actions of one or more days are calculated based
on forecasted values of load demand and renewable
generation. Realtime operation management con-
sists of state estimation and control scheduling.

A DSSE receives real-time measurements from the
metering infrastructure installed in the distribution net-
work and with the proper deployment of pseudomea-
surements and the use of network topology, the network
status, i.e., nodal voltage magnitude, and angle, is es-
timated. Based on the output values of the DSSE, an
operation framework calculates the control values for
the devices connected to the network. The set of control
values aims at optimizing the power flow in the network
and mitigating eventual voltage problems that may arise
in the grid operation. For the management of ADNs,
short-term load and RES forecasting functions that in-
corporate optimization functions for the grid operation
under normal and emergency conditions might be re-
quired.

15.6.1 Operation of Active
Distribution Networks
Under Normal Operating Conditions

Under normal operating conditions, control actions aim
at the safe and optimum operation of the network, con-
sidering variable demand and renewable generation.
Control actions in passive distribution networks were
limited in the control of network components such as
OLTC, switches, and switched capacitors. However,
ANM enables the coordinated control of network com-
ponents and DER to ensure the safe operation of the
network. Thus, the network operation becomes more
complex with more sophisticated optimization criteria
and operational constraints.

The operation of the distribution network depends
on the regulatory framework and the level of au-
tomation, which differ from one country to another.
The optimal operation of ADNs under normal oper-
ating conditions requires the optimization of several
objectives. Some of these can be summarized as fol-
lows [15.31, 65]:

� Minimization of energy losses: energy loss cost
constitutes a substantial part of the network’s op-
erational cost, and its minimization improves the
network’s performance.� DG curtailment minimization: curtailment of DG
active power is usually employed to prevent line
overload and/or voltage rise along the feeder. DG
curtailment has financial consequences for the own-
ers of the DG units, and it can be a barrier for further
DG penetration.
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� Minimization of OLTC tap position changes: fre-
quent operation of OLTCs will shorten their life-
time.� Minimization of switch operations: the reconfig-
uration of ADNs should be based on a limited
number of switch operation. Extensive operation of
the switches and switched capacitors will shorten
their lifetime.

The aforementioned optimization criteria are not nec-
essarily conflicting and of equal importance. Their
priority is determined based on the regulatory frame-
work and the existing infrastructure of the distribution
network.

The optimal operation of ADNs is subject to the net-
work’s technical constraints. As shown in Sect. 15.3,
power-flow balance should be ensured at all system
buses. Due to the variability of load demand and re-
newable generation, voltage constraints need to be
considered in order to ensure that bus voltages are kept
within their limits for every applied control action. Sim-
ilarly, line capacity limits should be considered. In the
case when reconfiguration is applied, the radiality of
the network configuration needs to be maintained. The
DG units can absorb or supply reactive power via their
inverter interface. The limits of the active and reactive
power output of a DG unit are expressed as

QDG;i;t 
 �

PDG;i;t �Pcurt
DG;i;t

�

tan'DG ; (15.46)

QDG;i;t � � �PDG;i;t �Pcurt
DG;i;t

�

tan 'DG ; (15.47)

0 
 Pcurt
DG;i;t 
 Pcurt

DGmax;i ; (15.48)

Pcurt
DGmax;i 
 PDG;i;t ; (15.49)
�

PDG;i;t �Pcurt
DG;i;t

�2 CQ2
DG;i;t 
 S2DGmax;i ; (15.50)

where PDG;i;t and QDG;i;t are the active and reactive
power output of the DG unit at bus i at period t, Pcurt

DG;i;t
is the active power curtailment of the DG unit at bus i at
period t, 'DG is the maximum power angle of the DG
unit of bus i, Pcurt

DGmax;i is the maximum active power
curtailment of the DG unit at bus i at period t, and
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Table 15.9 Load data of the 30-bus distribution system

Bus Load (kVA)
3; 4; 5; 8; 9; 10; 12; 13; 15; 16; 18; 23; 24; 27; 30 50
2; 6; 7; 11; 14; 17; 20; 21; 22; 25; 26 350
19; 28; 29 675

Bus Load (kVA)
3; 4; 5; 8; 9; 10; 12; 13; 15; 16; 18; 23; 24; 27; 30 50
2; 6; 7; 11; 14; 17; 20; 21; 22; 25; 26 350
19; 28; 29 675

SDGmax;i is the maximum apparent power of the DG
unit at bus i. The maximum and minimum DG reactive
power injection limits are given by (15.46) and (15.47),
respectively. Note that Pcurt

DG;i;t is greater than or equal to
zero and is limited by (15.48) and (15.49). The apparent
DG power output is lower than the apparent power limit
of the DG inverter according to (15.50).

Example 15.1
Consider the 30-bus distribution of Fig. 15.19, which
is a 20 kV system with 3 feeders, 29 load buses, 7 nor-
mally closed switches, and 2 normally open switches.
Each feeder is equipped with a circuit breaker. The
length of each feeder segment is 2 km; the length of the
tie lines is 3 km and the conductor of the feeders and tie
lines is ACSR-95mm2 (Table 15.3). The bus load data
are presented in Table 15.9; their power factor is 0.95
lagging. The network accommodates 100 kW of solar
DG at buses 2, 9, 10, 25, 26, and 27; 300kW of solar
DG at buses 4 and 12; 500 kW of solar DG at bus 7;
600 kW of solar DG at bus 5; and 5MW of wind DG at
bus. In this example, the voltage limits are set to ˙5%
of the nominal voltage.

For the hourly load, and the solar and wind profile
of Fig. 15.20, the day-ahead operation of the network
is simulated considering two ANM schemes in order
to minimize the DG curtailment. The first ANM in-
volves the active power curtailment (APC) of all DG
units, while the second ANM scheme involves the
APC and the active distribution network reconfigura-
tion (ADNR). As shown in Fig. 15.21, in the first
ANM scheme, the DG energy curtailment is equal to
3:812MWh, while in the second ANM scheme, there
is no need for DG curtailment. Note that in the sec-
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ond ANM scheme, the normally closed switch in line
16�17 is opened, and the normally open switch in line
13�20 is closed. Furthermore, the necessity of ANM
is highlighted in Fig. 15.22. As shown, if passive man-
agement is adopted, the voltage limits at bus 13 will be
violated. Hence, the distribution network will operate
outside its technical limits for a considerable time.

15.6.2 Operation of Active Distribution
Networks Under Emergency
Operating Conditions

Distribution networks are designed with a meshed
structure, and they are equipped with normally open

and normally closed switches. However, they operate
in radial configuration to simplify protection coordina-
tion. Hence, a network component failure will interrupt
the power supply to all buses downstream of the faulted
area. Network component failures can occur for various
reasons, such as extreme weather conditions, compo-
nent ageing, or an accident. Under these emergency
conditions, an OMS aims at resolving the outage and
restoration of power supply to customers. As is shown
in Fig. 15.23, after the outage alert, the three stages of
the outage management are [15.66]:

� Fault location� Fault isolation� Service restoration.
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The fault location, isolation, and service restora-
tion (FLISR) process needs to be implemented as fast
as possible to decrease restoration time and potential
lost revenues. Most distribution systems are not fully
automated, and some required control actions of the
FLISR process need manual operation. Hence, a self-
healing distribution system is important, with social
and economic benefits. Self-healing can be described
as the capability of the distribution system to perform
all phases of the FLISR process automatically, without
human intervention.

When a fault occurs, the circuit breakers, which are
installed at the source of the feeder, or reclosing devices
trip, and the power supply to the downstream buses
is interrupted. After identifying the faulted feeder, the
exact location of the faulted section needs to be deter-
mined. Several approaches have been implemented to
identify the fault location; they are summarized as fol-
lows [15.67]:

� Crew deployment to visually identify the faulted
area and repair it. This approachmay prove time con-
suming, leading to extended interruption periods.� Direct three-phase circuit analysis-based methods.� Impedance-based methods.� Traveling-wave methods.� Data collected from fault passage indicators (FPIs).

The main drawback of the direct three-phase circuit
methods and impedance-based methods is the multi-
ple estimations of fault location. The traveling wave
methods may yield inaccurate fault locations due to the
presence of laterals and sublaterals.

After fault isolation, service restoration aims at de-
termining the appropriate switch operations to restore
power supply to the nonfaulted part of the distribution
feeder. To achieve this, loads of the nonfaulted part
of the distribution feeder are transferred to the neigh-
boring, healthy distribution feeders. Service restoration
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needs to satisfy multiple objectives in a very short time.
The objective with the foremost importance is the min-
imization of the nonsupplied loads. Minimization of
the number of switch operations has the second prior-
ity. When a service restoration plan is determined, the
priority of critical loads, e.g., hospitals, needs to be con-
sidered along with the network’s technical constraints.
There are several methods implemented for the solution
of the service restoration problem; they are summarized
as follows [15.67]:

� Expert system methods based on knowledge-based
if-then-else rules [15.68–70].� Heuristic methods based on artificial intelli-
gence [15.71–74].� Mathematical programming methods that formulate
the service restoration problem as an optimiza-
tion problem utilizing global optimization tech-
niques [15.75–77].

Expert-system methods are the most widely used meth-
ods for the solution of service restoration. However,
they tend to be problem specific, and their rules are nor-
mally different among distribution networks. Heuristic

methods require the incorporation of a power-flow
model, and they may require multiple iterations to con-
verge to an optimal solution. Mathematical program-
ming methods may require high computation times for
large-scale distribution systems.

Example 15.2
Consider the 30-bus distribution system of Exam-
ple 15.1 (Sect. 15.6.2). As is shown in Fig. 15.24, it
is assumed that a permanent fault occurs in line 5�6.
In this case, the circuit breaker in line 1�2 trips, and
the power supply of load buses 2�13 is interrupted.
After the fault location has been identified, the nor-
mally closed switches in line 3�4 and in line 6�7 are
opened to isolate the faulted area. The load buses 4, 5,
and 6 will stay out of service until the damaged line is
repaired or replaced. Service restoration needs to deter-
mine the minimum switch operations to restore power
supply to buses 2 and 3, and 7�13. Thus, the circuit
breaker in line 1�2 and the normally open switch in
line 13�20 are closed, and the power supply of the non-
faulted area is restored. The network topology after the
implementation of the service restoration plan is shown
in Fig. 15.25.
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15.7 Distribution Network Planning

Distribution network planning (DNP) aims at determin-
ing the location, capacity, and time period of network
investments at minimum cost, in order to serve the load
growth and the new loads, while ensuring the safe oper-
ation of the distribution network. Depending on the du-
ration of the planning period, the DNP can be classified
as short term (1�5 years) or long term (5�20 years).
Short-term planning considers network reinforcement
or line reconductoring, reconfiguration schemes, and re-
active power support options, while long-term planning
considers the reinforcement of existing network com-
ponents, e.g., substation, lines, and the addition of new
ones. There are two DNP models [15.78]:

� Static distribution network planning, wherein the
DNP problem is solved in a single stage considering
only the conditions of the final stage of the planning
period. In this model, the investment decisions are
decoupled from time, and they are implemented at
the beginning of the planning period.� Multistage distribution network planning, wherein
the DNP problem is solved considering the multiple
stages of the planning period. Hence, the investment
variables are determined over successive planning
stages based on the requirements of each stage.

The multistage DNP formulation is more efficient than
the static formulation, since the investment decisions
are implemented over the planning period. Thus, the
investment decisions required at the first stages of the
planning can be implemented immediately, while the
ones determined for the later stages of the planning
period can be reexamined using updated values of the
load forecast. Obviously, the formulation and solution
of the multistage DNP model are more complicated
than the static ones.

The planning of a distribution network is affected
by a large number of miscellaneous factors, such as load
growth, the necessity to increase the level of distribution
automation, and the increasing DG penetration. The
most important of these factors is the forecasted load
growth rate of the geographical area that the distribution
network serves. Load growth depends on the area de-
velopment, load density, population growth, costumer
behavior, and geographical limits. Apart from load
growth, modern power distribution systems are facing
the challenge to accommodate an increasing amount
of DG. Consequently, DNP should also consider future
connections of DG units and their increase rate.

The determination of the maximum stress condi-
tions of a planning period is essential for the calcu-
lation of the planning requirements. The maximum
stress conditions consider load/generation scenarios

with: (i) maximum load/no generation and (ii) mini-
mum load/maximum generation. Furthermore, the de-
termination of representative load/generation scenarios
that represent the stochastic behavior of load demand
and renewable generation is essential to calculate the
cost of energy losses, which is the largest part of the
network’s operational costs. To derive these representa-
tive load/generation scenarios, it is necessary to process
historic and statistical data.

The main objective of every DNP formulation is the
minimization of the net present value of the investment
and operational cost of the network for a planning pe-
riod. The investment cost is the sum of the costs for the
reinforcement and/or addition of network components,
and they can be summarized as follows:

� Investment cost for the reinforcement and/or addi-
tion of distribution substation (IS)

IS D
X

i2�SR

X

a2ˆSS

CSS;ay
SR
i;a;t C

X

i2�SA

X

a2ˆSS

CSS;ay
SA
i;a;t ;

(15.51)

where �SR and �SA are the sets of the candidate
substations to be reinforced and added, respectively;
ˆSS is the set of the available types of substations;
CSS;a is the cost of type a substation; and ySRi;a;t
and ySAi;a;t are the decision variables for the reinforce-
ment and addition of substation at bus i using type a
substation at period t, respectively.� Investment cost for the reinforcement and/or addi-
tion of distribution lines (IL)

IL D
X

ij2�LR

X

b2ˆL

CL;blijy
LR
ij;b;tC

X

ij2�LA

X

b2ˆL

CL;blijy
LA
ij;b;t ;

(15.52)

where �LR and �LA are the sets of the candidate
distribution lines to be reinforced and added, re-
spectively; ˆL is the set of the available types of
conductors; CL;b is the cost per distance of type b
conductor; lij is the length of line i–j; and yLRij;b;t
and yLAij;b;t are the decision variables for the reinforce-
ment and addition of line i–j using type b conductor
at period t, respectively.� Investment cost for the placement of capacitor
banks (IC)

IC D
X

i2�CB

X

c2ˆCB

CCB;cy
CB
i;c;t ; (15.53)

where �CB is the set of the candidate buses for the
placement of capacitors; ˆCB is the set of the types
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of capacitors available; CCB;c is the cost of type c
capacitor; yCBi;c;t is the decision variable for capacitor
placement at bus i using type c capacitor at period t.� Investment cost for the placement of voltage regu-
lators (IVR)

IVR D
X

ij2�VR

X

d2ˆVR

CVR;dy
VR
ij;d;t ; (15.54)

where �VR is the set of the candidate lines for the
placement of voltage regulators; ˆVR is the set of
the available types of voltage regulators;CVR;d is the
cost of type d voltage regulator; and yVRij;d;t is the de-
cision variable for the voltage regulator placement
at line i–j using type d voltage regulator at period t.

For an optimal network reinforcement and expansion
plan, it is required to examine as many as possible of
the planning alternatives presented in (15.51)–(15.54)
in order to achieve the optimal budget allocation. The
operational cost consists of several terms, such as the
cost for energy losses, reliability costs, and mainte-
nance costs.

The constraints of the DNP can be classified into
two categories: (i) the operational constraints and
(ii) the constraints associated with the investment deci-
sion variables. For a given load forecast and generation,
the operational constraints need to ensure that the bus
voltages are kept within their limits, the thermal ca-
pacity of lines and substations are not violated, and the
configuration of the network is radial during the whole
planning period. If the investment decision variables
of (15.51)–(15.54) are formulated as binary variables,
the investment constraints are formulated as

X

t2T

X

a2ˆSS

ySRi;a;t 
 1 ; (15.55)

X

t2T

X

a2ˆSS

ySAi;a;t 
 1 ; (15.56)

X

t2T

X

b2ˆL

yLRij;b;t 
 1 ; (15.57)

X

t2T

X

b2ˆL

yLAij;b;t 
 1 ; (15.58)

X

t2T

X

c2ˆCB

yCBi;c;t 
 1 ; (15.59)

X

t2T

X

d2ˆVR

yVRij;d;t 
 1 : (15.60)

Constraints (15.55) and (15.56) ensure that there
will be at most one change in the capacity of the substa-
tions that are candidates for reinforcement and addition,
respectively. Constraints (15.57) and (15.58) are ap-
plied in order to avoid more than one conductor change
during the planning period, for the distribution lines

that are candidate to be reinforced or added. According
to (15.59) and (15.60), investments in capacitors and
voltage regulators can be made at most once in each
candidate bus and branch during the planning period.

The advent of ADNs modifies the objectives and
the requirements of the planning process [15.79]. Solu-
tion methods and concepts that were used extensively
for transmission systems are adapted for distribution
systems to deliver more cost-effective planning solu-
tions that rely less on traditional network investments
and exploit the active management of the DER avail-
able [15.80]. Thus, the incorporation of the operational
aspects of DER control into the planning process is es-
sential. For example, the control of the active and/or
reactive power of the DG units can be considered in the
planning process in order to cope with the voltage rise
effect caused by DG penetration, alleviate line conges-
tion, and decrease power losses. Energy storage systems
can be used to inject energy into the network during
periods of low demand; the energy stored in this man-
ner can be returned to the grid at a later time, when
load demand is higher. This load shifting effect can
eliminate line overloads and/or violation of bus voltage
limits, while the cost for network reinforcement can be
deferred. Similarly, demand response schemes can be
employed, when customers’ consumption leads to vio-
lation of network’s technical characteristics. The way
that the most common technical challenges found in
distribution networks can be solved considering active
management of the distribution network is presented in
Table 15.5.

Example 15.3
Consider the 20 kV distribution network of Fig. 15.26
with two substations, 20 load buses, and a planning
period that is divided into three stages; the candidate
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Fig. 15.26 The initial topology of the 24-bus distribution
system
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Table 15.10 Technical and economic characteristics of the
available conductors

Type R
(�=km)

X
(�=km)

Ampacity
(A)

Cost
($=km)

A 1.268 0.422 136 12 000
B 0.576 0.393 261 25 000
C 0.215 0.334 445 56 000

Type R
(�=km)

X
(�=km)

Ampacity
(A)

Cost
($=km)

A 1.268 0.422 136 12 000
B 0.576 0.393 261 25 000
C 0.215 0.334 445 56 000
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Fig. 15.27 The reinforcement and expansion plan of the
24-bus distribution system considering passive manage-
ment

lines for expansion are depicted with dashed lines. The
branch and load data can be found in Table 15.11
of Appendix 15.A. The technical and economic char-
acteristics of the conductors available are shown in
Table 15.10. The investment cost of a capacitor with
a 1:2Mvar capacity is equal to 8k $, while the invest-
ment cost of a voltage regulator is 42k $. The capacity
of the existing substations is 25MVA, and the voltage
limits are ˙5% of the nominal voltage. The inflation
and interest rates are 2% and 8%, respectively. At the
first stage, it is planned to install three wind DG units:
5MW at bus 7; 6MW at bus 23; and 7MW at bus 24.
Furthermore, it is planned to connect one solar DG unit
of 100 kW at each future load bus. Capacitors and volt-
age regulators can be installed at every corresponding
part of the initial network configuration. The optimal re-
inforcement and expansion plan is determined for two
cases: (i) considering the passive management of DG
units and (ii) considering the control of the active and
reactive power of the DG units.

Figure 15.27 presents the network topology of the
24-bus distribution system at the end of the planning
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Fig. 15.28 The reinforcement and expansion plan of the
24-bus distribution system considering ANM

period considering DG passive management. The total
investment cost of the network topology of Fig. 15.20 is
652.09k$. At the first stage, the distribution line 22�6
is reinforced with a type C conductor to meet renew-
able DG; lines 3�10, 5�24, and 3�23 are constructed
with a type B conductor to connect the new load and
the DG points. At the second stage, line 21�1 is re-
inforced with a type C conductor to meet load demand;
line 6�13 is constructed with a type B conductor to con-
nect the load at bus 13; lines 7�11, 2�12, 1�14, 4�15,
and 22�17 are constructed with a type A conductor to
connect the future load buses. At the third stage, lines
21�2 and 22�8 are reinforced with a type C conductor
to meet load demand; lines 3�16, 24�18, 7�19, and
13�20 are constructed with type A conductor. One ca-
pacitor is installed at bus 11 at stage two, and another
one is installed at bus 7 at the third stage of the planning
period to deal with the voltage drop issues.

Figure 15.28 presents the network topology of the
24-bus distribution system at the end of the planning
period, incorporating ANM aspects into the planning
process. The ANM scheme assumes that the power
factor of the DG units can vary from 0.95 lagging to
0.95 leading, and the maximum allowable DG active
power curtailment is 5% of the DG rated power. The
total investment cost of this topology is 629.58k$. The
difference between the investment cost of Figs. 15.20
and 15.21 is due to the fact that the reinforcement of
line 22�6 is deferred to the third stage, and line 7�23
is constructed to connect the wind DG unit of bus 23
instead of line 3�23. Note that the length of line 3�23
is longer than the length of line 7�23.
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15.8 Summary

This chapter presents the basic principles of power
distribution systems and the modeling of their com-
ponents. Different models for the power-flow anal-
ysis of radial distribution networks are given, and
results on various distribution test systems demon-
strate their accuracy and computational performance.
The new challenges faced by modern distribution net-
works due to the increasing penetration of DER, in-
cluding renewable DG, are discussed. The principles
and functions of an advanced distribution management
system for the control and monitoring of the distribu-
tion network are presented. The coordinated control

of DERs and network components leads to the trans-
formation of passive distribution networks to active
distribution systems. It is shown that the adoption of
ANM to the operation of distribution networks under
normal and emergency conditions increases the net-
work’s efficiency, deals with voltage rise/drop issues,
and alleviates line congestion in a cost-effective way.
Furthermore, the incorporation of ANM into distribu-
tion network planning exploits all network components
and DER control capabilities, leading to reinforcement
and network expansion planning at lower investment
costs.

15.A Appendix: Load and Line Data of Distribution Networks

Table 15.11 Load and line data of the 33-bus distribution
network

Nominal voltage: 12:66 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
1 2 0.092 0.047 0.100 0.060
2 3 0.493 0.251 0.090 0.040
3 4 0.366 0.186 0.120 0.080
4 5 0.381 0.194 0.060 0.030
5 6 0.819 0.707 0.060 0.020
6 7 0.187 0.619 0.200 0.100
7 8 0.711 0.235 0.200 0.100
8 9 1.030 0.740 0.060 0.020
9 10 1.044 0.740 0.060 0.020
10 11 0.197 0.065 0.045 0.030
11 12 0.374 0.124 0.060 0.035
12 13 1.468 1.155 0.060 0.035
13 14 0.542 0.713 0.120 0.080
14 15 0.591 0.526 0.060 0.010
15 16 0.746 0.545 0.060 0.020
16 17 1.289 1.721 0.060 0.020
17 18 0.732 0.574 0.090 0.040
2 19 0.164 0.157 0.090 0.040
19 20 1.504 1.355 0.090 0.040
20 21 0.410 0.478 0.090 0.040
21 22 0.709 0.937 0.090 0.040
3 23 0.451 0.308 0.090 0.050
23 24 0.898 0.709 0.420 0.200
24 25 0.896 0.701 0.420 0.200
6 26 0.203 0.103 0.060 0.025
26 27 0.284 0.145 0.060 0.025
27 28 1.059 0.934 0.060 0.020
28 29 0.804 0.701 0.120 0.070
29 30 0.508 0.259 0.200 0.600
30 31 0.974 0.963 0.150 0.070
31 32 0.311 0.362 0.210 0.100
32 33 0.341 0.530 0.060 0.040

Nominal voltage: 12:66 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
1 2 0.092 0.047 0.100 0.060
2 3 0.493 0.251 0.090 0.040
3 4 0.366 0.186 0.120 0.080
4 5 0.381 0.194 0.060 0.030
5 6 0.819 0.707 0.060 0.020
6 7 0.187 0.619 0.200 0.100
7 8 0.711 0.235 0.200 0.100
8 9 1.030 0.740 0.060 0.020
9 10 1.044 0.740 0.060 0.020
10 11 0.197 0.065 0.045 0.030
11 12 0.374 0.124 0.060 0.035
12 13 1.468 1.155 0.060 0.035
13 14 0.542 0.713 0.120 0.080
14 15 0.591 0.526 0.060 0.010
15 16 0.746 0.545 0.060 0.020
16 17 1.289 1.721 0.060 0.020
17 18 0.732 0.574 0.090 0.040
2 19 0.164 0.157 0.090 0.040
19 20 1.504 1.355 0.090 0.040
20 21 0.410 0.478 0.090 0.040
21 22 0.709 0.937 0.090 0.040
3 23 0.451 0.308 0.090 0.050
23 24 0.898 0.709 0.420 0.200
24 25 0.896 0.701 0.420 0.200
6 26 0.203 0.103 0.060 0.025
26 27 0.284 0.145 0.060 0.025
27 28 1.059 0.934 0.060 0.020
28 29 0.804 0.701 0.120 0.070
29 30 0.508 0.259 0.200 0.600
30 31 0.974 0.963 0.150 0.070
31 32 0.311 0.362 0.210 0.100
32 33 0.341 0.530 0.060 0.040

Table 15.12 Load and line data of the 83-bus distribution
network

Nominal voltage: 11:4 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
501 1 0.194 0.662 0.000 0.000
1 2 0.210 0.430 0.100 0.050
2 3 0.236 0.484 0.300 0.200
3 4 0.092 0.188 0.350 0.250
4 5 0.210 0.430 0.220 0.100
5 6 0.039 0.081 1.100 0.800
6 7 0.041 0.138 0.400 0.320
7 8 0.105 0.215 0.300 0.200
7 9 0.236 0.484 0.300 0.230
7 10 0.105 0.215 0.300 0.260

501 11 0.079 0.161 0.000 0.000
11 12 0.341 0.694 1.200 0.800
12 13 0.026 0.054 0.800 0.600
12 14 0.079 0.161 0.700 0.500
501 15 0.113 0.386 0.000 0.000
15 16 0.052 0.108 0.300 0.150
16 17 0.052 0.108 0.500 0.350
17 18 0.157 0.323 0.700 0.400
18 19 0.039 0.081 1.200 1.000
19 20 0.170 0.350 0.300 0.300
20 21 0.236 0.484 0.400 0.350
21 22 0.157 0.323 0.050 0.020
21 23 0.197 0.404 0.050 0.020
23 24 0.131 0.269 0.050 0.010
501 25 0.057 0.193 0.050 0.030
25 26 0.105 0.215 0.100 0.060
26 27 0.249 0.511 0.100 0.070
27 28 0.049 0.166 1.800 1.300
28 29 0.131 0.269 0.200 0.120
501 30 0.197 0.396 0.000 0.000
30 31 0.131 0.269 1.800 1.600
31 32 0.131 0.269 0.200 0.150

Nominal voltage: 11:4 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
501 1 0.194 0.662 0.000 0.000
1 2 0.210 0.430 0.100 0.050
2 3 0.236 0.484 0.300 0.200
3 4 0.092 0.188 0.350 0.250
4 5 0.210 0.430 0.220 0.100
5 6 0.039 0.081 1.100 0.800
6 7 0.041 0.138 0.400 0.320
7 8 0.105 0.215 0.300 0.200
7 9 0.236 0.484 0.300 0.230
7 10 0.105 0.215 0.300 0.260

501 11 0.079 0.161 0.000 0.000
11 12 0.341 0.694 1.200 0.800
12 13 0.026 0.054 0.800 0.600
12 14 0.079 0.161 0.700 0.500
501 15 0.113 0.386 0.000 0.000
15 16 0.052 0.108 0.300 0.150
16 17 0.052 0.108 0.500 0.350
17 18 0.157 0.323 0.700 0.400
18 19 0.039 0.081 1.200 1.000
19 20 0.170 0.350 0.300 0.300
20 21 0.236 0.484 0.400 0.350
21 22 0.157 0.323 0.050 0.020
21 23 0.197 0.404 0.050 0.020
23 24 0.131 0.269 0.050 0.010
501 25 0.057 0.193 0.050 0.030
25 26 0.105 0.215 0.100 0.060
26 27 0.249 0.511 0.100 0.070
27 28 0.049 0.166 1.800 1.300
28 29 0.131 0.269 0.200 0.120
501 30 0.197 0.396 0.000 0.000
30 31 0.131 0.269 1.800 1.600
31 32 0.131 0.269 0.200 0.150
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Table 15.12 (continued)

Nominal voltage: 11:4 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
32 33 0.026 0.054 0.200 0.100
33 34 0.170 0.350 0.800 0.600
34 35 0.052 0.108 0.100 0.060
35 36 0.498 1.022 0.100 0.060
36 37 0.039 0.081 0.020 0.010
37 38 0.039 0.081 0.020 0.010
38 39 0.079 0.161 0.020 0.010
39 40 0.210 0.430 0.020 0.010
38 41 0.197 0.404 0.200 0.160
41 42 0.210 0.430 0.050 0.030

501 43 0.049 0.166 0.000 0.000
43 44 0.039 0.081 0.030 0.020
44 45 0.131 0.269 0.800 0.700
45 46 0.236 0.484 0.200 0.150

502 47 0.243 0.828 0.000 0.000
47 48 0.066 0.135 0.000 0.000
48 49 0.066 0.135 0.000 0.000
49 50 0.039 0.081 0.200 0.160
50 51 0.079 0.161 0.800 0.600
51 52 0.039 0.081 0.500 0.300
52 53 0.079 0.161 0.500 0.350
53 54 0.052 0.108 0.500 0.300
54 55 0.131 0.269 0.200 0.080

502 56 0.227 0.773 0.000 0.000
56 57 0.537 1.103 0.030 0.020
57 58 0.052 0.108 0.600 0.420
58 59 0.041 0.138 0.000 0.000
59 60 0.039 0.081 0.020 0.010
60 61 0.026 0.054 0.020 0.010
61 62 0.105 0.215 0.200 0.130
62 63 0.236 0.484 0.300 0.240
63 64 0.024 0.083 0.300 0.200

502 65 0.049 0.166 0.000 0.000
65 66 0.170 0.350 0.050 0.030
66 67 0.122 0.414 0.000 0.000
67 68 0.219 0.745 0.400 0.360
68 69 0.049 0.166 0.000 0.000
69 70 0.073 0.248 0.000 0.000
70 71 0.057 0.193 2.000 1.500
71 72 0.026 0.053 0.200 0.150

502 73 0.324 1.104 0.000 0.000
73 74 0.032 0.110 0.000 0.000
74 75 0.057 0.193 1.200 0.950
75 76 0.049 0.166 0.300 0.180

502 77 0.251 0.856 0.000 0.000
77 78 0.130 0.442 0.400 0.360
78 79 0.049 0.166 2.000 1.300
79 80 0.131 0.264 0.200 0.140
80 81 0.131 0.264 0.500 0.360
81 82 0.092 0.188 0.100 0.030
82 83 0.314 0.646 0.400 0.360

Nominal voltage: 11:4 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
32 33 0.026 0.054 0.200 0.100
33 34 0.170 0.350 0.800 0.600
34 35 0.052 0.108 0.100 0.060
35 36 0.498 1.022 0.100 0.060
36 37 0.039 0.081 0.020 0.010
37 38 0.039 0.081 0.020 0.010
38 39 0.079 0.161 0.020 0.010
39 40 0.210 0.430 0.020 0.010
38 41 0.197 0.404 0.200 0.160
41 42 0.210 0.430 0.050 0.030

501 43 0.049 0.166 0.000 0.000
43 44 0.039 0.081 0.030 0.020
44 45 0.131 0.269 0.800 0.700
45 46 0.236 0.484 0.200 0.150

502 47 0.243 0.828 0.000 0.000
47 48 0.066 0.135 0.000 0.000
48 49 0.066 0.135 0.000 0.000
49 50 0.039 0.081 0.200 0.160
50 51 0.079 0.161 0.800 0.600
51 52 0.039 0.081 0.500 0.300
52 53 0.079 0.161 0.500 0.350
53 54 0.052 0.108 0.500 0.300
54 55 0.131 0.269 0.200 0.080

502 56 0.227 0.773 0.000 0.000
56 57 0.537 1.103 0.030 0.020
57 58 0.052 0.108 0.600 0.420
58 59 0.041 0.138 0.000 0.000
59 60 0.039 0.081 0.020 0.010
60 61 0.026 0.054 0.020 0.010
61 62 0.105 0.215 0.200 0.130
62 63 0.236 0.484 0.300 0.240
63 64 0.024 0.083 0.300 0.200

502 65 0.049 0.166 0.000 0.000
65 66 0.170 0.350 0.050 0.030
66 67 0.122 0.414 0.000 0.000
67 68 0.219 0.745 0.400 0.360
68 69 0.049 0.166 0.000 0.000
69 70 0.073 0.248 0.000 0.000
70 71 0.057 0.193 2.000 1.500
71 72 0.026 0.053 0.200 0.150

502 73 0.324 1.104 0.000 0.000
73 74 0.032 0.110 0.000 0.000
74 75 0.057 0.193 1.200 0.950
75 76 0.049 0.166 0.300 0.180

502 77 0.251 0.856 0.000 0.000
77 78 0.130 0.442 0.400 0.360
78 79 0.049 0.166 2.000 1.300
79 80 0.131 0.264 0.200 0.140
80 81 0.131 0.264 0.500 0.360
81 82 0.092 0.188 0.100 0.030
82 83 0.314 0.646 0.400 0.360

Table 15.13 Load and line data of the 135-bus distribution
network

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
1 2 0.332 0.767 0.000 0.000
2 3 0.002 0.004 0.048 0.019
3 4 0.223 0.515 0.043 0.017
4 5 0.099 0.230 0.087 0.035
5 6 0.156 0.359 0.311 0.124
6 7 0.163 0.377 0.149 0.059
7 8 0.114 0.264 0.239 0.095
7 9 0.057 0.057 0.062 0.025
9 10 0.521 0.274 0.125 0.050
9 11 0.109 0.109 0.140 0.056
11 12 0.398 0.209 0.117 0.046
11 13 0.917 0.315 0.249 0.099
11 14 0.118 0.118 0.291 0.116
14 15 0.502 0.264 0.304 0.121
14 16 0.057 0.057 0.215 0.086
16 17 0.294 0.155 0.199 0.079
1 18 0.332 0.767 0.000 0.000
18 19 0.002 0.004 0.000 0.000
19 20 0.223 0.515 0.000 0.000
20 21 0.109 0.251 0.030 0.015
21 22 0.711 0.374 0.231 0.113
21 23 0.182 0.420 0.060 0.029
23 24 0.303 0.160 0.231 0.113
23 25 0.024 0.056 0.121 0.059
25 26 0.045 0.104 0.000 0.000
26 27 0.019 0.043 0.057 0.028
27 28 0.118 0.118 0.365 0.178
28 29 0.024 0.024 0.000 0.000
29 30 0.190 0.100 0.125 0.061
30 31 0.398 0.209 0.057 0.028
29 32 0.057 0.057 0.000 0.000
32 33 0.095 0.050 0.085 0.042
33 34 0.417 0.219 0.000 0.000
34 35 0.114 0.060 0.397 0.194
32 36 0.076 0.076 0.000 0.000
36 37 0.370 0.194 0.181 0.089
37 38 0.265 0.140 0.242 0.118
36 39 0.057 0.057 0.075 0.037
1 40 0.332 0.767 0.000 0.000
40 41 0.118 0.273 0.001 0.001
41 42 2.963 1.016 0.006 0.003
41 43 0.002 0.004 0.000 0.000
43 44 0.069 0.160 0.118 0.050
44 45 0.815 0.429 0.063 0.027
44 46 0.064 0.147 0.172 0.073
46 47 0.131 0.303 0.459 0.194
47 48 0.062 0.143 0.263 0.111
48 49 0.114 0.264 0.236 0.100
49 50 0.284 0.283 0.000 0.000
50 51 0.284 0.283 0.109 0.046

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
1 2 0.332 0.767 0.000 0.000
2 3 0.002 0.004 0.048 0.019
3 4 0.223 0.515 0.043 0.017
4 5 0.099 0.230 0.087 0.035
5 6 0.156 0.359 0.311 0.124
6 7 0.163 0.377 0.149 0.059
7 8 0.114 0.264 0.239 0.095
7 9 0.057 0.057 0.062 0.025
9 10 0.521 0.274 0.125 0.050
9 11 0.109 0.109 0.140 0.056
11 12 0.398 0.209 0.117 0.046
11 13 0.917 0.315 0.249 0.099
11 14 0.118 0.118 0.291 0.116
14 15 0.502 0.264 0.304 0.121
14 16 0.057 0.057 0.215 0.086
16 17 0.294 0.155 0.199 0.079
1 18 0.332 0.767 0.000 0.000
18 19 0.002 0.004 0.000 0.000
19 20 0.223 0.515 0.000 0.000
20 21 0.109 0.251 0.030 0.015
21 22 0.711 0.374 0.231 0.113
21 23 0.182 0.420 0.060 0.029
23 24 0.303 0.160 0.231 0.113
23 25 0.024 0.056 0.121 0.059
25 26 0.045 0.104 0.000 0.000
26 27 0.019 0.043 0.057 0.028
27 28 0.118 0.118 0.365 0.178
28 29 0.024 0.024 0.000 0.000
29 30 0.190 0.100 0.125 0.061
30 31 0.398 0.209 0.057 0.028
29 32 0.057 0.057 0.000 0.000
32 33 0.095 0.050 0.085 0.042
33 34 0.417 0.219 0.000 0.000
34 35 0.114 0.060 0.397 0.194
32 36 0.076 0.076 0.000 0.000
36 37 0.370 0.194 0.181 0.089
37 38 0.265 0.140 0.242 0.118
36 39 0.057 0.057 0.075 0.037
1 40 0.332 0.767 0.000 0.000
40 41 0.118 0.273 0.001 0.001
41 42 2.963 1.016 0.006 0.003
41 43 0.002 0.004 0.000 0.000
43 44 0.069 0.160 0.118 0.050
44 45 0.815 0.429 0.063 0.027
44 46 0.064 0.147 0.172 0.073
46 47 0.131 0.303 0.459 0.194
47 48 0.062 0.143 0.263 0.111
48 49 0.114 0.264 0.236 0.100
49 50 0.284 0.283 0.000 0.000
50 51 0.284 0.283 0.109 0.046
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Table 15.13 (continued)

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
49 52 0.045 0.104 0.000 0.000
52 53 0.026 0.061 0.073 0.031
53 54 0.060 0.139 0.258 0.110
54 55 0.030 0.069 0.069 0.029
55 56 0.021 0.048 0.022 0.009
53 57 0.109 0.251 0.000 0.000
57 58 0.256 0.135 0.021 0.009
58 59 0.417 0.219 0.151 0.064
59 60 0.502 0.264 0.221 0.094
60 61 0.332 0.174 0.092 0.039
61 62 0.208 0.110 0.000 0.000
48 63 0.139 0.320 0.227 0.096
1 64 0.008 0.017 0.000 0.000
64 65 0.270 0.624 0.294 0.117
65 66 0.383 0.883 0.083 0.033
66 67 0.330 0.762 0.083 0.033
67 68 0.328 0.758 0.104 0.041
68 69 0.171 0.394 0.176 0.070
69 70 0.559 0.294 0.083 0.033
69 71 0.058 0.134 0.218 0.087
71 72 0.701 0.369 0.023 0.009
72 73 1.024 0.538 0.005 0.002
71 74 0.068 0.156 0.073 0.029
74 75 1.324 0.454 0.406 0.162
1 76 0.011 0.026 0.000 0.000
76 77 0.730 1.685 0.100 0.042
77 78 0.225 0.520 0.143 0.060
78 79 0.208 0.481 0.096 0.041
79 80 0.047 0.108 0.300 0.127
80 81 0.620 0.619 0.141 0.060
81 82 0.340 0.340 0.280 0.119
82 83 0.569 0.299 0.087 0.037
82 84 0.109 0.109 0.244 0.103
84 85 0.569 0.299 0.248 0.105
1 86 0.011 0.026 0.000 0.000
86 87 0.418 0.966 0.090 0.038
87 88 0.105 0.136 1.137 0.482
87 89 0.439 1.013 0.458 0.194
89 90 0.075 0.026 0.385 0.163
90 91 0.077 0.178 0.000 0.000
91 92 0.332 0.767 0.080 0.034
92 93 0.084 0.195 0.087 0.037
93 94 0.133 0.307 0.000 0.000

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
49 52 0.045 0.104 0.000 0.000
52 53 0.026 0.061 0.073 0.031
53 54 0.060 0.139 0.258 0.110
54 55 0.030 0.069 0.069 0.029
55 56 0.021 0.048 0.022 0.009
53 57 0.109 0.251 0.000 0.000
57 58 0.256 0.135 0.021 0.009
58 59 0.417 0.219 0.151 0.064
59 60 0.502 0.264 0.221 0.094
60 61 0.332 0.174 0.092 0.039
61 62 0.208 0.110 0.000 0.000
48 63 0.139 0.320 0.227 0.096
1 64 0.008 0.017 0.000 0.000
64 65 0.270 0.624 0.294 0.117
65 66 0.383 0.883 0.083 0.033
66 67 0.330 0.762 0.083 0.033
67 68 0.328 0.758 0.104 0.041
68 69 0.171 0.394 0.176 0.070
69 70 0.559 0.294 0.083 0.033
69 71 0.058 0.134 0.218 0.087
71 72 0.701 0.369 0.023 0.009
72 73 1.024 0.538 0.005 0.002
71 74 0.068 0.156 0.073 0.029
74 75 1.324 0.454 0.406 0.162
1 76 0.011 0.026 0.000 0.000
76 77 0.730 1.685 0.100 0.042
77 78 0.225 0.520 0.143 0.060
78 79 0.208 0.481 0.096 0.041
79 80 0.047 0.108 0.300 0.127
80 81 0.620 0.619 0.141 0.060
81 82 0.340 0.340 0.280 0.119
82 83 0.569 0.299 0.087 0.037
82 84 0.109 0.109 0.244 0.103
84 85 0.569 0.299 0.248 0.105
1 86 0.011 0.026 0.000 0.000
86 87 0.418 0.966 0.090 0.038
87 88 0.105 0.136 1.137 0.482
87 89 0.439 1.013 0.458 0.194
89 90 0.075 0.026 0.385 0.163
90 91 0.077 0.178 0.000 0.000
91 92 0.332 0.767 0.080 0.034
92 93 0.084 0.195 0.087 0.037
93 94 0.133 0.307 0.000 0.000

Table 15.13 (continued)

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
94 95 0.293 0.293 0.074 0.031
95 96 0.218 0.217 0.232 0.098
96 97 0.265 0.264 0.142 0.060
94 98 0.103 0.238 0.000 0.000
98 99 0.135 0.312 0.076 0.032
1 100 0.009 0.022 0.000 0.000

100 101 0.169 0.390 0.051 0.022
101 102 0.118 0.273 0.060 0.025
102 103 2.286 0.784 0.009 0.004
102 104 0.456 1.052 0.002 0.001
104 105 0.696 1.607 0.017 0.007
105 106 0.458 1.057 1.507 0.639
106 107 0.203 0.264 0.313 0.133
107 108 0.213 0.277 0.080 0.034
108 109 0.550 0.289 0.051 0.022
109 110 0.540 0.284 0.000 0.000
108 111 0.046 0.059 0.202 0.086
111 112 0.474 0.249 0.061 0.026
112 113 0.862 0.454 0.046 0.019
113 114 0.569 0.299 0.000 0.000
109 115 0.777 0.409 0.157 0.067
115 116 1.080 0.568 0.000 0.000
110 117 1.099 0.578 0.250 0.106
117 118 0.474 0.249 0.000 0.000
105 119 0.323 0.745 0.070 0.030
119 120 0.146 0.338 0.032 0.014
120 121 0.124 0.286 0.061 0.026
1 122 0.011 0.026 0.000 0.000

122 123 0.649 1.498 0.095 0.046
123 124 0.045 0.104 0.050 0.024
124 125 0.526 0.181 0.123 0.060
124 126 0.021 0.048 0.078 0.038
126 127 0.531 0.279 0.145 0.071
126 128 0.098 0.225 0.021 0.010
128 129 0.118 0.273 0.075 0.037
128 130 0.139 0.320 0.228 0.111
130 131 0.043 0.100 0.036 0.017
131 132 0.092 0.212 0.249 0.122
132 133 0.161 0.372 0.317 0.155
133 134 0.378 0.378 0.334 0.163
134 135 0.397 0.397 0.249 0.122
135 136 0.293 0.293 0.000 0.000

Nominal voltage: 13:8 kV
From i To j R (�) X (�) Pj (MW) Qj (Mvar)
94 95 0.293 0.293 0.074 0.031
95 96 0.218 0.217 0.232 0.098
96 97 0.265 0.264 0.142 0.060
94 98 0.103 0.238 0.000 0.000
98 99 0.135 0.312 0.076 0.032
1 100 0.009 0.022 0.000 0.000

100 101 0.169 0.390 0.051 0.022
101 102 0.118 0.273 0.060 0.025
102 103 2.286 0.784 0.009 0.004
102 104 0.456 1.052 0.002 0.001
104 105 0.696 1.607 0.017 0.007
105 106 0.458 1.057 1.507 0.639
106 107 0.203 0.264 0.313 0.133
107 108 0.213 0.277 0.080 0.034
108 109 0.550 0.289 0.051 0.022
109 110 0.540 0.284 0.000 0.000
108 111 0.046 0.059 0.202 0.086
111 112 0.474 0.249 0.061 0.026
112 113 0.862 0.454 0.046 0.019
113 114 0.569 0.299 0.000 0.000
109 115 0.777 0.409 0.157 0.067
115 116 1.080 0.568 0.000 0.000
110 117 1.099 0.578 0.250 0.106
117 118 0.474 0.249 0.000 0.000
105 119 0.323 0.745 0.070 0.030
119 120 0.146 0.338 0.032 0.014
120 121 0.124 0.286 0.061 0.026
1 122 0.011 0.026 0.000 0.000

122 123 0.649 1.498 0.095 0.046
123 124 0.045 0.104 0.050 0.024
124 125 0.526 0.181 0.123 0.060
124 126 0.021 0.048 0.078 0.038
126 127 0.531 0.279 0.145 0.071
126 128 0.098 0.225 0.021 0.010
128 129 0.118 0.273 0.075 0.037
128 130 0.139 0.320 0.228 0.111
130 131 0.043 0.100 0.036 0.017
131 132 0.092 0.212 0.249 0.122
132 133 0.161 0.372 0.317 0.155
133 134 0.378 0.378 0.334 0.163
134 135 0.397 0.397 0.249 0.122
135 136 0.293 0.293 0.000 0.000
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Table 15.14 Load and line data of the 24-bus distribution network

Nominal voltage: 20 kV
Line data
From i To j Length

(km)
From i To j Length

(km)
From i To j Length

(km)
1 5 2.22 4 9 1.20 7 23 0.90
1 9 1.20 4 15 1.60 8 22 1.90
1 14 1.20 4 16 1.30 10 16 1.60
1 21 2.20 5 6 2.40 10 23 1.30
2 3 2.00 5 24 0.70 11 23 1.60
2 12 1.10 6 13 1.20 14 18 1.00
2 21 1.70 6 17 2.20 15 17 1.20
3 10 1.10 6 22 2.70 15 19 0.80
3 16 1.20 7 8 2.00 17 22 1.50
3 23 1.20 7 11 1.10 18 24 1.50
4 7 2.60 7 19 1.20 20 24 0.90

Load data
Bus i Initial Stage 1 Stage 2 Stage 3

Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar)
1 4.167 2.018 3.645 1.765 4.262 2.064 4.878 2.363
2 0.648 0.314 0.702 0.340 0.896 0.434 1.089 0.527
3 3.033 1.469 2.322 1.125 3.042 1.473 3.582 1.735
4 0.369 0.179 0.288 0.139 0.369 0.179 0.441 0.214
5 0.234 0.113 0.252 0.122 0.333 0.161 0.423 0.205
6 0.963 0.466 1.053 0.510 1.175 0.569 1.296 0.628
7 3.690 1.787 3.636 1.761 3.780 1.831 3.924 1.900
8 0.585 0.283 0.648 0.314 0.747 0.362 0.846 0.410
9 0.000 0.000 1.026 0.497 1.310 0.634 1.593 0.772

10 0.000 0.000 1.404 0.680 1.836 0.889 2.160 1.046
11 0.000 0.000 0.000 0.000 1.719 0.833 2.520 1.220
12 0.000 0.000 0.000 0.000 0.837 0.405 1.161 0.562
13 0.000 0.000 0.000 0.000 1.035 0.501 1.215 0.588
14 0.000 0.000 0.000 0.000 2.745 1.329 2.844 1.377
15 0.000 0.000 0.000 0.000 1.458 0.706 1.458 0.706
16 0.000 0.000 0.000 0.000 0.000 0.000 1.098 0.532
17 0.000 0.000 0.000 0.000 1.944 0.942 2.160 1.046
18 0.000 0.000 0.000 0.000 0.000 0.000 1.890 0.915
19 0.000 0.000 0.000 0.000 0.000 0.000 1.620 0.785
20 0.000 0.000 0.000 0.000 0.000 0.000 3.411 1.652

Nominal voltage: 20 kV
Line data
From i To j Length

(km)
From i To j Length

(km)
From i To j Length

(km)
1 5 2.22 4 9 1.20 7 23 0.90
1 9 1.20 4 15 1.60 8 22 1.90
1 14 1.20 4 16 1.30 10 16 1.60
1 21 2.20 5 6 2.40 10 23 1.30
2 3 2.00 5 24 0.70 11 23 1.60
2 12 1.10 6 13 1.20 14 18 1.00
2 21 1.70 6 17 2.20 15 17 1.20
3 10 1.10 6 22 2.70 15 19 0.80
3 16 1.20 7 8 2.00 17 22 1.50
3 23 1.20 7 11 1.10 18 24 1.50
4 7 2.60 7 19 1.20 20 24 0.90

Load data
Bus i Initial Stage 1 Stage 2 Stage 3

Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar) Pj (MW) Qj (Mvar)
1 4.167 2.018 3.645 1.765 4.262 2.064 4.878 2.363
2 0.648 0.314 0.702 0.340 0.896 0.434 1.089 0.527
3 3.033 1.469 2.322 1.125 3.042 1.473 3.582 1.735
4 0.369 0.179 0.288 0.139 0.369 0.179 0.441 0.214
5 0.234 0.113 0.252 0.122 0.333 0.161 0.423 0.205
6 0.963 0.466 1.053 0.510 1.175 0.569 1.296 0.628
7 3.690 1.787 3.636 1.761 3.780 1.831 3.924 1.900
8 0.585 0.283 0.648 0.314 0.747 0.362 0.846 0.410
9 0.000 0.000 1.026 0.497 1.310 0.634 1.593 0.772

10 0.000 0.000 1.404 0.680 1.836 0.889 2.160 1.046
11 0.000 0.000 0.000 0.000 1.719 0.833 2.520 1.220
12 0.000 0.000 0.000 0.000 0.837 0.405 1.161 0.562
13 0.000 0.000 0.000 0.000 1.035 0.501 1.215 0.588
14 0.000 0.000 0.000 0.000 2.745 1.329 2.844 1.377
15 0.000 0.000 0.000 0.000 1.458 0.706 1.458 0.706
16 0.000 0.000 0.000 0.000 0.000 0.000 1.098 0.532
17 0.000 0.000 0.000 0.000 1.944 0.942 2.160 1.046
18 0.000 0.000 0.000 0.000 0.000 0.000 1.890 0.915
19 0.000 0.000 0.000 0.000 0.000 0.000 1.620 0.785
20 0.000 0.000 0.000 0.000 0.000 0.000 3.411 1.652
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16. Energy Storage

Alfred Rufer

This chapter provides an overview on classical
and innovative storage solutions and systems. The
historical context and today’s motivation for the
development and application of energy storage
are presented, together with methods and defini-
tions for quantitative and qualitative comparison
of different energy storage means. An energy-
efficiency-based description method called The
Theory of Ragone Plots is included.

From the classical pumped storage and its
recent evolution as flexible speed-variable pump–
turbines to the most recent high-power and
high-energy density batteries coupled to smart
grid configurations, the chapter will present
the main characteristics and properties of each
components. In addition, compressed-air tech-
nologies, flywheels, as well electricalmagnetic and
capacitive storage components are introduced. For
large-capacity and so-called seasonal storage, the
hydrogen storage principle is described.

Finally, system arrangements and applications
are described as storage as a grid component, stor-
age for renewable energies, hybrid power plants,
or uninterruptible power sources.

Examples of recent realizations of large-scale
storage plants complete the chapter.

Additional information and supplementary ex-
ercises for this chapter are available online.
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Energy storage is an important areaof thedomain of elec-
tric power systems in general. It comprises classical so-
lutions used for a longer time, with the example of large
hydropower facilities, and also new technologies issued
from the evolution ofmaterial sciences, such as themod-
ern lithium-ion-based accumulators.While the principle
of centralized power generation is moving slowly into
the direction of distributed and renewable sources, en-
ergy storage is expected to play a new role in this context,
principally due to the variability of the new sources.

Portable or mobile applications are based on batter-
ies and concern lower energy capacity and lower power
levels. Essentially, energy density and also power den-
sity are in the center of interest of many academic and
industry research and development projects and are mo-
tivated by increasingly more performance.

Energy storage technologies, components, and sys-
tems are described in [16.1], together with the necessary
tools and methodologies allowing their proper model-
ing and design.

16.1 The Context of Use of Energy Storage

Large facilities for electrical energy storage have been
built in the second half of the twentieth century, in
the context of matching the variable power demand
(daily cycles) with the installation of nuclear power
plants, known for their mostly constant power produc-
tion. Figure 16.1a shows the typical power profile of
weekly consumption, and Fig. 16.1b illustrates one of
the newest pump-storage facilities, built in the Swiss
Alps, the Nant-de-Drance project. Many facilities have
been realized with the motivations of compensating
daily variations, such as the examples of the Hongrin–
Leman facility in Switzerland, the Raccoon Mountain

55 000

45 000

35 000

25 000
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00

M T W T FSSDay

Power (MW)a)

b)

Fig. 16.1a,b Daily variations of
power demand. (a) Profile of demand
over a week. (b) Pumped-storage
plant Nant-de Drance (Switzerland).
(b) Reprinted with permission from
JBcomm, 2019

Pumped-Storage Plant, west of Chattanooga, TN, US,
or the Yagisawa Power Station in Japan.

From the end of the twentieth century, another ten-
dency appeared in the context of the development of
renewable energy sources. From the classical central-
ized utility of today, there is a clear movement in the
direction of the distributed utility of tomorrow, together
with the appearance of so-called smart grids (Fig. 16.2).

Renewable energy sources are known for their vari-
ation in time or available power related to meteorology
conditions. This is clearly a new motivation for the de-
velopment and realization of energy storage systems.
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Fig. 16.2 From the centralized utility of today to the distributed utility of tomorrow (reprinted with permission from
Mario Paolone, 2019)
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Fig. 16.3 Power fluctuations (�P=Pn)
in centralized and decentralized power
generation systems

An additional reason can be found in the principle it-
self of decentralizing energy production. This concerns
power matching between decentralized generators and
their loads nearby, which can generate significant and
fast variations of the local power demand in local net-

works. Figure 16.3 illustrates the principle of losing the
averaging effect of the power due to decentralization of
production.

A general tendency towards an increasing use of en-
ergy storage can be observed.
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Table 16.1 Categorization of energy storage scales and their applications [16.2]

Category Applications Storage duration
Power quality and regulation Fluctuation suppression/smoothing

Dynamic power response
Low-voltage ride through
Line-fault ride through
Uninterruptible power supply
Voltage control support
Reactive power control
Oscillation damping
Transient stability

< 1min

Bridging power Spinning/contingency reserves
Ramping
Emergency backup
Load following
Wind power smoothing

1min–1 h

Energy management Peak shaving/generation/time shifting
Transmission curtailment
Energy arbitrage
Transmission and distribution deferral
Line repair
Load cycling
Weather smoothing

5–12 h

Unit commitment
Load leveling
Capacity firming
Renewable integration and backup

Hours to days

Seasonal storage
Annual smoothing

> 4 months

Category Applications Storage duration
Power quality and regulation Fluctuation suppression/smoothing

Dynamic power response
Low-voltage ride through
Line-fault ride through
Uninterruptible power supply
Voltage control support
Reactive power control
Oscillation damping
Transient stability

< 1min

Bridging power Spinning/contingency reserves
Ramping
Emergency backup
Load following
Wind power smoothing

1min–1 h

Energy management Peak shaving/generation/time shifting
Transmission curtailment
Energy arbitrage
Transmission and distribution deferral
Line repair
Load cycling
Weather smoothing

5–12 h

Unit commitment
Load leveling
Capacity firming
Renewable integration and backup

Hours to days

Seasonal storage
Annual smoothing

> 4 months

Four different aspects are considered:

� First, the use of storage technology in order to solve
the problem of availability of renewable energy
sources (RES) (day-to-night shift for photovoltaic
plants as a first example) or the bridging of a lack
of production of fluctuating sources. In many de-
centralized places where PV (photovoltaic) instal-
lations are used, night power is often produced by
diesel generators. For ecological reasons, these gen-
erators can be replaced by storage techniques and
increased PV collectors.� Second, the potential for enhancing market partici-
pation, such as energy or capacity balancing, also
ancillaries markets.� Third, the use of energy storage technology in order
to assist some problematic consumers characterized
by strong and fast demand, which are not compati-
ble with the local grid-access codes.� Fourth, a high smart-grid-related potential with di-
verse innovative functions as final prosumer appli-
cations related to sustainable energy concepts.

� A fifth category of use is more related to economic
aspects, as in the case of generation using fuel cells.
The design of such systems for maximum peak
power can lead to unacceptable costs. The design
for the mean value is more realistic, and the high-
est power demand can be taken out of a storage
device. Also, in the category of economic advan-
tages, storage techniques could allow us to practice
the strategy of buy low, sell high.

Table 16.1 gives a further view of the categorization of
energy storage scales and their applications in relation
to grid applications.

Regarding the applications of voltage support and
reactive power control, it must be known that modern
power electronic circuits such as VSCs (voltage source
converters) used for the interface between storage com-
ponents and the grid have the inherent property that
the active and reactive currents can be controlled sep-
arately. As a consequence, such applications can be
operated for an unlimited time, if the design of current
and thermal capacity is adapted.
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16.2 General Definitions of Energy Storage

16.2.1 Energy and Power

An engineering approach to the topic of energy storage
is clearly based on a quantitative characterization. First
of all, energy quantities should be clearly defined, as
well as all energy transformations. Energy transforma-
tions, and this is also valid for a storage process, are
characterized by well-defined efficiencies. The quality
or efficiency of the process does not only depend on the
process type itself, but on the conditions that this pro-
cess is applied. More explicitly, these conditions can
be characterized by what is called power. As a conse-
quence, one has to first properly define what is energy
and what is power.

Definitions of Energy
The general definition of energy is provided by the con-
ventions of a thermodynamic system in combination
with the description of the macroscopic forms of en-
ergy of the system. The sum of all energies forms of
a system is called the total energy.

Macroscopic energy of a system is related to its
movement and to external effects such as gravity, mag-
netism, or electricity.

Microscopic energy is related to the molecular ac-
tivity of a system and is often called the internal energy.

A simple definition of the total energy is given by
the sum of the internal energyU, the kinetic energy KE,
and the potential energy PE, leading to the expression
of (16.1) [16.3].

E D U CKECPE D U Cm
V2

2
Cmgz ; (16.1)

where m is the mass, V is the velocity of the mass from
a given reference point, g is the gravitational acceler-
ation, and z is the height of the mass center related to
a reference point.

For a system with a rotating mass, the term for the
kinetic energy becomes

KErot D J
!2

2
; (16.2)

where J is the moment of inertia, and ! is the angular
velocity.

When (16.1) is valid for closed systems, it must be
completed for so-called open systems by a term cor-
responding to the energy associated with the flow of
material. This energy is characterized through the mass
flow rate

Pm D � Pv D �Avmean ; (16.3)

Pv being the volumetric flow rate, � the density, A the
section of the flow, and vmean the average velocity of the
flow.

The energy flow rate associated with the flow of ma-
terial is given by

PE D Pme ; (16.4)

where e is the specific energy of the material.
Magnetic and electric effects can play a major role

in the energy of given systems like inductors or ca-
pacitors. These amounts are considered as macroscopic
energy and can be calculated as

E D Emag CEel D 1

2
LI2 C 1

2
CU2 : (16.5)

In (16.1), U is the internal energy of a system and in-
cludes all forms of microscopic energy at the level of
the molecular and atomic scale. It corresponds to ki-
netic and potential energy of molecules and atoms, of
nucleons and electrons, and to the energy that binds
them together. In the case of energy storage devices, the
variation of the internal energy is generally considered
and it can be described through (16.6) [16.3]

dU D �pdV CTdSC
X

i

�idni : (16.6)

The first term on the right-hand side of (16.6) is the
work done on the system, where p is the pressure and
V the volume. The second term corresponds to the heat
transferred into the system in terms of temperature T
and entropy S.

The third term represents the chemical energy and is
the form of the internal energy related to the cohesion
between the positively charged nucleus of the atoms and
their negative electrons. The chemical energy also binds
the atoms in the molecule; �i is the chemical potential
of a species i, and n corresponds to the number of moles
considered.

In the case of an electrochemical battery, the inter-
nal energy is expressed through the Gibbs energy �G.
This energy is related to the standard redox potential by
the known Nernst law

ESHE D ��G

nF
D
�

E0
ox=red

	

SHE
C RT

nF
ln
� ox

red

	

;

(16.7)

where (ox) and (red) designate the concentrations of
the oxidized and reduced forms of the redox couple,
R D 8:32 J=(Kmol), T is the absolute temperature, n is
the number of electrons implicated in the reaction, and
F is Faraday’s constant, as will be explained later in
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Sect. 16.8. In (16.7), the index SHE denotes that the
potential is referred to the standard hydrogen electrode.

Power or Energy Flow Rate
The power can be defined as the energy flow rate to or
from a given system

P.t/D dE

dt
; (16.8)

where:

P (power) is expressed in watt
E (energy) is expressed in joule, or kWh
t (time) in seconds (s), hours (h),

1 J D̂ 1W s D̂ 1Nm :

Example: transformation of electric power into heat
Energy: heating up 100L of water from 20 to 60 ıC

needs 4.6 kWh (4.18 J=ıC and per gram
gives 16.7MJ or 4.6 kWh).

Power: to do this heating up within 4 h, a 1.15 kW
heater is needed; within 1 h, a 4.6 kW heater
is needed.

16.2.2 System Ratings

In order to design an appropriate storage device and to
choose the right solution in relation to a given applica-
tion, it is important to have a comparative evaluation
of the possible capacity and performance. First, the

1 kW 10 kW 100 kW 1 MW 10 MW 100 MW 1 GW
Power

Pumped
hydro

CAES

SMESFlywheels

Li-ion

Ni–Cd

Lead–acid batteries

Na–S batteries
Metal–air

0.1

1

101

102

103

Flow batteries

Seasonal storage
  -H2
  -Power-to-gas (CH4)

Storage time (h)

Energy management
Bridging power

Fig. 16.4 Overview on storage
systems

power range must be defined. Then, with respect to the
expected time autonomy, the energy capacity can be de-
fined. Figure 16.4 is a representation of a high number
of possible storage solutions over a large power range
of 6 decades, starting from the 1 kW level up to the GW
level. Different storage technologies are represented,
from electrochemical batteries to large-scale pumped
hydro storage. CAES (compressed-air energy storage),
superconductive magnet energy storage SMES, as well
as flywheels are compared. The vertical axis of the fig-
ure illustrates the system autonomy, in powers of 10 h.
The product of the power multiplied by the time gives
the energy capacity. This parameter corresponds to the
surface delimited by the horizontal and vertical lines of
the values represented in the diagram.

Power bridging means the action to bridge the
downtime during a switching transition by carrying the
critical load away from a failing power source to a sta-
ble alternate source immediately. Energy management
should be understood as the task of the planning and
operation of larger energy production and energy con-
sumption units connected to the grid. For batteries, the
values indicated reflect some of the most important re-
alizations, but in relation to the increase of the possible
performance, capacity, and costs, the different fields are
expected to evolve continuously.

Regarding time autonomy, a conventional approach
considers real systems related to up to several tens of
hours. These technologies are represented in the lower
half of Fig. 16.4. For longer storage times, such as
the so-called seasonal storage, several possibilities ex-
ist, which are based on complex transformations. In
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Fig. 16.5 Weight and volume energy
density

Fig. 16.4, the long-term storage is represented by up to
103 h. This indicative value could correspond to a trans-
formation from solar power to hydrogen defined over
3 months (100 d) and with a collection of up to 10 h=d.
The 1MW value indicated for this seasonal storage is
chosen arbitrarily.

Energy Density
One important parameter related to a given technology
is the energy density. In Fig. 16.5, the energy densities
of several techniques are indicated. On the vertical axis,
the weight energy density is indicated.

The symbol used for the weight energy density is:
em (Wh=kg); this parameter is generally indicated in
Wh=kg, or in kWh=t. Another parameter for the en-
ergy density is the volume energy density. The symbol
used for the volume energy density is: ev [Wh=dm3];
this parameter is indicated in kWh=m3, or in Wh=dm3.
These symbols are chosen according recommendations
of the IEC [16.4].

The parameters on energy density are important
with respect to the choice of technology for a given ap-
plication. Mobile applications are the most concerned
with the weight energy density. In this context, an ex-
treme case of application is the Solarimpulse project,
which uses modern high-performance batteries in order
to fly overnight with energy accumulated during the day
by PV cells placed on the airplane wings [16.5].

In opposition to what will be demonstrated in
Sect. 16.3.4, the values indicated by the manufacturers
of storage components related to energy density gener-
ally do not consider any energy efficiency or losses dur-
ing charging or discharging, nor do they consider any

self-discharging losses. In reality, the internally-stored
energy corresponds to a given value that is neither equal
to what was supposed to be stored initially, nor to what
can be recovered. These values depend on the power
level of the energy exchange. A schematic representa-
tion of the energy quantities and the related losses is
given in Fig. 16.6.

Power Density and Specific Power
A second possibility to compare storage devices is to
quantify their power capability. This is often given by
the power density or by the specific power. The power
density is the amount of power (the time rate of energy
transfer) per unit volume. It is also called the volume
power density. The symbol used for the power density
is pv (W=dm3). It is expressed in W=dm3 or in kW=m3.
It is also possible to give the value of the volume power

Energy to be stored Recovered energy
Internally stored

energy E0

Internal losses
Ech/disch

Self-discharge Esd

Auxiliaries Eaux

Fig. 16.6 Energy stored and recovered with losses
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Fig. 16.7 The Ragone chart

density in W=m3, as can be seen in some scientific ta-
bles [16.5].

The power-to-weight ratio, or specific power, is
the power generated by a source divided by the mass.
The symbol used for the power-to-weight ratio is pm
(W=kg). This parameter is given in W=kg or in kW=t.
For powerful devices, such as supercapacitors or ther-
mal generators, the specific power is often given in
kW=kg. As was said before for the energy density, these
parameters are only an indication given by the manufac-
turer to define what is possible or admissible for their
use. The values indicated cannot be interpreted in the
sense of energy efficiency.

16.2.3 The Ragone Chart

The Ragone chart is used for the performance compari-
son of various energy storage devices. The values rep-
resented on a Ragone chart are the specific energy or
weight energy density em (in Wh=kg) versus the spe-
cific power or power-to-weight ratio pm (in W=kg). The
axes of a Ragone chart are logarithmic, which allows
comparing the performance of very different devices
(for example, extremely high and extremely low power).
Figure 16.7 gives an example of a Ragone chart used by
one manufacturer for the positioning of a given technol-
ogy in a general context of energy storage devices.

16.3 Technical Definitions

To define the application of a given storage device cor-
rectly and in order to have clear parameters for the
design, technical definitions are needed [16.6].

16.3.1 General Parameters

Capacity
The capacity is the quantity of electricity to be recov-
ered from an accumulator. It is generally expressed in
A h and corresponds to the time integral of the current

C D
t
Z

0

i.t/dt : (16.9)

Depth of Discharge
This is the indication of the quantity of electricity
already extracted from an accumulator related to its
maximum capacity C,

DoD D
R t
0 idis.t/dt

C
: (16.10)

State of Charge
This is an indication of the remaining quantity of elec-
tricity available from an accumulator, related to its
maximum available capacity

SoC D Amount of remaining charge

Practical capacity of an accumulator
;

SoC D C� R t
0 idis.t/dt

C
: (16.11)

The state of charge (SoC) and depth of discharge (DoD),

SoC D 1�DoD or DoD D 1�SoC : (16.12)

The SoC and DoD are related to electric charges as cur-
rent integrals. They is usually applied to electrical and
electrochemical accumulators. By analogy, the state of
charge can be replaced by the state of energy (SoE), cor-
responding to the ratio between the remaining amount
of energy available (E) and the total amount of stored
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Table 16.2 Charging/discharging rates

Battery capacity: n Ah
C-rate Time (min) Current (A)
5C 12 5n
2C 30 2n
1C 60 (D 1 h) n

0.5C (or C=2) 120 (D 2 h) n=2
0.1C (or C=10) 600 (D 10 h) n=10

Battery capacity: n Ah
C-rate Time (min) Current (A)
5C 12 5n
2C 30 2n
1C 60 (D 1 h) n

0.5C (or C=2) 120 (D 2 h) n=2
0.1C (or C=10) 600 (D 10 h) n=10

energy (Esto). SoE is a more universal parameter and
can be used for any storage device,

SoE D E

Esto
: (16.13)

Charge and Discharge Rates (C-Rates)
The charge and discharge rates of an accumulator are
generally defined through C-rates. With the definition
of Sect. 16.3.1, the capacity of an accumulator is usu-
ally given at 1 C, which means that a battery rated nAh
should deliver nA for 1 h. Choosing different values for
the C-rate of the same battery corresponds to a charge
or discharge with different times and different currents,
as shown in Table 16.2.

The values given in Table 16.2 correspond to an ide-
alized battery without charging/discharging losses. The
internal losses can strongly reduce the discharge time
or affect the charging time of a given battery.

16.3.2 Round-Trip Efficiency Under Normal,
Ideal, and Real Conditions

Energy efficiency values are, in a very broad context,
highly sensitive parameters. It is, therefore, of great
importance to specify the exact conditions of their eval-
uation in a pragmatic way.

The energy storage cycles considered correspond to
a series of charges, discharges, and idle modes. To de-
fine the round-trip efficiency properly, it is necessary
to first have identical states of energy at the end and at
the beginning of the cycle. Even if the storage systems
are of huge complexity and of diverse technologies, the
energy loss can be divided into two main categories,
namely, the loss due to the power transfer Pch (charge
and discharge) and the loss due to the self-discharge P0.

For the round-trip efficiency (index c), one new def-
inition and notation is defined that concerns the ratio
between the charging and discharging power. In many
references, such as [16.7], the assumption is made that
the charge and discharge powers are identical. Such
conditions are called normal, and this condition will be
indicated through the index n. Thus, a first symbolic
is proposed: the normal round-trip efficiency is �cn as
a general definition.

Further, one should know through the definition of
the symbol used for the round-trip efficiency, whether
or not it includes the self-discharge loss P0. As a conse-
quence, the second proposal is to add the index 0 to the
general symbol, if it describes the ideal normal round-
trip efficiency �cn0.

Finally, if the self-discharge losses are included,
the symbol is completed by the letter t, leading to the
real normal round-trip efficiency �cnt, where the ad-
ditional index t is an indication that the storage time
influences the final value of the energy balance due to
self-discharge.

Charge and Discharge Losses
One can suppose the charge and discharge losses are of
the form

Pch Š ˛P2 ; (16.14)

with P being the charge or discharge power.
In the case of an electrochemical battery, the pa-

rameter ˛, which is related to the internal resistor, is
dependent on the SoE and also on the direction of the
energy transfer. In an electrochemical battery, it can be
assumed that the power is proportional to the current
(voltage approximatively constant). This is not the case
for other storage elements, like capacitors (supercapac-
itors), where the voltage varies strongly with the state
of energy.

Losses Due to Self-Discharge
Self-discharge losses are generally an increasing func-
tion of the state of energy. They are noted as P0.SoE/.

Total Losses
Considering one operating cycle of the storage device
that is characterized by one specific power profile P.t/
and by one state of energy SoE.t/, the total losses Ploss

are equal to the sum of the charge/discharge losses
added to the self-discharge losses

Ploss D ˛P2.t/CP0ŒSoE.t/� : (16.15)

Further, the dissipated energy Eloss over one complete
cycle can be calculated as

Eloss_cyc D
tcyc
Z

0

f˛P2.t/CP0ŒSoE.t/�gdt : (16.16)

By convention, the energy storage device is defined as
an energy sink and, consequently, the power P.t/ is pos-
itive during the charge phase and negative during the
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P(t)

Eloss(t)

SoE(t)

a)

b)

c)

SoEmax

SoEmin

0

tch

td

t0
t

t

tCharging Idle mode Discharging

+PM

–PM

0

0

Fig. 16.8a–c Successive phases of the
round-trip cycle of a storage device.
(a) Charging and discharging power
P.t/, (b) energy losses Eloss.t/, (c) state
of energy SoE.t/

discharge phase. The profile of the state of energy SoE
is given by

SoE.t/D SoE.t0/C
R

ŒP.t/�Ploss.t/�dt

Esto
; (16.17)

where Esto is the energetic capacity of the storage de-
vice.

As a standard example, Fig. 16.8 shows a specific
power profile consisting of three successive phases.
First, a charging phase at constant power PM during one
charging time of tch, then an idling phase characterized
by a low self-discharge, and finally, a discharging phase
at an identical power as during the charging phase, but
of a slightly reduced duration td due to the fact that the
energy amount recovered during discharging can only
be smaller than the amount transferred during the charg-
ing phase.

The schematic power profile of Fig. 16.8 illustrates
the importance of the specific characteristics of the
charge/discharge cycle, the intensity of the charging and
discharging power, as the ratio of the different phase du-
rations, especially the duration of the idling mode. The
evolution of the energy losses is indicated. Finally, the
state of energy SoE(t) is also represented.

16.3.3 The Round-Trip Efficiency

The round-trip efficiency �c is the ratio of the energy
Ed recovered during the discharge to the energy spent

Ech for the charging process, calculated as a mean value
over one charging/discharging cycle. Such a cycle can
be chosen arbitrarily, but the SoE after discharge must
be identical to the SoE before the charging process.

For the ideal example of Fig. 16.8, the ideal normal
round-trip efficiency where the self-discharge losses
are neglected is calculated according the definitions of
Sect. 16.3.2

�cn0 D Ed

Ech
D PMtd

PMtch
D td

tch
: (16.18)

The round-trip efficiency can also be expressed by

�cnt D Ech �Eloss

Ech

D PMtch � ˛P2
M.tch C td/� R P0ŒSoE.t/�dt

PMtch
:

(16.19)

Substituting td by td D �cnttch leads to

�cnt D 1� ˛PM

1C˛PM
�
R

P0ŒSoE.t/�dt

PMtch.1C ˛PM/
: (16.20)

The round-trip efficiency can be expressed in depen-
dency of each phase of the cycle, more precisely
through consideration of the instantaneous power effi-
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ciencies during charging �ch and discharging �d

�ch D PM �˛P2
M

PM
D 1� ˛PM ; (16.21)

�d D PM

PM C˛P2
M

D 1

1C ˛PM
: (16.22)

Finally, considering the self-discharge energy factor

�0 D
R

P0ŒSoE.t/�dt

PMtch
;

we get �cnt D .�ch � �0/�d : (16.23)

This expression highlights the influence of the indi-
vidual efficiencies of charging, discharging, and idling
(self-discharge) very well. It must be noted that the
same expression is obtained for any profile of the charg-
ing power (Pch) and the discharging power (Pd).

16.3.4 The Theory of Ragone Plots

As was described in Sect. 16.3.3, the energy effi-
ciency of a storage device is related to the different
losses. Charging and discharging losses, as well as
self-discharge losses, directly influence the round-trip
efficiency. As a consequence, the amount of energy that
can really be recovered from a fully charged storage de-
vice must be defined in dependency of the instantaneous
power of the energy transfer. This principle of inter-
dependency between the energy density and the power
density was described in [16.8].

In [16.8], a general circuit is associated with Ragone
plots (Fig. 16.9). The energy storage device (ESD)
feeds a load with constant power P. The ESD contains
elements for energy storage. Due to constant power, en-
ergy supply occurs only for a finite time tinf.P/. The
energy amount E available for the load in dependence
of the power P defines a Ragone plot.

With reference to the general circuit of Fig. 16.9,
the ESD may, for example, consist of a voltage source,

Energy
storage
device

Constant
power
load

Fig. 16.9 General
circuit associated
with Ragone
plots (adapted
from [16.8])

U.Q/, depending on the stored charge Q, an internal
resistor R, and an internal inductance L. In reality, this
ESD can describe many kinds of electric power sources.
The ESD feeds an active load where the power is main-
tained constant P � 0. Such a load can be realized with
an electronically controlled power converter feeding an
external user. The current I and voltage U at the load
are then related nonlinearly by U D P=I. With reason-
able initial conditions

Q.0/D Q0 and PQ.0/D PQ0 ;

the evolution of the electrical variables is governed by
the following differential equation,

L RQCR PQCU.Q/D � P
PQ ; (16.24)

where

RQ D d

dt
. PQ/D d

dt

�

d

dt
.Q/

�

:

Without making reference to a specific physical inter-
pretation of (16.24), the Ragone curve can be defined
as follows. At time t D 0, the device contains the stored
energy

E0 D
 

L PQ2
0

2

!

CW.Q0/ : (16.25)

For t > 0, the load imposes a constant power P such
that Q.t/ satisfies the relation (16.24). For finite E0 and
P, the ESD is able to supply this power only for a finite
time: tinf.P/. Starting with the initial stored energy E0,
the feeding of the load ends when the storage device
reaches its state of energy SoE D 0. Since the power is
time-independent, the amount of energy transferred to
the load is

E.P/D Ptinf.P/ : (16.26)

The curve E.P/ versus P corresponds to the Ragone
plot.

The Ragone Plot of a Battery
The particular case of an ideal battery is studied
based on a simple equivalent circuit as represented in
Fig. 16.10. First, and regarding the model leading to
(16.24), we assume the condition L D 0. Then, the ideal
battery with a capacity of Q0 is characterized by a con-
stant cell voltage U D U0 if Q0 � Q> 0, and U D 0 if
Q D 0. In a first approach, the leakage resistor RL is ne-
glected.
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R

U0, Q0 U Rload

I

RL

Fig. 16.10
Equivalent
scheme of the
ideal battery

Equation (16.24) then reads

P D UI D .U0 �RI/I ;

where U is the terminal voltage, and I D PQ is the cur-
rent.

The solutions of the quadratic equation are

I˙ D U0

2R
˙
s

U2
0

4R2
� P

R
: (16.27)

At the limit P ! 0, two different values of the discharge
current are

IC ! U0

R
and I� ! 0 :

For the ideal battery, the constant power sink can also
be represented by a constant load resistance Rload.

The two limits then belong to Rload ! 0 (short cir-
cuit) and Rload ! 1 (open circuit), respectively. Con-
sidering realistic energy and power conditions, the
second solution (open circuit) for the zero power is re-
tained. This corresponds to the solution of (16.27) with
the minus sign, I � I�.

Now, the battery is empty at time tinf D Q0=I, where
the initial charge Q0 is related to the initial energy
E0 D QoU0. The leakage current in the resistor RL is
taken into account. This current increases the discharge
current I by U0=RL.

The energy being available for the load becomes

Eb.P/D Pt1 D 2RQ0P

U0 �
q

U2
0 � 4RPC 2U0R

RL

: (16.28)

Equation (16.28) corresponds to the Ragone curve of
the ideal battery. In the presence of leakage, Eb.0/D 0.

For the extracted energy, there exists a maximum at

P D U2
0p

2RRL
:

Without leakage R=RL ! 0, the maximum energy is
available for vanishing low power Eb.P ! 0/D E0.
From (16.28), one concludes that there is a maximum
power Pmax D U2

0=4R associated with an energy E0=2
(a small correction due to leakage is neglected). This
point is the endpoint of the Ragone curve of the ideal
battery, where only half of the energy is available, while
the other half is lost at the internal resistance.

Finally, the expression of the Ragone plot is given
in dimensionless units using

eb D Eb

Q0U0
and p D 4RP

U2
0

;

eb.p/D 1

2

p
�

1� p
1� pC 2R

RL

	 : (16.29)

The Ragone curves according to (16.29) with and with-
out leakage are shown in Fig. 16.11 for the ideal battery.
The branch belonging to IC is shown by the dashed
curve.

100

10–1

10–2

10–3
10010–110–210–310–4

p (4RP/U0
2)

e (E/Q0U0)

RL= ∞

RL=103R

Fig. 16.11 Ragone curve of the ideal battery (adapted
from [16.8])
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16.4 Electric Power and Energy Storage

Energy systems tend to become electrically control-
lable systems or to somewhere integrate the electric
vector, because the most convenient and most efficient
way to transport, convert, or control the power is in its
electric form.

On such a basis, the scheme represented in
Fig. 16.12 will be valid for most energy storage sys-
tems [16.7]. The input source on the left-hand side is
interfaced with a power electronic converter circuit that
allows the control of the power flow to the storage
means (right-hand side). In the middle, one or more ad-
ditional conversions can be involved as electromechan-
ical, electro-thermal, or electrochemical conversions.

16.4.1 Storage Forms of Energy

In Fig. 16.12, the real storage element shown indicates
the storage form of energy, representing, in fact, the en-
ergy reservoir. This block corresponds to one unit, where
the change of the internal state is directly related to the
change of the energy content with a high reversibility.

The storage forms of energy can be of different na-
ture, such as:

� The potential energy associated to the earth’s gravity
when one mass is moved from one altitude to an-
other (for example, water in a pumped storage plant)� The kinetic energy of a mechanical system in rota-
tion (flywheels)� Thepressureofacompressiblefluid (compressedair)� Covalent bonds of given molecules (electrochemi-
cals)� Electric or magnetic state variables (electrical field,
magnetic field, capacitors, superconducting induc-
tors).

Electrical 
source

Power 
electronic 
converter

Intermediary 
conversion

Storage 
form of the 

energy

Control and diagnostic
Power reference

State of energy
Fig. 16.12 Electrical
energy storage
system (ESS)

16.4.2 The Intermediary Conversion

The interface between the storage form unit and the
electrical level (output of the power electronic con-
verter) may need the so-called intermediary conversion
also shown in Fig. 16.12. The intermediary conversion
can be of different nature. For example, it includes
the electric motor–generator and the hydraulic pump/
turbine in a pump storage plant, or it is simply the
electric driving machine of a flywheel. In the case of
compressed-air energy storage, the intermediary con-
version can involve several successive conversions,
such as a water pump in a liquid piston system or a sim-
ple motor and compressor.

16.4.3 Control and Diagnostics

The control and diagnostic device is essential for the
numerous different conversion functions, such as con-
trolling the torque and speed of the driving machine
or simply to control the current or voltage. The con-
trol quantities are generally related to the power level
exchanged during charge and discharge of the storage
device.

The value of the instantaneous charge and discharge
power level must be related to the typical power den-
sity (kW=dm3) or specific power (kW=kg) of the energy
storage device itself, according the definitions given
above.

The control and diagnostic unit must provide infor-
mation on SoC, or SoE. The parameter of the depth of
discharge (DoD) is also used. In some sensitive cases,
the diagnostic unit can give information about the state
of health (SoH).
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16.5 Energy Storage Systems

In the following chapters, the most well-known storage
systems will be presented. They are classified accord-
ing a scheme where their main characteristics appear,
corresponding to their structure and basic phenom-
ena.

The first category describes storage systems based
on physical principles, like gravitational potential
forces, air compression, or rotational kinetic en-
ergy. The next category encompasses purely electrical
systems, like superconductive magnets and capaci-
tors.

Finally, storage systems using electrochemical
transformations are presented. Classical battery-energy
storage systems and technologies are described, as well
so-called flow batteries. Fuel cells and hydrogen storage
are briefly introduced.

For all systems introduced in this chapter, the ele-
mentary rules for the quantified storage of energy are
given. Another aspect of the descriptions is the presen-
tation of the power electronic circuits and architectures
that are needed for a continuously controllable power
flow to and from the different storage means.

16.6 Storage Systems Based on Physics

Storing energy is usually a repetitive task with a very
high number of expected cycles. Contrary to classical
electrochemical batteries, where the expected number
of cycles is limited due to degradation phenomena,
physical systems based on reversible mechanisms of
various natures can be used with much higher life cy-
cles. One good example can be found in the hydraulic
sector, with classical pumped-hydropower plants. Such
systems can, in addition, be realized for very high
power levels in the hundreds of MW range.

Another principle is based on gas compression and
expansion and is known as CAES (compressed-air en-
ergy storage) [16.9–11]. Further mechanical systems
are also used based on rotational kinetic energy and are
known as flywheels [16.12]. Electrical components like
capacitors or inductors are also candidates for energy
storage, even if their specific energy capacity is limited.
Such systems are generally used for their ability to pro-
vide high levels of instantaneous power [16.13–15].

16.6.1 Gravitational Hydro-Pumped Storage

General Properties
Hydraulic, pumped storage facilities allow storing
tremendous amount of energy, allowing supply of the
network over several days or months, or, in some cases,
compensating seasonal demand.

The ratings of hydropower have been shown com-
paratively in Sect. 16.2.2. Pumped-storage power plants
have used conventional machinery for a longer time,
where the electric motor–generator is directly con-
nected to the grid. For such facilities, even when the
power level in the generation mode can be controlled
through the governor, the variation of the power in the
pumpingmode is not possible due to the fixed rotational
speed of the equipment.

Controlling power in pumping mode is the main
reason that modern pumped-storage equipment features
variable speeds of the rotating machinery. Furthermore,
variable-speed technology has made possible to cope
with larger variations of headwater and tailwater reser-
voir levels to optimize plant performance and to solve
specific problems [16.16].

Pumped-storage facilities benefit from good condi-
tions with respect to energetic efficiency and can be
operated over several decades as far as the machinery is
concerned, even if some periodic revisions are needed.
With respect to dams, the lifetime is in the range of cen-
turies.

Components of a Hydropower Plant
Figures 16.13 represents a classical pumped-storage
facility, where water flows from the lower reservoir
(tailwater reservoir) to the upper one (headwater reser-
voir) in the pumping mode, and in the inverse direction
for the generating mode [16.17].

From the headwater reservoir, the water flows
through a tunnel and a penstock to the hydraulic ma-
chine. This hydraulic machine, which is generally a re-
versible machine (pump/turbine), is coupled to the elec-
tric motor–generator, which is generally a synchronous
machine.

Water Power: Definitions
From Fig. 16.13, the following definitions are deduced

Head: H D H1 �H2 (m) ; (16.30)

where head is derived from the headwater and tailwater
reservoir levels Zi and ZT, respectively, as follows

in generating mode: H D H1 �H2

D .Zi � ZT/�HGen
r : (16.31)
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Fig. 16.13 Schematics of a pumped-
storage facility

with HGen
r the head loss in the hydraulic circuit in tur-

bine mode;

in pumping mode H D H1 �H2

D .Zi �ZT/CHPump
r ; (16.32)

with HPump
r the head loss in the hydraulic circuit in

pumping mode.
Throughout this document, head losses are consid-

ered negligible.
Discharge: Q .m3=s/

Specific hydraulic energy eh D gH D g.H1�H2/ :

(16.33)

The dimension of the specific hydraulic energy is
.m=s2/m D J=kg.

Further parameters used are:

� Water density � .kg=m3/� Acceleration due to gravity g D 9:81 .m=s2/.

Elementary Relations
of Hydropower Generation

Potential Energy. The potential energy of a mass of
water accumulated through elevation is described ide-
ally by the following relation

E D meh D mgh ; (16.34)

where eh is the specific hydraulic energy, as defined be-
fore.

Example: a mass of water of 1000 kg (1m3) at
a height of 1000m has a potential energy of

E D 1000 kg � 9:81m=s2 � 1000m D 9:81� 106 Ws

D 2:73 kWh : (16.35)

Kinetic Energy. If a mass of water begins to be set in
motion (friction free), its accumulated potential energy
is converted into kinetic energy according to

E D mv 2

2
: (16.36)

So, the velocity reached by one mass of water through
conversion from the potential fall energy into kinetic
energy is ideally calculated from

mgh D mv 2

2
; (16.37)

leading to (Fig. 16.14)

v Dp

2gh : (16.38)

v =  2gh√
––––

h

Fig. 16.14 Conversion from potential to kinetic energy
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Fig. 16.15 Head versus specific speed for hydraulic turbines and the corresponding shape of the runners. (Reprinted by
permission from François Avellan, 2019)

Pressure. Considering one reservoir as represented in
Fig. 16.14, the pressure at the bottom of the reservoir
can be calculated according to

p D �gh : (16.39)

Power. A turbine ideally converts the potential energy
mgh of the water into mechanical energy in a given time
unit t. Its power (friction is not considered) is defined as
the per-second converted amount of energy

P D m

t
gh : (16.40)

For the same example (16.35), the power becomes

P D 1000kg

1s
� 9:81m=s2 � 1000m

D 9:81� 106 Nm=s D 9:81� 106 W

D 9:81MW : (16.41)

The power can be further calculated by

P D m

t
gh D �Qeh : (16.42)

For a real turbine, the converted power is affected by
the turbine efficiency

P D ��Qeh : (16.43)

Classification of Turbines
There are three main types of hydraulic machines:

� The Pelton turbine is an impulse turbine with tan-
gential flow and is suited for high-head applications.� The Francis turbine is a reaction machine with
radial flow and is suited for medium-head applica-
tions.� The Kaplan turbine is another reaction machine but
with axial flow. It is suited for low-head applica-
tions.

The various types of hydraulic machines are repre-
sented in Fig. 16.15. The classification is made using
a specific parameter of hydraulic machines, the specific
speed. The specific speed is a dimensionless quantity
used to characterize hydraulic turbomachines [16.18].
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Fig. 16.16 Example of the 120MW pump–turbine ternary arrangement of FMHL (Forces Motrices Hongrin Leman,
Switzerland)

According to the IEC standard, nQE is given by

nQE D nQ1=2

e3=4h

; (16.44)

where nQE is the specific speed (dimensionless), n is
the runner/impeller rotational speed (Hz), Q is the flow
rate (m3=s) at the point of best efficiency, and eh is the
specific hydraulic energy.

Alternately, hydraulic engineers often use the unit
specific speed nQ defined as

nQ D N
Q1=2

H3=4
; (16.45)

where nQ is the specific speed (not dimensionless), N is
the runner/impeller rotational speed (1=min), Q is the
flow rate (m3=s) at the point of best efficiency, and H

is the head (m) per stage at the point of best efficiency.
The specific speed value for a turbine is the speed of
a geometrically similar turbine that would produce unit
power (1 kW) under unit head (1m).

Ternary Pump–Turbine Units
A ternary set consists of a motor–generator, a separate
turbine, and a pump set. Pump-turbine units based on
the use of Pelton machines do not benefit from the re-
versibility of this type of turbine. As a consequence,
the train must be completed by a separated pump. The
drawback of this solution is evidently the higher length
of the rotating train. However, the train can be started
by the turbine without an additional start-up machine.
The rotating train has only one direction of rotation, and
a changeover from turbine mode to pump mode is pos-
sible without changing the direction of rotation.
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Figure 16.16 shows an example of a ternary unit
as is realized in the FMHL plant in Veytaux Switzer-
land [16.19]. The FMHL plant uses an upper basin
called Lac de l’Hongrain, and the lower basin is the
lake of Geneva (Lac Léman). One of the characteristics
of the plant is the pump submerged under the level of
the lake.

Reversible Pump–Turbine Units
Figure 16.17 illustrates an example of a reversible Fran-
cis machine, a 250MW pump–turbine of a 500 rpm
facility.

With reversible pump–turbine sets, the direction of
rotation must be inversed for the changeover from tur-
bine mode to pump mode. This can be achieved us-
ing a so-called pony motor for the acceleration of the
train from standstill to the synchronous rotational speed.

Fig. 16.17 Reversible pump–turbine
unit of 250MW/500 rpm (courtesy of
GE/Alstom)

Pump–turbine
dynamics

 

Governor 
turbine-control

Tunnel and 
penstock water

dynamics
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GridSynchronous 
machineωr

Gate G

Flow, Q

Fig. 16.18 Fixed
speed pump–turbine
system

Other solutions exist, where the start-up is realized in the
pumpmode through a static frequency converter feeding
the synchronous machine with variable frequency.

Reversible pump–turbines are traditionally oper-
ated with constant speed, but they can also be oper-
ated with variable speed. Two solutions are described
in [16.1], namely the doubly-fed asynchronous motor
generator and the synchronous motor generator with
the full-conversion principle, where the static frequency
converter is designed for the full power of the motor
generator. For both solutions, the reversal of the train is
achieved through the main frequency converter.

Fixed-Speed Pumped Storage
In Fig. 16.18, the structural diagram of a fixed-speed
pumped storage plant is shown. The synchronous ma-
chine also serves as a motor in the pump mode, as
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Fig. 16.19 Structural diagram of a full-conversion, variable-speed pumped-storage system

a generator for the turbine mode. The synchronous ma-
chine is connected to the grid by its armature and is
coupled to the reversible hydraulic machine.

The active power is controlled through the gover-
nor and turbine control. The imposition of the voltage,
as well as the control of the reactive power, is achieved
through the machine’s excitation system. Because the
pump discharge (water flow rate) is linked to the rota-
tion speed of the machines, the level of the power in the
pump mode cannot be varied when the motor runs at
the synchronism of the grid frequency. This limitation
is one of the motivations to realize variable speed pump
storage facilities.

Variable-Speed Pumped Storage
In order to be able to vary the power in the pumping
mode, and also to optimize the turbine mode, variable
speed-pump-storage plants have been realized [16.20].
For such systems, two different solutions are used for
energy conversion from the mechanical shaft to the
electric grid.

The simplest method for the adaptation of the vari-
able frequency of the synchronous motor–generator to
the grid frequency is to use a static frequency con-
verter. This frequency converter transforms the entire

electric power from the stator side of the machine,
where the stator frequency is linked to the rotation
speed of the machines, to the electrical grid with its
constant frequency. The principal scheme of a variable
speed-pumped storage system with full conversion is
represented in Fig. 16.19, which shows the complexity
of the control needed at the grid and machine sides.

A second possible solution for variable pump stor-
age plants is the so-called doubly-fed induction motor–
generator. In such a system, the electric machine is
of the asynchronous type, where the wound rotor is
interconnected to a frequency converter via slip rings
and brushes. The machine’s stator is directly con-
nected to the grid. The bidirectional active feeding
of the machine’s rotor winding makes it possible to
cover significant speed excursions in the hyper and hy-
posynchronous domain. A doubly-fed inductionmotor–
generator is shown in Fig. 16.20.

Example of a Very High Power
Variable-Speed-Pumped Storage Plant

An example of a large pumped storage plant is given
by the Grimsel 2 facility of the KWO plant (Kraftwerke
Oberhasli) in the Bernese Oberland of the Swiss Alps.
The variable frequency operation of the 100MW syn-
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chronous machine is possible through the use of a high-
end power electronics converter. The very high power
VSC (voltage source converter) used for the syn-
chronous machine is realized through the coupling of
submodules with transformers (Fig. 16.21). Two line
side transformers feed two line side converters. They
are connected to the machine side converters and trans-
formers via two separated DC (direct current) links. The
so-called three-level technology is based on a positive
and a negative voltage intermediary DC circuit. The

AC
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Pr
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PEEODFMG

Fig. 16.20 Block diagram of a doubly-
fed induction motor generator
(DFIMG)
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Fig. 16.21 The 100MW pumped-storage facility of KWO/Grimsel 2 plant

schematic of the complete installation of the Grimsel 2
facility is represented in Fig. 16.21. The full-conversion
variable-speed operation range is defined from 690 to
765 rpm, corresponding to stator frequencies between
46 and 51Hz.

Figure 16.22 shows more details of the KWO
100MW facility, with Fig. 16.22a showing the variable
speed rotating machinery, and Fig. 16.22b the volume
occupied in the cavern by the transformers and the fre-
quency converter.
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Fig. 16.22a,b Rotating machinery and frequency con-
verter with transformers of the 100MW facility of KWO;
(a) variable-speed rotating machinery; (b) volume occu-
pied in the cavern by the transformers and the frequency
converter. (Courtesy ABB Review [16.21])
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Fig. 16.23 General scheme of CAES

16.6.2 Compressed-Air Energy Storage

Compressed-air energy storage CAES is based on the
compression and expansion of air. Such systems gen-
erally use a compression stage comprising an electric
motor driving a compression machine. The compressed
air is then stored in a reservoir. For the recovery of
the stored energy, an expansion system is provided.
This expansion machine is composed of a volumet-
ric expander driving an electric generator. The general
scheme of CAES is represented in Fig. 16.23.

The amount of energy stored in a reservoir of vol-
ume V1, pressurized at a pressure level P1 and stabilized
at the same temperature as the surroundings, can be cal-
culated through the expression (16.46) [16.1, 22]

E D P1V1

�

ln

�

P1

Pa

�

� 1C Pa

P1

�

I (16.46)

Pa is the pressure of the surrounding (atmosphere). The
expression gives the value of the maximum amount of
energy that can be recovered from the reservoir that
corresponds to a full expansion under isothermal con-
ditions.

CAES systems, dedicated to diverse applications
in industry, house-delivered energy, or in transporta-
tion have been built over the decades [16.23, 24]. The
first utility CAES system was developed in Germany as
a 290MW plant in Huntorf [16.9]. Other systems have
been realized, such as the McIntosh facility (Alabama,
USA) [16.10].

Figure 16.24 shows the CAES plant in Huntorf Ger-
many. The facility stores energy in an underground
cavern, using the compressor stage of a gas turbine (7)
and (9) for loading and its turbine in the discharge se-
quence (3) and (5) (Fig. 16.24). In order to compensate
the decrease of the air temperature during the discharge
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Fig. 16.24 The CAES plant at Huntorf

sequence, the burners of the gas turbine are maintained,
(2) and (4) (Fig. 16.24).

16.6.3 Rotational Kinetic Energy (Flywheels)

Another possibility to store energy is given through ro-
tational kinetic energy. Such systems also belong to the
category of reversible physics phenomena. A flywheel
system is generally composed of an electric machine
coupled to a rotating mass. With the help of a power
electronic converter, the driving torque of the variable-
speed machine (positive torque for charging and neg-
ative for discharging) can be imposed precisely and
makes the control of the exchanged power level pos-
sible. Flywheels were for a long time realized based on
normal steel and limited speed, but modern equipment
benefits from advanced materials like carbon compos-
ites and fast-running permanent magnet motors, which

M/G

DC bus

Control Auxiliaries

Grid

Fig. 16.25 Flywheel system

can rotate at several hundred thousands of revolutions
per minute (rpm). Partially evacuated encapsulations
reduce the aerodynamic losses of the flywheel and mo-
tor. A schematic representation of a flywheel system is
given in Fig. 16.25.

The amount of energy stored in a rotating mass run-
ning at a speed˝ is given by

E D 1

2
J˝2 ; (16.47)

where J is the moment of inertia.
The auxiliaries of a flywheel system provide the

partial vacuum needed to reduce aerodynamic losses,
and they often include the control of special bearings
(magnetic, air). The principle of the flywheel storage,
together with detailed models for high performance can
be found in [16.12].



16.6 Storage Systems Based on Physics 1153
Section

16.6

Table 16.3 Flywheel shape factors

Flywheel shape K
Constant stress disk 0.931
Flat unpierced disk 0.606
Thin rim 0.5
Rod or circular brush 0.333
Flat pierced disk (rext=rint D 1:1) 0.305

Flywheel shape K
Constant stress disk 0.931
Flat unpierced disk 0.606
Thin rim 0.5
Rod or circular brush 0.333
Flat pierced disk (rext=rint D 1:1) 0.305

The Specific Energy of a Flywheel
The maximum specific energy of a flywheel rotor is
mainly dependent on the rotor’s geometry and on the
properties of the material used. For an isotropic rotor,
the expression of the specific energy efw can be ex-
pressed by (16.48).

efw D E

m
D K

�

�

�

�

; (16.48)

where E is the kinetic energy of the rotor (J),m the mass
of the rotor (kg), K the geometric form factor (dimen-
sionless), � the tensile strength of the material (Pa), and
� the density of the material used (kg=m3).

The form factor K depends on the geometry of
the flywheel and is also called the flywheel shape fac-
tor [16.12]. Essentially, the value of K comes from the
expression of the moment of inertia. Values of K for
different flywheel shapes are given in Table 16.3.

The tensile strength of the material dictates the up-
per limit of angular velocity

�t D �r2!2 : (16.49)

The expression (16.49) can be simplified using the spe-
cific tensile strength �t=� and the tangent velocity vt,

�t

�
D vt

2 : (16.50)

Aerodynamic Drag of a Flywheel
A flywheel with a high value of specific energy is char-
acterized through the high rotational speed and further
through the tangential velocity of the rotor. The friction
losses due to the interaction with the surrounding air,
even if the rotor runs inside a partial vacuum chamber,
should not be underevaluated.

Fig. 16.26 Example of 600 kW/100 kWh flywheel energy
storage system (courtesy of Stornetic [16.25])

The drag force causing the aerodynamic losses can
be calculated in a general case through [16.26],

FD D CD�gV2A

2
; (16.51)

where �g is the density of the air, V is the velocity of
the undisturbed fluid (m=s), and A is the projected area
of objects as spheres, disks, or plates with axes perpen-
dicular to the flow (m2); CD is a constant depending
essentially on the Reynolds number.

The problem of the aerodynamic drag force is at the
base of a general choice of flywheel manufacturers to
operate the rotors under partial vacuum. An example of
a recently developed product of a flywheel is given in
Fig. 16.26.
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16.7 Electrical Systems

16.7.1 Superconductive Magnetic Energy
Storage Systems (SMES)

On the basis of a purely electric/magnetic component
like the inductor, energy can also be stored. The energy
stored in an inductor can generally be expressed by

E D 1

2
LI2 ; (16.52)

with L being the value of the inductance and I the
circulating current. The maximum power Pmax during
charging and discharging is given by the values of max-
imum current in the coil and the maximum voltage
delivered by the power electronic converter used for the
control of the charging and discharging process. This
converter applies a positive voltage while increasing the
current (charging) and a negative one while decreasing
it (discharging)

Pmax D UmaxImax : (16.53)

SMES systems use superconductivity in order to in-
crease the energy density (higher current in the same
support) and in order to reduce the ohmic losses to
a minimum value [16.27]. A general scheme of an
SMES system is represented in Fig. 16.27.

The power electronic converter provides a positive
voltage during the charge process (an increase of the
current) and a negative one during discharge.

One must note that during the charged state of an
SMES system, the inductor current must always flow.
Even if there are no variations of this current (idlemode),
and even if the conduction losses in the superconducting
coil can be neglected, there are still losses in the intercon-
nections and in the freewheeling paths of the converter.
For a long-term idling mode, and also for security rea-
sons, a by-pass switch is generally provided (Fig. 16.27).

16.7.2 Capacitive (and Supercapacitive)
Systems

The dual element of the inductor is the electric capac-
itor. It can be used for energy storage according the

DC bus

Control Cryogenic cooler

Grid

Fig. 16.27 SMES superconductive
magnetic energy storage system

relation giving its energy content

E D 1

2
CU2 ; (16.54)

with C being the capacitance and U the voltage across
the capacitor. The charging and discharging of a capac-
itor is realized by using a power electronic converter.
The general scheme of a capacitive energy storage de-
vice is represented in Fig. 16.28. Classical high-voltage
capacitors can be used for energy storage [16.13] and
also more recently-developed supercapacitors charac-
terized by their high capacity value [16.28].

In the case of a capacitive storage system, the power
electronic converter must be able to control the capac-
itor current. A positive current charges the capacitor,
while a negative current causes its discharge. A steady-
state idling mode is characterized through the flow of
a zero current. This is an interesting property with re-
spect to the energy efficiency.

An example of an application of high-power capac-
itive storage is described in [16.13]. The equipment is
dedicated to the smoothing of the power demand of the
supply of the magnets of a particle accelerator (CERN).
The capacity is around 20MJ, and the maximum power
is at 60MW (Fig. 16.29).

Since the beginning of the twenty-first century, the
capacitive storage has, in general, received higher in-
terest due to the appearance on the market of new
components called supercapacitors or double-layer ca-

DC bus
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Grid

Fig. 16.28 Capacitive energy storage system
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Fig. 16.30 Samples
of supercapacitors,
single components,
and modules

pacitors [16.29]. Examples of such components, which
are characterized by capacity values in the thousands
of farads, are represented in Fig. 16.30. However, the
voltage of supercapacitors is generally � 2:7V, and

powerful storage equipment must use the series connec-
tion of a large number of components.

There are applications of supercapacitors in many
different sectors where a relative high power demand
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during limited time is specified. The applications com-
prise grid services as voltage support and power buffer-
ing, electric vehicle (EV) charging facilities, street
lightning, automotive, and bus/tram transportation, or

energy recovery. Industrial applications such as fork-
lifts, cranes, or tractors have been realized as energy-
saving and pollution-free alternatives to diesel-powered
systems for the lifting and transportation of containers.

16.8 Electrochemical Systems

There is a high diversity of electrochemical technolo-
gies as potential solutions in the area of energy storage.
Many of them are well established, especially in the
domain of mobile applications. Larger systems are cur-
rently developed for their utilization in connection with
public grids [16.30–32].

Nowadays, an increasing number of modern materi-
als are emerging, which often have promising character-
istics. This progress is also being made in the direction
of higher energy densities and alsowith respect to power
density.Additionally, deeper studies on failure and aging
mechanisms aim to reach an increasingly higher number
of cycles or longer lifetimes of batteries [16.33].

From the system approach point of view, an elec-
trochemical battery can be seen as a voltage source, the
charging and discharging variable being the battery cur-
rent. Figure 16.31 gives a simplified scheme of a BESS
(battery-energy storage system).

The principal scheme of a BESS is very similar to
that of a capacitive storage device. Principally, the pos-
itive and negative DC current is provided by a DC–DC
converter. The interface to the external world can be
defined at the DC bus level or through a front-end con-
verter to the AC (alternating current) grid.

A so-called battery management system (BMS) is
represented on the right-hand side of Fig. 16.31. This
unit has the role of balancing the different elements of
the series connection but also has the task of supervising
and protecting the overall system.

16.8.1 Electrochemical Principles
and Properties

Electrochemical storage components, often called elec-
trochemical batteries, are closed systems able to per-

DC bus

BMS

Control

Grid

Fig. 16.31 Battery-energy storage
system (BESS)

form a reversible conversion from chemical energy to
electrical energy. Such transformations can be made
with a good efficiency, depending on the operating
conditions. Usual values of the energy efficiency are sit-
uated around 80–90%.

Like other storage components, electrochemical
batteries are characterized by their energy density,
which is between 30 and 200Wh=kg. As a compari-
son, hydrocarbon-based sources present a much higher
value of the energy density, of the order of 10 kWh=kg.
Contrary to primary cells like the ordinary flashlight
batteries, storage batteries are also called secondary bat-
teries and can be recharged. Their electrode reactions
can be processed in either direction.

The Structure
of an Electrochemical Accumulator

Electrochemical accumulators are charged by convert-
ing electrical energy into chemical energy and are
discharged by an inverse transformation. Each element
of a battery is made of a so-called negative active mass
able to provide electrons to the external circuit dur-
ing discharge and a positive active mass able to accept
the electrons from the return path of the external cir-
cuit.

Figure 16.32 is a schematic representation of an
electrochemical cell. The indicated direction of elec-
trons and ion flows corresponds to the battery discharge
process.

The transfer of electrons from the active masses
to and from the external circuit is possible due to the
presence of current collectors assuming the electronic
conduction. The positive and negative active masses are
of different chemical compositions and have an electric
separator in between that prevents the passage of elec-
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trons from the positive to the negative side. The internal
flow of the electric current is possible due to the dis-
placement of electric charges in the form of ion transfer
from one active mass to the other. The separator must
be an ionic conductor. Current collectors are generally
metallic, and the active masses are porous solids, made
from powders, and are soaked by a liquid ion conductor.

Elementary Principles
The active masses of an electrochemical cell each
contain a couple of redox reactants, namely a set of
chemical species in reduced form (red) able to pro-
vide electrons and to be transformed into another set of
chemical species (ox), able to accept electrons. A redox
couple is characterized through its potential determined
by the Nernst law [16.34]

E D E0 C RT

nF
ln

ox

red
: (16.55)

In this relation, (ox) and (red) designate the concentra-
tions of the oxidized and reduced forms of the redox
couple, R D 8:32 J=(Kmol), T is the absolute temper-
ature, 298K at 25 ıC, n is the number of electrons
implicated in the reaction, and F is the Faraday con-
stant: 96 500C=mol.

An electrochemical generator transforms the chem-
ical energy (free enthalpy) into electrical energy pro-
vided to the external system in the form of an electrical
current.

The negative terminal of an elementary cell is
connected to the negative active mass that contains
a reducer material (electron source) red1, capable of un-
dergoing an electrochemical oxidation

red1 ! ox1 C n e� (16.56)

At zero current, the E1 potential of the negative termi-
nal is controlled by the Nernst equation related to the
red1/ox1 couple. Symmetrically, the positive terminal
is connected to the positive active mass containing an
oxidant material (electron acceptor), ox2, capable of un-
dergoing an electrochemical reduction

ox2 C n e� ! red2 (16.57)

At zero current, the potential E2 of the positive termi-
nal is controlled by the Nernst equation related to the
red2/ox2 couple.

The global chemical reaction is then

red1 C ox2 ! ox1 C red2 (16.58)

The voltage of the elementary cell is equal to the differ-
ence of the positive and negative potentials.

The transformation of 1mole of reactant in these
conditions releases an electrical energy of n Faraday,
namely a maximum of n� 96 500C� .E2 �E1/ J. This
maximum corresponds to the variation of the standard
free enthalpy of the reaction [16.35]. In a general man-
ner, the electrode where the reduction takes place is
called the cathode. The electrode where the oxidation
takes place is called the anode. In the case of a cell
working as a generator (discharge), the cathode will be
the positive terminal and the anode the negative termi-
nal. On the contrary (charge), the cathode will be the
negative terminal and the anode the positive terminal.

16.8.2 Different Types of Accumulators

Several possibilities exist for accumulators like the ones
in an aqueous, acid, or alkaline medium, hot accu-
mulators, or accumulators in an organic medium. The
aqueous medium presents the advantage of a higher
ionic conductivity, but the possible choices for the
active masses are limited. Nonaqueous media permit
higher cell voltages and a higher number of possible
active masses.

Accumulators with Aqueous Electrolytes
The acid or alkaline aqueous electrolyte is a medium
with a relatively good ionic conduction, but the cell
voltage is limited by the possible decomposition of wa-
ter into oxygen and/or hydrogen produced through the
oxidant (or reductant) character of the active masses.

Lead–Acid Accumulators. Invented by Gaston Planté
in 1858, the lead–acid accumulator is today one of the
most-used accumulators and must be considered as the
cheapest electrochemical storage solution. In the lead–
acid battery, both the positive and the negative plates
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become lead sulfate (PbSO4) in the discharged state,
and the electrolyte loses much of its dissolved sulfuric
acid and becomes primarily water. In the fully charged
state, the negative plate consists of lead, and the posi-
tive plate consists of lead dioxide. The electrolyte is of
concentrated sulfuric acid.

During discharge, the HC ions produced at the neg-
ative plate move into the electrolyte solution and are
then consumed at the positive plate; HSO�

4 is consumed
at both plates. The reverse occurs during charge. The
discharge process is driven by conduction of electrons
from the negative plate back into the cell at the positive
plate through the external circuit.

The negative active mass contains a redox couple as

PbCHSO�
4 ! PbSO4 CHC C 2 e� (16.59)

The negative active mass potential is equal to E0 D
�0:356V.

With the positive active mass, another redox couple
corresponds to

PbO2 CHSO�
4 C 3HC C 2 e� ! PbSO4 C 2H2O

(16.60)

The potential on the positive side is E0 D 1:685V.
The global reaction is

PbCPbO2 C 2HSO�
4 C 2HC ! 2PbSO4 C 2H2O

(16.61)

The cell voltage corresponds to the difference of poten-
tials and is equal to E0 D 2:05V.

The sum of the molecular masses of the reactants
is 642 g=mol, so, theoretically a cell can produce 2 F
of charge (2� 96 500C D 193 000C from 642 g of re-
actants, or 83.5A h=kg). For a 2V cell, this comes to
a theoretical value of 167Wh=kg of reactants. In real-
ity, a lead–acid cell gives only 30–40Wh=kg, due to the
mass of the water and other constituent parts.

During charge and discharge, the potentials of the
active masses vary in dependency on the state of chem-
ical conversion. This leads to a variation of the cell
voltage in the open-circuit state. In the real case of
a lead-sulfuric acid battery, the cell voltage varies from
2.15V when fully charged to 1.6V when discharged
(open circuit).

The acid concentration of the electrolyte brings the
maximum of conductivity in the fully charged state of
the cells. This brings a high availability of power with
up to 10 times the rated current (a 30A h battery can de-
liver 300A, delivering 3.6 kW when the battery voltage
is of 12V).

In its discharged state, the lead–acid battery has
a relatively weak acid concentration, which limits the
available power. By each discharge, lead sulfate is ac-
cumulated on the electrodes and is normally dissolved
by the next charge. With a too-long discharge or in
a too-low state of charge or operation at a too-high
temperature, crystals of lead sulfate appear and are no
longer dissolved by the charge. The capacity of the bat-
tery and its power level are strongly reduced.

In practice, five main categories of lead–acid batter-
ies are available:

� Starter batteries (with grating): these are developed
and produced for the automotive industry for the
start-up of internal combustion engines. They are
designed to be kept permanently charged and to
deliver high currents rapidly. They are widely avail-
able and at very low costs (0.2 EUR=(Wh)).� Drive batteries (flat plates): these are similar to
starter batteries but present a larger capacity. They
are used in small electric vehicles, like autonomous
carts or forklifts. They are designed to be charged
and discharged on a daily basis and can be oper-
ated in low state of charge. Their costs are around
0.5EUR=(Wh).� Batteries with gel electrolytes (flat plates): these bat-
teries do not need any maintenance and can be oper-
ated in any position. They are typically used in small
professional equipment (radio communication, shin-
ing buoys, etc.). Their capacity is of the order of
100Ah. Their costs are around 0.6EUR=(Wh).� Absorbent glass mat (AGM) batteries: in AGM bat-
teries, the sulfuric acid is absorbed by a very fine
fiberglass mat, making the battery spill-proof. AGM
batteries have a very low internal resistance, are ca-
pable of delivering high currents on demand, and of-
fer a relatively long service, even when deep cycled.� Stationary batteries (tubular plates): these are used in
security supply technology. They use a frame struc-
tureconsistingofa seriesofvertical spines connected
to a common bus bar. The tubular design keeps the
active material together and presses it onto the col-
lecting grid. The active lead-oxidemass is held inmi-
croporous, nonconductive tubes (gauntlets), which
are placed over the individual spines.

Alkaline Accumulators. Nonacid electrolyte batter-
ies were initially proposed by Waldemar Junger in
1899 and by Thomas Edison in 1901. These alka-
line accumulators were primary batteries and based on
a zinc/manganese pair of active materials.

The chemical reactions in the alkaline batteries pro-
duce electricity when the manganese dioxide cathode
is reduced and the zinc anode becomes oxidized. At the
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MnO2 cathode, water (H2O) is consumed, and hydroxyl
ions (OH�) are produced by the following reaction

2MnO2 CH2OC 2 e� ! Mn2O3 C 2OH� (16.62)

At the same time, the anode consumes hydroxyl ions
and produces water,

ZnC 2OH� ! ZnOCH2OC 2 e� (16.63)

The overall reaction is

ZnC 2MnO2 ! ZnOCMn2O3 (16.64)

The evolution of alkaline batteries has gone through the
use of other metals like nickel (Ni), a totally insolu-
ble metal in an alkaline medium. Its oxyhydroxide form
NiOOH-layer is used on its positive electrode. The elec-
trochemical reaction at the positive active mass side is

NiOOHCH2OC e� ! Ni.OH/2 COH� (16.65)

The mode of operation of the positive electrode can
be considered as a proton intercalation into the lay-
ered crystalline structure of the NiOOH during dis-
charge and disinsertion during charge. The negative
active mass is primarily based on zinc metal soaked
in a potassium hydroxide solution, like in the original
zinc/manganese battery.

Nickel–Cadmium Accumulators. Due to the corro-
sion effects of zinc in the basic solution, the Zn/NiOOH
elements were soon replaced by Ni–Cd elements, which
rapidly became high-performance rechargeable alkaline
batteries. The electrochemical reactions of Ni–Cd bat-
teries are (discharge)

CdC 2OH� ! Cd.OH/2 C 2 e� (16.66)

at the negative electrode and

NiOOHCH2OC e� ! Ni.OH/2 COH� (16.67)

at the positive electrode.
The overall reaction is

CdC 2NiO.OH/C 2H2O

! 2Ni.OH/2 CCd.OH/2 (16.68)

Ni–Cd batteries have a specific energy of 40–60Wh=kg
and can easily overcome deep discharge and recharge.
They have a nominal voltage of 1.2V per cell and can
be stored in their discharged state. One of the most in-
teresting parameters is the high power capability up to
1 kW=kg. Ni–Cd batteries can be recycled but present

Ni(OH)2

NiOOH
H2O

OH–

H+ H+

Negative
electrode

Positive
electrode

e–

Hydridable alloy

Hydrogen atom

I

Fig. 16.33 Discharge of an Ni–MH cell (adapted from
[16.34])

the disadvantage of the toxicity of cadmium, which has
made this technology obsolete. Another typical behav-
ior of Ni–Cd cells is their memory effect. This effect
corresponds to situations where the battery gradually
loses its maximum energy capacity if it is repeatedly
recharged after being only partially discharged.

Ni–MH Accumulators. In Ni–MH accumulators, the
problematic cadmium in the cell has been replaced by
a metallic alloy capable of storing hydrogen. It works
similarly to the Ni–Cd accumulator and has the follow-
ing characteristics:

� 1.2V cell voltage� 40% higher energy density than that of Ni–Cd cells� A very low memory effect.

The electrochemical reactions in a Ni–MH cell are (dis-
charge)

MHCOH� ! MCH2OC e� (16.69)

at the negative electrode and

NiOOHCH2OC e� ! Ni.OH/2 COH� (16.70)

at the positive electrode. The structure of an Ni–MH
element is represented schematically in Fig. 16.33.

The application domain of Ni–MH batteries ranges
from portable tools and toys (replacement of Ni–Cd bat-
teries) to the automotive industry (hybrid cars).

Accumulators with Nonaqueous Electrolytes
In the beginning of the 1980s, the idea of utilizing
lithium (Li), one of the highest electropositive elements
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Fig. 16.34 Lithium-metal cell (adapted from [16.37])

(�3.02V), led to the development of chemical com-
pounds able to insert and disinsert Li at the negative
electrode. Because of the high reactivity of Li ver-
sus H2O, these developments induced the change from
aqueous to nonaqueous electrolytes. Such electrolytes
consist of lithium salts dissolved in an organic sol-
vent [16.36]. One should distinguish the lithium metal
technology, where the negative electrode is composed
of metallic lithium from lithium-ion technology, where
lithium remains in ionic state due to the use of inser-
tion/disinsertion compounds at both the negative and
the positive electrodes.

Lithium-Metal Accumulators. In lithium-metal bat-
teries, the negative electrode (the anode) is made of
metallic lithium. During discharge, the lithium ions mi-
grate from this electrode through the electrolyte to the
cathode, where they mix with a host material (for ex-
ample, LiMn2O4). The electrons produced at the anode
supply the external circuit and return to the cathode.
During charging, the LiC ions migrate in the opposite
direction, while electrons are supplied by the external
circuit (Fig. 16.34).

Lithium-Metal Polymer Cells. Lithium-metal poly-
mer technology uses a lithium-metal electrode at the
negative side. The positive electrode is based on vana-
dium oxide. The electrolyte is a (ion)-conductive poly-
mer membrane based on POE (polyoxide ethylene).
A lithium polymer battery costs around 0.1EUR=(Wh),
and its energy density is given as 110Wh=kg (Batscap).
The temperature range for good performance is between
60 and 150 ıC without security problems.

Lithium-Ion Accumulators. A lithium-ion cell is dif-
ferent from a lithium-metal cell at the side of the nega-
tive electrode, where pure lithium is replaced by a com-
pound capable of inserting and disinserting lithium ions
(Fig. 16.35). The lithium-ion concept uses two ma-
terials that allow the reversible exchange of lithium

Positive
electrode
(cathode)

Negative
electrode
(anode)

e– I

Electrolyte

Li+ Li+Li+ Li+

Li+Li+

Li+Li+

Li+Li+ Li+

Fig. 16.35 Lithium-ion cell (adapted from [16.37])

ions. The negative electrode (anode) is a thin layer of
graphite in which atoms of lithium have been inserted
(LiC6). For the positive electrode (cathode), a lithium-
oxide of a transition metal such as LiCoO2 can be used.
The liquid electrolyte is usually a hexafluorophosphate
of lithium (LiPF6) mixed with a solution (carbonate
mixture) [16.36].

Lithium-ion cells present a very high energy density
up to 200Wh=kg. Their typical potential is 3.7V.

Lithium-Iron Phosphate (LFP) Cells. Lithium-iron
phosphate is a widely spread lithium-ion technology.
The positive electrode active material (LiFePO4) is as-
sociated with a negative graphite electrode. These cells
are currently the most wide-spread and have replaced
classical Li-ion cells based on lithium cobalt dioxide
(LiCoO2). The energy density and the potential of these
cells are slightly lower than those of classical Li-ion
cells (130Wh=kg, 3.3V). These batteries need a BMS
system (battery management system).

Lithium-Ion Polymer (Li–Po) Cells. The mode of op-
eration of these cells is similar to that of other lithium-
ion cells. The electrolyte is made of gelled polymer.
Their energy density is higher than that of other Li-ion
cells, but their supervision and balancing circuits are
more complex. The maximum cell voltage (> 4V) and
also the minimum cell voltage (� 2:7V) must be mon-
itored carefully.

Lithium Titanate Cells (LTO). LTO batteries are also
called SCiB (super-charge ion battery). This technol-
ogy is characterized by high charging and discharging
rates. It is based on the use of a nanocrystalline tech-
nology. The specific energy is given as being between
30 and 110Wh=kg, and the cell voltage is between 1.9
and 2.4V. The specific power can reach 5000W=kg.
These batteries can operate between �40 and C55 ıC.
The durability cycle is given to be 6000 cycles, some
manufacturers even indicate 10 000–20000 cycles.
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Table 16.4 Common characteristics of different types of batteries

Characteristics Conventional batteries Li-ion batteries
Lead–acid Ni–Cd Ni–MH Graphite/NMC LTO

Specific energy (Wh=kg) 40 40–60 30–80 120–200 70–80
Initial costs (EUR=kWh) 150 500 600 120–250 400–800
Life cycle 200–300 1000–1500 300–800 500–4000 15 000–25 000
Cost per life cycle (EUR=kWh) 0.15–0.7 0.3–0.5 0.75–2.0 0.35–0.04 0.024–0.04
Disch. cond. for low ageing C=3 C=2 C=5 1C 2C
Charging rate C=4–C=8 – C=10 C=2 2C
DoD window (%) 50 – 80–100 80 80

Characteristics Conventional batteries Li-ion batteries
Lead–acid Ni–Cd Ni–MH Graphite/NMC LTO

Specific energy (Wh=kg) 40 40–60 30–80 120–200 70–80
Initial costs (EUR=kWh) 150 500 600 120–250 400–800
Life cycle 200–300 1000–1500 300–800 500–4000 15 000–25 000
Cost per life cycle (EUR=kWh) 0.15–0.7 0.3–0.5 0.75–2.0 0.35–0.04 0.024–0.04
Disch. cond. for low ageing C=3 C=2 C=5 1C 2C
Charging rate C=4–C=8 – C=10 C=2 2C
DoD window (%) 50 – 80–100 80 80
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Fig. 16.36 Evolution of lithium-ion
battery prices over the past years
(adapted from the Bloomberg New
Energy Finance survey of more than
50 companies)

Choosing Between
Competitive Battery Technologies

The constant evolution in battery technology and per-
formances addresses the question of the adequate
choice to made by the design of an application. A very
general principle produces competition between proved
techniques and innovative ones, where even if the per-
formance advantages are evident, the life cycle and
ageing phenomena cannot be evaluated due to the lack
of hindsight and experience. A common example is
given by classical lead–acid batteries, which have been
used for decades and can be considered as tried-and-
true technology. Especially solar photovoltaic off-grid
applications are currently in competition with lighter,
smaller lithium-ion batteries, which, in addition, have
longer life cycles [16.38].

Several comparison criteria can be used:

� The specific energy� The initial costs� The life cycle� The cost per life cycle� The state of charge window for low ageing� The available power for low ageing� The recommended charging time

All batteries are sensitive to excessive discharging and
extreme temperature. Lead–acid batteries lose potential
cycles if they are discharged below 50% of their state of
charge (SoC) or if discharged faster than C=8. On the
other hand, lithium-ion batteries can be discharged to
� 80% SoC and at a rate of C=2 without any long-term

damage. Table 16.4 shows common characteristics of
different types of batteries: lead–acid, Ni–Cd, Ni–MH,
and two different types of lithium-ion, graphite/NMC
(nickel mangan cobalt) and LTO technologies.

The values given in Table 16.4 are indicative values
obtained from different sources. They show the avail-
able values of specific manufacturers. A more global
figure of the evolution of the price of lithium-ion batter-
ies is given in Fig. 16.36.

High-Temperature Batteries
Sodium–Sulfur (Na–S) Batteries. Na–S battery tech-
nology is known for its very high energy density, excel-
lent life cycle, low-cost materials, and high efficiency.
However, these cells need high temperatures to operate
due to the use of molten sodium. Na–S batteries have
been developed since the middle of the 1960s (Ford
Motor Company USA, Brown Boveri Germany, and
NGK in Japan). The packaging of the battery consists
of a high-performance thermal insulation enclosure (op-
erating temperature � 350 ıC). Other difficulties of
realization are related to the quality of the insulator
(brittle ceramics). Safety concerns stem from the need
to protect the highly reactive sodium from moisture.

The specific energy is between 150 and 760Wh=kg
(high-temperature version), the volume energy den-
sity is � 150Wh=L, the specific power is given at
200W=kg, the nominal cell voltage is 2V. These
batteries have a very good cycle durability (4000–
5000 cycles). Very large facilities have been realized
(50MW=300MWh NGK, [16.39]). The electrolyte of
a Na–S cell consists of a beta alumina tube and con-



Section
16.8

1162 16 Energy Storage

Na (sodium) S (sulfur)
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Fig. 16.37 Sodium–sulfur cell

tains the liquid sodium. The external envelope is made
of sulfur (Fig. 16.37). During discharge, sodium ions
converted from sodium in the negative electrode pass
through the electrolyte and combine with sulfur in the
positive electrode to form sodium polysulfide. The elec-
trons flow through the external path. The structure and
reactions in a Na–S cell are represented in Fig. 16.38.

The electrochemical reactions in an Na–S cell are
(discharge) at the negative electrode

2Na ! 2NaC C 2 e� (16.71)

At the positive electrode

4 SC 2NaC C 2 e� ! Na2S4 (16.72)

The global reaction is

2NaC 4S ! Na2S4 (16.73)

Other chemistries are possible

2NaC 3S ! Na2S3 (16.74)

or

2NaC .SSCH2CH2/n ! Na2SSCH2CH2 (16.75)

for lower melting temperatures (90–100 ıC). An ex-
ample of a large energy storage plant based on Na–S
batteries is shown in Fig. 16.39.

Flow Batteries
Flow batteries are a new type of electrochemical ac-
cumulator composed of two electrodes separated by
a proton exchange membrane, as can be found in fuel
cells or in electrolysers. In such flow batteries, the
energy storage occurs within the change of concen-
tration of ions at the level of two liquids, an anolyte
and a catholyte, circulating from two separated reser-
voirs [16.40, 41].

Positive
electrode (S)

Negative
electrode (Na)

Na Na

S

S

SNa+Na+

Na2Sx

Na2Sx

Na2Sx
Na

Na

e– I

Beta alumina

Fig. 16.38 Discharge in an Na–S cell

Fig. 16.39 A 34MWNa–S storage facility in Japan (cour-
tesy of JWD and NGK)

Flow batteries allow skirting some limitations of
classical electrochemical batteries, where the electro-
chemical reactions create solid composites accumulated
on the electrodes where they are generated, and where
the mass that can be accumulated is perforce limited.
The generation of internal stresses on the electrodes due
to variations of the volumetric density of the active ma-
terials is another cause of battery ageing phenomena. In
flow batteries, the chemical compounds that represent
the state of charge are in liquid form and are in solution
in the two electrolytes. These electrolytes are pumped
from separated reservoirs to the reactor, which is com-
posed of the electrodes and the membrane. One main
characteristic of flow batteries is that the electrochemi-
cal converter (the reactor) is designed for the power level
of the accumulator, while the energy capacity is only re-
lated to the volume (and mass) of the liquid electrolytes.
An example of a flow battery is presented in Fig. 16.40.

Near the main elements of the flow battery, namely
the electrolyte reservoirs and the membrane in the reac-
tor, the system comprises electrolyte circulating pumps.
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These auxiliary components need some electric power,
which must be included in the calculation of the global
efficiency. Dedicated control strategies for circulating

pumps have been proposed [16.42, 43] in order to reach
good efficiency, even if the power level of the charge
and discharge process is low.

16.9 Fuel Cells and Hydrogen Storage

Hydrogen can be used for energy storage as an energy
carrier, due to its high energy density of 33 kWh=kg.
This high value makes hydrogen a possible candidate
for mid and long-term storage, typically such as the
so-called seasonal storage in the context of renewable
energy sources [16.1].

16.9.1 Main Properties of Hydrogen Storage

Compared to other fuels, hydrogen contains three times
more energy than diesel fuel, and 2.5 times more than
natural gas. Hydrogen can be produced from electric-
ity using electrolyzers, and the reverse transformation
from hydrogen to electricity can be realized using a fuel
cell. However, hydrogen is difficult to store due to its
very low weight density. At atmospheric pressure and
ambient temperature, 1 kg of hydrogen needs a stor-
age volume of 11m3. As a consequence, hydrogen is
usually compressed at a high pressure level between
350 and 700 bar. This high pressure addresses the ques-
tion of the volume and weight needed for the reservoir,
as well as the energy needed for the compression.
Figure 16.41 shows the different energy densities of im-
portant energy vectors such as hydrogen, natural gas,
propane, diesel fuel, and ethanol.

In the previous sections, the energy densities of
different storage means were presented, where typ-
ically a powerful Li-ion battery appears with only
0.15kWh=kg. As was mentioned above, hydrogen
must be conditioned in order to reach a valid energy
density corresponding to a real application, in the sense
that the storage volume can be reduced.

Three main techniques can be used for the volume
reduction, namely:

� Storage of hydrogen as compressed gas (350–
700 bar)� Storage of hydrogen in its liquid phase (�253 ıC)� Storage of hydrogen in a solid form.

The solid form of hydrogen corresponds to a metallic
hydride, where different metals can be used, such as
Mg, Al, or other metallic alloys. Table 16.5 indicates
the amount of hydrogen mass that can be stored in these
three forms.

Energy density (kWh/kg)

10

20

30

40

Hydrogen Natural
gas

Propane Diesel Ethanol

Fig. 16.41 Energy densities of important energy vectors
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Table 16.5 Various forms of hydrogen

Technique Parameters Amount of hydrogen (kg=m3)
Compressed hydrogen 700 bar 42
Liquid hydrogen �253 ıC 70
Metal hydride MgH2 Atmospheric pressure, ambient temperature 106

Technique Parameters Amount of hydrogen (kg=m3)
Compressed hydrogen 700 bar 42
Liquid hydrogen �253 ıC 70
Metal hydride MgH2 Atmospheric pressure, ambient temperature 106

16.9.2 The Power-to-Power Storage System
Based on Hydrogen

In Sect. 16.4, an electrical energy storage system (ESS)
was defined. In such a system, the input and out-
put of the storage system is interfaced to an electrical
source, an electrical distribution system or grid. The
storage form of energy, as well as the intermediate
conversions are mentioned. An ESS or power-to-power
storage system based on hydrogen can be realized using
a water electrolyzer and a fuel cell for the intermediate
conversions. In addition to these intermediate conver-
sions, hydrogen (and sometimes oxygen) conditioning
systems are needed in order to elevate the volumet-
ric energy density. Figure 16.42 shows the elementary
structure of an ESS based on hydrogen.

In Fig. 16.42, the basic components of the system
are the electrolyzer, the hydrogen storage, and the fuel
cell. Between the electrolyzer and the storage reservoir,
a hydrogen conditioning device is represented (CH2s), as
well as between the storage reservoir and the fuel cell
(CH2r). The electrolyzer also produces oxygen that can
be stored. In Fig. 16.43, the oxygen path is represented
by dotted lines due to the fact that in a large number of
modern fuel cells, the oxidation is achieved using am-
bient air. For this purpose, an air compressor is used
(K). For the case of using stored oxygen, conditioning
blocks are used (CO2s, CO2r).

The conditioning devices for the storage process
(CH2s, CO2s) are generally compressors or liquefiers,
while the recovery conditioning devices (CH2r, CO2r) are

Oxygen storage

Hydrogen storage

Electrolyzer Fuel cell

Demineral.
H2O

Pel in

Air

Pel out

CO2s CO2r

CH2s CH2r

K

O2

H2

Fig. 16.42 Structure of a storage
system based on hydrogen

simple relieve valves. In the case of solid storage of hy-
drogen in the form of metal hydrides, the conditioning
processes are more complex.

16.9.3 Producing Hydrogen
Through the Electrolysis of Water

Nowadays, around half of the hydrogen produced
around the world is obtained by reforming natural gas,
which represents the most economic source. The other
half of the hydrogen produced is from coal or oil. Elec-
trolysis of water is a more expensive process and cur-
rently represents only a few percent of the total amount
of hydrogen produced. However, it allows to convert
electrical power into a chemical carrier characterized by
a high specific energy. Recently, there has been a grow-
ing interest in this conversion, such as the example of
recently-built power-to-gas plants [16.44]. Electrolysis
of water is a well-known process in the industry for the
production of hydrogen and has been developed for the
production of hydrogen of high purity.

An electrolyzer is a device for the chemical decom-
position of water by circulation of an electric current.
It comprises two electrodes, the anode and the cath-
ode, separated by an electrolyte. The electrodes are
connected to a DC current source, which allows the cir-
culation of the current, and the electrolyte is the internal
ionic conductive means.

Three types of water electrolyzers have been devel-
oped or are under research. The most-used system is the
alkaline electrolyzer. Then there are solid polymer elec-
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Fig. 16.43a–c Three types of electrolyzers. (a) Alkaline electrolysis, (b) PEM electrolysis, (c) high-temperature steam
electrolysis

trolyzers (SPEs), where a proton exchange membrane is
used, like in a PEM fuel cell. Finally, a younger tech-
nique is based on the electrolysis of water vapor at high
temperature, utilizing solid oxide electrolytes (SOEs).
Figure 16.43 illustrates the three electrolyzers accord-
ing the principles described in the next section.

16.9.4 Conversion from Hydrogen
to Electricity

In the structural diagram of Fig. 16.42, the output stage
of the system that converts the stored hydrogen into
electrical power is a fuel cell. A fuel cell allows the di-
rect conversion of hydrogen into current, by chemical
reaction between the hydrogen and oxygen. In conven-
tional fuel cells, the oxidant is generally taken from the
ambient air.

The schematic diagram shown in Fig. 16.44 shows
the main components of a classical PEM (polymer
electrolyte membrane) fuel cell with hydrogen and air
supply. For such a fuel cell, the energetic balance must
be evaluated in detail, taking into account the power
necessary for the air compressor when it is operated at
partial load [16.45]. Load-current proportional airflow
can be a well-adapted control method.

The chemical reactions at anode and cathode side are

Anode: H2 ! 2HC C 2 e�

Cathode: O2 C 4HC C 4 e� ! 2H2O

H2

H+

4 e–

Anode (–) Cathode (+)

4 e–

H2O + N2

O2 + N2 (air)

Load

Electrolyte
Fig. 16.44
Standard struc-
ture of a PEM
fuel cell

16.9.5 Efficiency Considerations

The overall efficiency of the hydrogen storage defined
as the ratio of the electrical output energy to the electri-
cal input energy can be evaluated as the product of the
individual part efficiencies, namely the efficiencies of
the electrolyzer �elys, the conditioning or compression
stage �con, and the fuel cell �fc,

�global D �elys � �con � �fc D 0:55 � 0:9 � 0:5 D 0:247 :

The use of electrolyzers directly producing hydrogen
under pressure or high temperature electrolyzers that
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can re-use the thermal dissipation of the fuel cell will
lead to a higher energy efficiency of hydrogen storage.
Additionally, the storage of hydrogen or simply the use

of fuel cells in the context of CHP (combined heat and
power) will increase the benefits of the use of hydrogen
in energetic chains based on RES.

16.10 System Arrangements and Applications

This section describes system arrangements and applica-
tions of energy storage. Different configurations are pre-
sented as storage as a grid component, storage in com-
bination with a photovoltaic system, and a more general
configuration, such as a hybrid power plant [16.46]. Fu-
ture applications, such as power buffers dedicated to the
fast charging of electric vehicles, are currently the sub-
ject of much research and development [16.47, 48].

With most classical applications of battery energy
storage, there are so-called uninterruptible power sup-
plies (UPS), with their standard architectures, off-line
systems, line-interactive systems, and online double-
conversion UPS.

16.10.1 Storage as a Grid Component

The application consists of the connection of storage ca-
pacity to the private grid. The storage means serves to
stabilize the load profiles, to cover power peaks, and to
limit the power consumption from the public grid. The
system offers grid services as primary and secondary
control power. The different components needed for
storage as a grid component are represented in the gen-
eral representation of Fig. 16.45.

As shown in Fig. 16.45, connection to the public grid
(1) needs a bidirectional counter (2) where not only the
fluctuating power consumption (3) is measured, but also
the possible power injection from the battery (4). The
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Fig. 16.45 Storage as a grid compo-
nent and combination with renewable
energy sources: the hybrid power plant

conversion from DC current to AC is achieved through
a voltage-source converter (5). Such a device makes it
possible to impose positive and negative current injec-
tion, as well as capacitive or inductive reactive current.

In Fig. 16.46 the results that can be achieved with
storage as a grid component are illustrated. By profiling
the power demand it is possible to manage peak demand
using power stored during low utilization periods.

The values indicated by blue bars represent the dif-
ference of power provided by the storage equipment in
addition to the constrained utility value (black dotted
line). The light blue values correspond to the additional
power taken from the external grid for the compensation
of the energy extracted from the battery during peaks.

16.10.2 Renewable Energies
and the Hybrid Power Plant

The hybrid power plant consists of various producer
structures on a shared medium or low-voltage DC bus.
Near PV panels they can include generators driven
by ICE (internal combustion engine), where low-grade
heat is used for house or district heating (CHP) (com-
bined heat and power) ((8) in Fig. 16.45). The producers
can also be fuel cells (10) or other sources such as wind
generators (12). The different sources are interfaced
through dedicated power electronic converters (9), (11),
and (13) (as shown in Fig. 16.45). There are many more
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Fig. 16.46 Profiled power demand using storage (adapted from [16.46])

examples of hybrid plants with energy storage, where
the emissions of diesel generators can be strongly re-
duced due to the day-to-night shift principle based on
electrochemical storage [16.49].

16.10.3 UPS Technologies

Various types of uninterruptible power supplies systems
have been developed during the past decades, and they
currently exist on the market as highly standardized
products. In general, there are three different types of
arrangements [16.50].

Off-Line Topology
When the input mains supply is available, the load is
connected to it through a commutation device or switch.
The output switch commutates the load to the output of
the inverter when the input voltage disappears, and the
power is provided by the batteries. The system configu-
ration of an off-line UPS is shown in Fig. 16.47.

Switch

Out

Batteries

InverterBattery charger

In

Fig. 16.47 Off-line UPS

Line-Interactive Topology
When the input voltage is available, the load is con-
nected to it through an automatic voltage regulator
(AVR). This circuit filters and stabilizes the input volt-
age using passive components and, in many cases,
a controlled multi-tap variable-voltage autotransformer.
Similarly to the off-line circuit, the load is connected to
a battery powered inverter when the input supply fails.
The circuit is represented in Fig. 16.48.

The On-Line Double Conversion Topology
The input voltage is rectified and reconverted into alter-
nating current. This way, the output voltage waveform
is totally independent of the input. All mains distur-
bances are eliminated, and there is no transient time-
switching from the mains to the battery, as the output
is always powered by the inverter. In the event of over-
loads or other possible problems, this type of UPS has
an automatic bypass that ensures that the load is pow-

Switch

Out

Batteries

InverterBattery charger

In AVR

Fig. 16.48 Line-interactive UPS
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Out

Batteries

InverterPFC booster

In

Bypass

Fig. 16.49 On-line double conversion UPS

ered by switching it directly to the input. The on-line
double-conversion UPS has the disadvantage that the

power is continuously affected by rectifier and inverter
losses, resulting in a lower energy efficiency. The circuit
of the on-line double conversion UPS is represented in
Fig. 16.49.

For the off-line and line-interactive systems, the bat-
tery charger is generally realized with simpler diode
rectifiers. The distorted input current of this rectifier
circuit is only of a limited impact due to the fact that
for normal operating conditions, the input current corre-
sponds to the load current, and the fully charged battery
imposes a negligible rectifier current. For the on-line
double-conversion UPS, more sophisticated rectifier
circuits are used, such as so-called PFC (power fac-
tor corrected) rectifiers or active rectifiers with PWM
(pulse width modulated) conversion circuits with high
power factors or low THD (total harmonic distortion)
factors.

16.11 Examples of Large-Scale Energy Storage Plants

This section gives some examples of large-scale energy
storage facilities in different parts of the world. These
examples are a good illustration of the needs for lo-
cal storage capacities in the context of the change of
paradigm in electric power supply generally. Day-to-
night shifting functions of photovoltaic generation, also
assuming the reliable operation of the local distribu-
tion infrastructure, are the main motivations of these
new realizations. These new projects further play the
role of showcases for the fast-developing battery stor-
age technologies and industry, and also for the evolution
of classical techniques like the variable-speed pumped
storage with high-capacity power electronics in the
range of several hundred megawatt.

16.11.1 Nant-de-Drance, Switzerland

A variable-speed pumped storage plant is under con-
struction in the alpine region in western Switzerland.
The innovative plant is composed of six doubly-fed in-
duction motor generators, each of 150MW. The plant
has a capacity of 18 400MWh and a total rated power
of 900MW.

16.11.2 Hyundai and the Korea Zinc Energy
Storage System

Korea Zinc, a metals melting company, has ordered an
industrial energy storage system (ESS) to be installed
in Ulsan, Korea in a refinery. The project will be the
largest electrochemical battery system in the world and
was expected to be commissioned in February 2018.

The technology used is lithium-ion, and the rated power
is 150MW.

16.11.3 Hornsdale Power Reserve,
South Australia, Jamestown

A lithium-ion-based storage plant (Tesla Powerpack
Technology) is under construction in South Australia
and will be connected to the South Australian electri-
cal infrastructure. The plant is expected to be charged
from renewable energy sources and to support the grid
during peak hours, maintaining reliable operation of the
electrical infrastructure. The plant will provide up to
100MW peak power with a capacity of 129MWh.

16.11.4 NGK Sodium–Sulfur (Na–S) Battery

A large sodium–sulfur (Na–S) battery has been installed
in the village ofRokkasho,Aomori, Japan and is used for
the stabilization of a 51MWwind power plant. The plant
has a rated power of 34MW and can deliver the rated
value during 7 h (238MWh). The battery is charged at
night, when the power demand is low. The battery sup-
plies the national power grid; it has been in operation
since 2008.

16.11.5 Dalian VFB–UET/Rongke Power

A very large battery-storage plant is expected to be
built in the city of Dalian, China. The battery system
will be realized on the basis of vanadium redox flow-
battery arrays made up of ten (10�) 20MW=80MWh
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VFB units. The battery system will be connected to the
main grid of Liaoning Province, which has experienced
stress during extreme weather events. When completed
(200MW=800MWh), the storage facility will have the
capacity to peak-shave � 8% of Liaoning Province’s
expected peaking capacity in 2020. Further, the large-
scale battery will form an additional load center, which
will enhance grid stabilization including securing the
power supply and providing black-start capabilities in
the event of emergency.

16.11.6 Clear Creek Flywheel
Wind Farm Project

Ontario’s Hydro One Networks Inc. intends to realize
a 10-flywheel 5MW flywheel energy storage (FES) in-
stallation. The system will provide local power quality
support, by compensating real and reactive power flows
from a 20MW-wind farm technology.

16.11.7 Huntorf CAES Plant

The first commercial CAES plant is in operation since
1978 in Huntorf, Germany. The system is fed from
thermal and nuclear night-time power to compress and
inject the air into two caverns of 310 000m3 total vol-
ume. The 600m cavern depth ensures the air’s stability
through seasonal temperature changes, and guaran-
tees the specified maximum pressure of 100 bar. The
compression operation is characterized by a power of
60MW and lasts 12 h. The turbine operation allows the
power generation at 290MW during 3 h.

Additional Information and Exercises
Additional information and supplementary exercises re-
lating to this chapter can be found at https://go.sn.pub/
SHb_PowerSystems_Rufer_EnergyStorage.
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17. Power Quality

Oscar Lennerhag , Math Bollen

Power quality concerns the electrical interaction
(through voltages and currents) between the elec-
tricity grid and equipment connected to it. The
field of power quality is subdivided into different
types of disturbances, each of which represent one
specific deviation from the ideal voltage and/or
current. Section 17.1 will introduce the power-
quality field, including terminology and a brief
history. One of the disturbance types, waveform
distortion, or harmonics, is discussed in detail in
Sect. 17.2. Other types of disturbances are discussed
briefly in Sect. 17.3.
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17.1 Terminology of Power Quality

This section introduces some of the basic terminology
related to power quality and a brief historical introduc-
tion. The term power quality is commonly used in elec-
tric power system studies and it covers a range of phe-
nomena. Some of those phenomena will be discussed
in this chapter. For other phenomena and more details
on the phenomena described here, the reader is referred
to the extended literature on power quality. Some refer-
ence books on power quality include [17.1–4].

17.1.1 Origin of the Term Power Quality

A search in IEEE Xplore (19 February 2019) resulted
in 21 127 hits for the term power quality, 3732 of those
were journal papers and 100 were standards. Power
quality is a research field with a high amount of stan-
dards. This makes power quality a relatively large part

of applied research. A search on Google scholar (on the
same date) resulted in about 357 000 hits.

The term power quality was first mentioned in an
IEEE publication in June 1962 [17.5]: power quality
was mentioned as one of the most important parameters
for aerospace applications. The early papers on power
quality were mainly on aerospace applications. The first
use of the term power quality in its modern meaning
was in a paper by Alexander Kusko in 1967 [17.6].
The paper was appropriately named quality of electric
power and it introduced the voltage tolerance curve
for voltage dips and voltage swells that would become
widely used some 30 years later.

Although the term power quality only came into
use in the 1960s, the phenomena that are part of the
field have been studied for much longer. For example,
in a discussion at a meeting of the American Institution

© Springer Nature Singapore Pte Ltd. 2021
K.O. Papailiou (Ed.), Springer Handbook of Power Systems, Springer Handbooks, https://doi.org/10.1007/978-981-32-9938-2_17
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of Electrical Engineers in January 1899, reference was
made to the existence of higher harmonics [17.7].

The number of publications on power quality has
shown a steady growth since about 1995. This is in part
due to the general growth in the number of publications.
A comparison is therefore madewith the total number of
publications on power. Figure 17.1 shows the percent-
age of the publications on power that are about power
quality for each year between 1991 and 2017. The fig-
ure shows the appearance of power quality as a respected
research field between 1995 and 2000. Since the year
2000, about 2.5% of the papers on power are about
power quality. The value in the figure was obtained as
the ratio of the number of hits on power quality in IEEE
Xplore and the number of hits on power for each year.

Power quality concerns the (electrical) interaction
between the grid and equipment or installations con-
nected to it. Power quality is important for several of
the stakeholders in electric power systems. The impor-
tance for network customers (consumers, producers and
those that are both) is that voltage disturbances can
affect electrical equipment connected to the grid. The
importance for the network operator is somewhat more
complicated. Both current disturbances and voltage dis-
turbances can affect the grid and components in the
grid. Information on power quality is also important for
the network operator as feedback for investment deci-
sions. Under the regulatory regime in most countries,
the network operator is responsible for maintaining suf-
ficient power quality. The network operator in turn can
put requirements on the customers to be able to main-
tain sufficient power quality.

There are different definitions of power quality and
the reader is referred to the literature to find out more
about them. The authors use the term power quality as
a combination of voltage quality and current quality.
Voltage quality concerns deviation from the ideal volt-

age; current quality concerns deviations from the ideal
current.

In power-quality regulation, the general term qual-
ity of supply is used to describe how the electricity
grid affects the customer. A distinction is thereby made
in [17.8] between:

� Continuity of supply: availability of electricity;
short and long interruptions.� Voltage quality: the technical properties of the elec-
tricity, or (using the terminology in this chapter) all
other voltage disturbances apart from short and long
interruptions.� Commercial quality: the speed and accuracy with
which customer requests are handled.

A term commonly used in standardization is electro-
magnetic compatibility (often abbreviated as EMC). It
is defined [17.9] as the

ability of equipment or a system to function satis-
factorily in its electromagnetic environment with-
out introducing intolerable electromagnetic distur-
bances to anything in that environment.

Note that the terms voltage quality and current qual-
ity, that are part of our definition of power quality, are
embedded in this definition.

17.1.2 Disturbances and Interference

The earlier-mentioned deviations from ideal voltage or
current are referred to as disturbances: voltage distur-
bances and current disturbances, respectively. Based on
the kind of disturbance, different terms are used like
voltage dips, transients or even order harmonics. In
reality, there is no such thing as a pure voltage dis-
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turbance, or a pure current disturbance. Voltage and
current in the power system are strongly linked. For
some types of disturbances, like voltage dips, it is obvi-
ous from the name that it is mainly treated as a voltage
disturbance. For other types of disturbances, like har-
monics, both voltage and current are of interest.

A power quality disturbance is, as reasoned above,
any deviation from the ideal voltage or current wave-
form, magnitude or frequency.

Even if the deviation is very small, we refer to it
as a disturbance. The term is somewhat confusing be-
cause the disturbance does not actually have to disturb
anything. The interest in power quality is however in
disturbances that do have an adverse impact. This is
where we use the term interference.

Interference occurs when a power quality distur-
bance adversely affects equipment. This can be equip-
ment with end-users, but also equipment in the grid.
Examples of interference are:

� Equipment trips or mal-functions� Equipment suffers permanent damage immediately� Equipment suffers from loss-of-life.

Almost all the studies, measurements, standards and
regulation within power quality are related to voltage
or current disturbances. However, only the occurrence
of interference matters. The ultimate aim of all the work
on power quality should be to reduce the probability of
interference. In the IEC standards on electromagnetic
compatibility, this is formulated as guaranteeing a high
probability of electromagnetic compatibility.

17.1.3 Events and Variations

We saw earlier that power quality disturbances are devi-
ations from the ideal voltage or current. Not all power-
quality disturbances are treated equally, and a further
classification is needed to understand for example some
of the details of standardization and power-quality mon-
itoring. Based on the way they are treated, two groups
are distinguishable: power quality variations and power
quality events. This terminology is certainly not unique,
but the division in these two types of disturbances is
common in many works on power quality.

Variations, are slow and small deviations from the
ideal voltage or current. They can be measured at any
instant in time or over a pre-defined period.When one is
interested in the voltage magnitude (expressed typically
as the RMS voltage over a certain period), one has just
to go to a wall outlet (or to a voltage transformer in
the substation), connect a measurement instrument and
obtain the value.

Events, are sudden and large deviations from the
ideal voltage or current. To measure events, one has to
wait until one occurs. This requires some kind of trig-
gering mechanism.

One of the first documents that listed and described
power-quality disturbances is the European standard
defining voltage characteristics, EN 50160 [17.10]. The
list of disturbances below is largely based on that doc-
ument. The following types of variations (referred to as
continuous phenomena in EN 50160) are distinguished:

� Power frequency variations.� Supply voltage variations.� Flicker severity.� Supply voltage unbalance.� Harmonic voltage.� Interharmonic voltage.� Mains signaling voltage.

The following types of events are distinguished:

� Interruptions of the supply voltage.� Voltage dips.� Voltage swells.� Single rapid voltage changes.� Transient overvoltages.

Differences in terminology are a common feature of
power quality and despite several attempts to solve this,
the confusion remains. In this book, we will use a cer-
tain terminology, but we do not claim that this is the
correct or the best terminology. The reader is strongly
advised to be careful with terminology, check the mean-
ing of the terms used by others, and explain the used
terminology in their own documents. Where possible,
commonly used terminology is preferred, but even in
this case it is important to explain the meaning of the
terms, to avoid confusion.

The definition of variations and events distinguishes
between small and large deviations from the ideal.
There is no unique distinction between small and large
as per the sorites paradox [17.11] from the classical
Greek period. In power quality monitoring, this para-
dox is better known as the triggering problem and more
generally as what is normal?

The triggering problem is illustrated in Fig. 17.2.
This figure is obtained from a 28 day voltage mea-
surement in a medium-voltage grid. For every 1min
interval, the following two values are plotted (both ex-
pressed in percent of the nominal voltage)

max.V1cycle/�V1min (17.1)

min.V1cycle/�V1min ; (17.2)
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Fig. 17.2 Example of voltage variation
and possible thresholds. The different
colors refer to the three phase-to-
neutral voltages

where V1min is the RMS voltage over the 1min window;
max.V1cycle/ and min.V1cycle/ are the highest and lowest
1-cycle RMS voltages during the same 1min window.

Consider a hypothetical event that is triggered when
one or both values exceed, in absolute value, a cer-
tain threshold. As can be seen from the figure, the
number of such events detected depends strongly on
the threshold setting. For thresholds above 25% of the
nominal voltage, not a single event would be detected.
For thresholds below 1%, many events would be de-
tected. There is no correct or incorrect threshold setting,
although research is ongoing about how to optimize
between fail to detect and incorrect detection. Such
studies require detailed insight in the underlying event
behind the power-quality event and there is no obvious
solution to the triggering problem.

Note that the hypothetical event discussed here is
not among the standard list of power-quality events.
There are however strong similarities with voltage dips
(Sect. 17.3.1) and voltage swells (Sect. 17.3.2).

17.1.4 History of Power Quality

It was already mentioned before that the term power
quality was first used in aerospace engineering.
Through the years, power quality has seen several dif-
ferent drivers. Some of these had to do with certain
challenges that occurred. Sometimes, a new solution re-
sulted in renewed interest in power quality.

Some of the drivers for interest in power quality,
through the years, are listed here:

� HVDC (high voltage DC) links and large power-
electronic converters were a major source of har-
monic currents. Much of the work on harmonics

was developed to be able to study the connection
of such devices. The harmonic voltage limits in
IEEE 519 [17.12], including the fact that they are
frequency independent, can be traced back to the
connection of large power-electronic converters.� Arc furnaces and some other large industrial instal-
lations are a major source of fast voltage variations.
The main impact of this was light flicker, a phe-
nomenon that was common for candle light but
that was supposed to have disappeared with the
introduction of the incandescent lamp. Once elec-
trical motors were connected to the grid, voltage
drops occurred and light flicker reappeared. The
general electric flicker curve [17.13], developed in
the 1930s, allowed for a compromise where a cer-
tain level of fast voltage variations were allowed.
This curve later resulted in the flickermeter and IEC
61000-4-15 [17.14]. The work on fast voltage fluc-
tuations was driven not just by the need to connect
large arc furnaces, but also by the development of
the static var compensator (SVC) that allowed for
the mitigation of fast voltage variations without the
need to increase the fault level. The SVC was based
on the same technology as HVDC and large drives,
which were the drivers behind much of the work on
harmonics.� The widespread use of televisions in households
resulted in a significant source of harmonics at mil-
lions of locations in the grid. Cathode ray tubes
required a high DC voltage. A diode rectifier di-
rectly connected to the 220 or 120V supply was
used. The earliest television used a single diode,
with high second harmonic currents as a result.
Later designs, with four diodes, resulted in low-
order odd harmonics (3, 5, 7, etc.). All televisions
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had almost the same current waveform so that they
all together resulted in the typical television peak in
the early evenings for those harmonics.� Adjustable-speed drives and process control were,
upon their introduction in the 1990s, very sensitive
to voltage dips [17.15]. This resulted in a shift of
emphasis within power quality research from har-
monics to voltage dips, with many technical papers
and a number of textbooks produced as a result.
The same power electronics that has resulted in
HVDC and SVC were used to come up with a solu-
tion for voltage dips: the dynamic voltage restorer
(DVR) [17.16]. Many technical papers were written
on the DVR and on different control algorithms for
the DVR.� The availability of measurement instruments, data
storage and data processing allowed for much more
monitoring of the voltage and currents in the grid
than with traditional instruments like oscilloscopes
and multimeters. With more data becoming avail-
able, the need for data analysis appeared almost
immediately. Signal processing of power-quality
data became a major subject of publications. On the
standardization side, the IEC power-quality moni-
toring standard, IEC 61000-4-30 [17.17], resulted
from this.� Modern equipment contains almost exclusively
a power-electronic interface with the grid. Almost
all these devices inject harmonics or supraharmon-
ics into the grid. This is one of the reasons for the
recent increased interest in waveform distortion.� Distributed generation has resulted in a significant
increase in interest in power quality. Some types of
distributed generation are a source of disturbances,
e.g., voltage variations, unbalance and waveform
distortion. Distributed generation is also susceptible
to voltage disturbances at its terminals. The issue
that has received most attention in the literature and
among transmission system operators is the poten-
tial massive tripping of distributed generation. The
disturbances most studied in this context are fre-
quency variations and voltage dips. The term fault-
ride-through is commonly used in the literature.� The replacement of incandescent lamps with
compact fluorescent and LED (light emitting diode)
lamps triggered a concern about large increases in
harmonic distortion [17.18]. The concern did not
(yet) materialize [17.19–21], but certain aspects
remain unclear and the research is ongoing. It is for
example not clear why the modeling and measure-
ment results differ significantly. The introduction
of, especially, LED lamps has also resulted in
a renewed interest in light flicker.

17.1.5 Power Quality Standards
and Regulation

Compared to most other fields within electric power en-
gineering, power quality has a rather large number of
standards. Some of those standards are of a mere tech-
nical nature, but many of them are of a legal nature.
For the latter ones, the contents are still mainly techni-
cal, but the document defines obligations for different
stakeholders.

Before discussing standards and regulation, it is im-
portant to clarify the difference between standardization
and regulation. Standardization is a consensus process,
where the different stakeholders sit together and dis-
cuss different proposals to come to an agreement. It is
not always an agreement that everybody is happy with,
but all stakeholders at least accept the compromise. Be-
cause it is a consensus process, it is also difficult to
make changes to standards and an old standard could
stay in place because there is no agreement among the
stakeholders on a better version. For the same reason,
standardization is a slow process. Making even a small
change can easily take five years. However, despite that,
standards do change and before using a standard, it is
good to check the latest version.

Regulation on the other hand is not a consensus
process; the regulator gets certain powers under the
local law and that allows the regulator to set and/or
enforce certain detailed rules. In most countries, the
regulator will do this in close collaboration with the
different stakeholders. However, in the end the regula-
tor decides, whether the other stakeholders agree or not.
Within power quality, the regulation in most countries
is strongly related to national or international standards,
so that the general discussion on standardization below
also holds for regulation.

Where it concerns the detailed standardization for
different types of disturbances, standardization has
come a long way for long and short interruptions, for
slow voltage variations, harmonics, and fast voltage
variations that potentially result in light flicker. More
work is needed on voltage dips, interharmonics, supra-
harmonics, fast voltage variations not resulting in light
flicker, and on transients.

There are two different types of power-quality stan-
dards. The first type is those that define certain types
of disturbances, disturbance characteristics or measure-
ment methods. The IEC power-quality measurement
standard (IEC 61000-4-30 [17.17]) plays an important
role here. The second type are standards that define
acceptable limits. These can be limits for the net-
work operator, where EN 50160 [17.10] has become
the leading document, but also limits for installations
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or individual devices. A large number of IEC product
standards set performance requirements for individual
devices. Some standards set limits on emissions from
equipment, others set limits on the immunity of equip-
ment against voltage disturbances. A big challenge in
standardization is to ensure that there is a correct bal-
ance between emission and immunity requirements.

We will further discuss the different standards and
regulations together with the different types of distur-
bances in Sects. 17.2 and 17.3.

17.1.6 Limits and Interference

The difference between disturbance and interference
was discussed in Sect. 17.1.2. Next to that, a distinction
is often made between acceptable disturbance levels
and unacceptable disturbance levels. Whether the level
is acceptable or unacceptable is determined not by the
presence or absence of interference but by comparing
the level with a limit. For example, the voltage distor-
tion is considered unacceptable when the total harmonic
distortion (THD) is above a limit set in a standard or by
regulation.

The relations between exceeding the limit and oc-
currence of interference are shown in Fig. 17.3, where
all four combinations occur in reality. The top right
relates to cases where the limits are exceeded and
where equipment is adversely impacted (where there
is interference). This is why there are limits: to avoid
interference. The responsibility for the interference is
easy to allocate, it is with the one that exceeds the limit.
Cases that end up on the bottom left are also easy:
this is where the limits are not exceeded and where
everything works correctly, i.e., where there is no inter-
ference.

The other two blocks in the figure require some fur-
ther discussion and cases that end up here often result
in much discussion. For the block on the upper left,
interference occurs while none of the limits are ex-
ceeded. Researchers and others that want to promote
power quality often use cases like this to show that the
standards do not work or that the standards need to

Limits not exceeded Limits exceeded

Equipment
impacted

Equipment not
impacted

Investigation typically
triggered by the owner of
the equipment impacted

Everybody is happy

Measures are actually not
needed, but still often

required under regulation
or contracts

Measures have to be taken
by the network operator or

by the source of the emission

Fig. 17.3 Relations between inter-
ference and exceeding of acceptable
limits

be improved. This is an oversimplification. The aim of
standardization is to ensure a small probability of inter-
ference, at reasonable costs to society as a whole. As
long as cases like this are small in numbers, there is no
need for making changes in standardization. When the
number of cases increases, or is expected to increase,
changes are obviously needed. Even when individual
cases do not warrant changes in the standards, it re-
mains worthwhile to study such cases to learn more
about the different phenomena and about which specific
aspect or characteristic of a disturbance leads to inter-
ference. The occurrence of individual cases here may
also possibly indicate a larger number of cases in the
future.

The cases on the bottom right are the ones where
one or more limits are exceeded but there is no interfer-
ence. These should actually not be of any concern, as
there is no interference. When cases like this occur too
often, this could be an indication that the limits are too
strict. The stakeholder that is responsible for keeping
that limit may request for a lessening of the require-
ments. Two examples of this are:

� The regulator requirements on voltage are not ful-
filled, but no equipment is adversely impacted. In
that case, the question arises if the network operator
(the stakeholder responsible for the voltage under
the regulation) should take mitigation measures or
not. This differs between countries and there are ar-
guments to be given for both.� Requirements for the connection of wind power
plants often contain very strict conditions on har-
monic currents. Especially the ones on higher-order
even harmonics are hard to comply with in many
cases. However, the choice of those limits is more
based on existing levels many years ago than on
possible interference.

17.1.7 Power Quality Monitoring

There are different types of power-quality monitoring,
where the main difference is between short-duration
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manual measurements and long-duration automatic
measurements. The latter are ruled by IEC 61000-4-
30 [17.17], where so-called class A instruments are
preferred. Such instruments continuously perform two
types of calculations, related to variations and events
(Sect. 17.1.3).

For variations, a number of characteristics are cal-
culated and stored over pre-defined periods. Two simple
examples are:

� The frequency of the voltage is calculated every 10 s
from the number of zero crossings within the pre-
ceding 10 s interval.

� The voltage magnitude is calculated every 10min as
the RMS voltage over the preceding 10min interval.

To detect events, a number of characteristics are calcu-
lated continuously and compared with pre-set threshold
values. These characteristics are not stored, but once
a threshold is exceeded, an event is detected, and the
recording and characterization of the event is triggered.

A simple example: a voltage dip is detected when
the 1-cycle RMS voltage becomes lower than 90% of
the nominal voltage. Once the event is detected, single-
event characteristics are calculated from the voltage
and/or current waveform.

17.2 Harmonics

Harmonic distortion refers to components of the volt-
age or current at integer multiples of the fundamental
frequency. A distinction is typically made between even
harmonics, odd harmonics, and DC-components, where
DC-components are usually treated differently since
their consequences and measurement techniques differ.

A voltage or current waveform containing harmonic
distortion (i.e., a periodic but non-sinusoidal waveform)
can be decomposed into a sum of harmonic components
according to

v.t/D VDC C
N
X

hD1

p
2Vh sin.h!0tC �h/ : (17.3)

Harmonic distortion is typically presented in the form
of a harmonic spectrum, as is exemplified in Fig. 17.4,
for the voltage at the wall-outlet in a low-voltage in-
stallation. The bars represent individual harmonics,
expressed as percent of the fundamental.
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Fig. 17.4a,b Voltage waveform (a) and its corresponding harmonic spectrum (b). Measurement by Metrum PQSmart

17.2.1 Sources of Harmonics

Harmonics are mainly caused by non-linear loads, such
as variable speed drives, arc furnaces, computers, LED
lamps, etc. Other power system elements that present
a non-linear behavior include transformers and power
electronic devices in the grid such as FACTS (flexible
AC transmission system) and HVDC.

A non-linear device will draw a non-sinusoidal cur-
rent even when fed by a sinusoidal voltage. Figure 17.5
shows an example of the current drawn by a computer,
and its corresponding harmonic spectrum.

Different types of converters (e.g., single- or three-
phase, current or voltage source, passive or active)
behave differently with regard to the generation of
harmonics. Figure 17.6 shows the harmonic current
spectrum for a single- and three-phase DC current
source (diode rectifier), as well as the corresponding
mathematical expression for the generated harmonics,
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Fig. 17.8 Emission from three differ-
ent wind turbines; 95th percentile of
the 10min value of a period of one to
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where h is the harmonic order, IDC the DC current
and Ih the resulting harmonic current of order h [17.4].
A negative value means that the emission is in phase
opposition with the fundamental.

Figure 17.7 shows the current waveform and spec-
trum of a three-phase DC voltage source: a three-
phase diode rectifier powering an adjustable-speed
drive [17.22].

Modern types of power electronic converters used
e.g., in HVDC applications or wind farms utilize an
active switching scheme, which results in a less pre-
dictable spectrum compared to the spectrum of passive
diode rectifiers. While such modern devices perform
well regarding low-order harmonics, they instead act
as a source of high-frequency harmonics (also known
as supraharmonics). Figure 17.8 shows an example
of harmonic emission from three modern wind tur-
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Fig. 17.9a,b Current spectrum of a computer (DC voltage source) when connected to a clean (a) and a dirty supply (b)

bines [17.23]. When compared to IEEE 519 [17.12],
harmonic orders 36 and 40 are exceeded by some of
the turbines.

Impact of Background Distortion
and the Number of Devices

The emission from a non-linear device is affected by
the voltage distortion at its terminals. Figure 17.9 shows
a comparison of the current to a personal computer
when supplied from a clean supply and from a distorted
supply [17.24]. When it is fed by the distorted supply,
there is a reduction in harmonic currents, especially at
higher frequencies.

Similarly, the current emission per device will be re-
duced as more equipment (computers, televisions, etc.)
is added to the same node. Two examples are shown
in Fig. 17.10. In Fig. 17.10a, the current spectrum



Section
17.2

1180 17 Power Quality

3 5 7 9
Harmonic order

0

20

40

60

80

100
Current (%) Current (%)

3 5 7 9 11 13 15
Harmonic order

0

20

40

60

80

100
a) b)

Fig. 17.10a,b
Spectrum for 1,
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sions (a), and for an
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of computers (b)

for 1, 10 and 80 televisions is compared [17.24], and
in Fig. 17.10b, the current spectrum per computer is
shown for an increasing number of computers [17.25].

For active converters, the impact of voltage dis-
tortion on the emission is more complicated and the
emission can increase or decrease with increasing volt-
age distortion.

17.2.2 Impacts of Harmonics

Due to regulation and standardization harmonics are
typically not a problem for customers, but occasional
problems do occur, typically because of amplification
due to resonances. The consequences of high levels of
harmonic distortion include increased heating of trans-
formers, capacitors and rotating machines, malfunction
of electronic equipment that relies on detecting the volt-
age zero-crossing, unwanted operation of relays, etc.
The following sections describe some of the conse-
quences in more detail [17.4].

Transformers
For transformers, the main issue is heating, mainly due
to additional losses caused by harmonic currents. The
losses are not uniformly spread through the transformer,
which can lead to hot spots forming. The heating ef-
fect becomes more severe with increasing frequency.
Another consequence of harmonics in transformers is
audible noise.

Cables and Lines
Cables and lines are also impacted in the form of ad-
ditional heating, but the effect is not as pronounced as
for transformers. For cables, there is a risk of hot spots
forming in cable joints, especially in the case of higher
frequencies.

Neutral Conductors
The neutral conductor normally does not carry a signif-
icant current in a three-phase system. However, triplen
harmonics present in the phase conductors will add in
the neutral conductor. In some cases, this can lead to the
current in the neutral exceeding the phase current. Con-
sequently, there is a risk of overheating of the neutral
conductor, without the overload protection removing
the overload.

Electronic Equipment
Waveform distortion may cause a shift in the zero
crossing or multiple zero-crossings, which will affect
equipment that utilizes the voltage zero-crossing to de-
termine the phase-angle.

Indirect effects of waveform distortion on electric
equipment include e.g., malfunctions related to the cou-
pling of high-frequency distortion through the power
supply circuit.

Signaling
Waveform distortion may cause difficulties for signal-
ing, since the distortion may be confused with the
control signal. If passive filters are installed to mitigate
harmonics this may have the indirect consequence of
damping the control signals.

Telephone Interference
The inductive coupling of harmonic currents to tele-
phone lines may cause audible telephone interference.
A related issue is the appearance of audible noise on
hearing loops (audio induction loops).

Magnetic Fields
A consequence of harmonic currents are magnetic fields
at harmonic frequencies. The main magnetic field of
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three-phase lines at a certain distance from the line is
caused by the zero-sequence current, which is mainly
caused by triplen order (3, 9, 15, etc.) harmonic current.

Capacitors
High-frequency harmonic currents may cause overheat-
ing, fuse blowing and damage to capacitor banks.

Rotating Machines
Low-order harmonics may lead to the forming of hot
spots in rotating machines. Other effects include torque
oscillations and audible noise.

Insulation
A high crest factor (caused e.g., by notching or res-
onances causing amplification of certain harmonics)
leads to additional stress on insulation.

Protection
High harmonic distortion may cause incorrect operation
of relays; this is especially a concern for solid-state re-
lays.

Reactance-Earthed Networks
High harmonic distortion may cause detuning of Pe-
tersen coils, and may increase the earth-fault current.

Lighting and Other Electronics
The main impact on lighting is the destruction of the in-
put capacitor, caused by high harmonic distortion. It has
been shown recently that supraharmonics (in the range
from 2�150 kHz) can result in light flicker [17.26].

Digital Energy Meters
Digital energy meters may give incorrect values be-
cause of supraharmonics.

17.2.3 Spread of Harmonics

The flow of distorted currents will cause voltage distor-
tion throughout the network. In case of resonances the
distortion may be amplified, leading to high distortion
levels at nodes some distance away from the harmonic
source.

Harmonic studies may involve the calculation of
source and transfer impedances, or calculation of har-
monic distortion in the network. Several software pack-
ages for performing harmonic calculations are available
and a comprehensive source on network modeling for
harmonic studies can be found in [17.27].

A simple and often used approach to assess the volt-
age distortion caused by the emission from a certain
device is by modeling it as a current source. The system
impedance Zh is calculated for each harmonic order h

and Ohm’s law is used to calculate the voltage distor-
tion Vh

Vh D ZhIh : (17.4)

This model assumes that the current injection is inde-
pendent of the voltage. In reality, this is not the case,
but the model may still be acceptable depending on the
type of device that is being considered.

For modern sources of harmonic distortion, includ-
ing converters used in wind farms, etc., the pure current
source model is not suitable. Typically, a Thévenin or
Norton equivalent model is used instead, with different
values for the source and impedance, depending on the
operating point.

Harmonic Transfer Impedance
The harmonic transfer impedance relates the voltage at
a certain node with the current injected at another node.
It can be used to assess the voltage distortion at a remote
node following current injection at the local node, and
vice versa [17.28, 29]

Vh
r D Zh

srI
h
s : (17.5)

Here, r represents the receiving node, and s the send-
ing node. In case of several sources, the total harmonic
voltage at location r can be calculated using the super-
position principle

Vh
r D

N
X

iD1

Zh
irI

h
i : (17.6)

Study Domain
Harmonic studies are typically performed in the fre-
quency or time domain, depending on the purpose of
the study.

Frequency-domain methods are robust and allow for
a simple definition of harmonic sources, but non-linear
devices in the study have to be linearized. Typical ap-
plications include frequency scans in order to evaluate
resonances, filter design studies and harmonic propaga-
tion studies.

Time-domain methods allow for modeling of non-
linear devices in any level of detail and time-varying
properties, including power electronic converters and
their control. However, significant effort is often re-
quired to incorporate such models correctly, and time-
domain simulations can be computationally heavy.
Typical applications include studies involving trans-
former saturation and studies where detailed modeling
of power electronic converters is required.

More information on study domains can be found
in [17.27].
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Table 17.1 Harmonics and symmetrical components

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Positive sequence + + + + +
Negative sequence � � � � �
Zero sequence 0 0 0 0 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Positive sequence + + + + +
Negative sequence � � � � �
Zero sequence 0 0 0 0 0

Harmonics and Symmetrical Components
In the same way as for the fundamental frequency,
harmonics can be transformed into symmetrical compo-
nents. In a balanced system, each harmonic frequency
belongs to one of the sequences, as illustrated in Ta-
ble 17.1.

Special attention should be given to zero-sequence
harmonics due to the way they propagate in the system:

� Zero-sequence harmonics in the three phases will
add in the neutral conductor, which may lead to
overheating of the neutral.� Zero-sequence harmonics circulate in the delta
windings in transformers, meaning that they will
not propagate through the transformer. Thus, any 3rd

harmonic distortion originates locally.

Primary and Secondary Emission
When assessing the contribution of a device to the
harmonic distortion, a distinction should be made be-
tween primary emission, which refers to any emission
originating from the device itself, and secondary emis-
sion, which originates from outside of the device. The
concept of primary and secondary emission can be ex-
plained using Fig. 17.11 [17.28].

In this case, the primary emission is driven by the
current injected by J1, and the secondary emission is
driven by E2. It is not straightforward (or even possi-
ble, depending on the assumptions made) to distinguish
between primary and secondary emission through field
measurements alone.

Resonances
Resonances are often the cause of high harmonic dis-
tortion and interference.

I

+

J1 Z1

Z2

U

–

+

–

E2

Fig. 17.11 Primary and secondary emission. I: emission,
J1: internal emission, Z1: device impedance, Z2: grid
impedance, E2: background voltage

A parallel resonance is characterized by a large
impedance at the resonance frequency. If a parallel res-
onance is excited by a harmonic current, there is a risk
of significant voltage distortion, even for moderate lev-
els of current distortion. Consider a simple system
with source impedance L and shunt capacitance C. The
impedance seen from the harmonic source will be

Z.!/D j!L

1�!2LC
: (17.7)

At the resonance frequency, the impedance becomes in-
finite. The resonance frequency is determined by

fres D 1

2 
p
LC

: (17.8)

Figure 17.12 shows a typical parallel resonance circuit,
where a transformer is energized in the presence of a ca-
ble. The cable capacitance and source inductance form
a parallel resonance circuit, and the transformer acts as
a source of harmonic currents.

A series resonance is characterized by a small
impedance at the resonance frequency. Figure 17.13
shows an example of a series resonance circuit, which
consists of a transformer with a capacitance connected
to its secondary side. In case of high background dis-
tortion on the primary side of the transformer, this may
lead to high harmonic distortion on the secondary. The
relation between the voltage at the secondary side, Vsec,
and the primary side Vprim, is

Vsec.!/

Vprim.!/
D 1

1�!2LC
: (17.9)

Underground cable
with shunt reactor Equivalent source

C L
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Fig. 17.12 Parallel resonance circuit
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The impedance at the resonance frequency will de-
pend on the damping (series and shunt resistances in
the grid). However, the damping is typically not known,
especially at higher frequencies. Resonances are gener-
ally not a problem if the damping is high or if there is
no emission around the resonance frequency.

17.2.4 Mitigation of Harmonics

Harmonics can be mitigated by limiting the emission
from equipment, by the use of harmonic filters or by
strengthening the network. The latest developments fo-
cus on the use of power electronics and active filtering
to mitigate harmonics. A comprehensive source on har-
monic mitigation can be found in [17.30].

Passive Filters
Passive filters are cheaper and more commonly used
than active filters. A passive filter consists of a com-
bination of inductances, capacitances and resistances
arranged in specific ways to suppress certain harmon-
ics. There are several types of passive filters, with the
single-tuned notch type filter being the most common.
At the resonance frequency, the filter acts as a current
sink, meaning that all harmonic current passes through
the filter. The sharpness of the filter is determined by
its Q-value, where a high Q means it is sharply tuned
to a certain frequency and a low Q means it has a low
impedance over a wide range of frequencies. A filter
bank consists of a combination of filters, such as 5th
and 7th, 11th and 13th, and high-pass filters.

Active Filters
Active filters are power electronics-based devices that
aim to reduce the harmonic distortion through dedicated
control algorithms. The reduction can be achieved ei-
ther by compensating the harmonic currents or through
impedance shaping. Active filters are more flexible than

passive filters, but also more complicated and more ex-
pensive.

17.2.5 Harmonic Measurements

Harmonic measurements deal with the monitoring of
voltages and currents in the power system. Captured
voltages and currents are transformed into the fre-
quency domain and processed in order to obtain suitable
indices for quantifying the harmonic distortion.

IEC 61000-4-7 [17.31] and IEC 61000-4-30 [17.17]
provide guidelines for harmonic and interharmonic
measurements and instrumentation.

Measurement Transformers
In cases where a direct connection is not possible, mea-
surement transformers are used to provide a signal level
that is compatible with themeasurement equipment. Al-
though the behavior of measurement transducers at the
fundamental frequency is well-defined, their suitability
for measurements of higher frequencies may be limited.

Voltage Transformers. For low-voltage measure-
ments, it is possible to connect the measurement equip-
ment directly to the terminals. For measurements at
higher voltage levels, a voltage transformer is required.
There are several types of voltage transformers avail-
able, the most common being inductive voltage trans-
formers (IVTs) and capacitive voltage transformers
(CVTs).

IVTs are designed to have a mostly linear behav-
ior around the fundamental frequency. Due to their
construction, resonances between the winding induc-
tances and stray capacitances may introduce large phase
and magnitude errors at frequencies above the fun-
damental. Based on performed tests, IVTs applied in
medium voltage networks have been deemed suitable
up to 1 kHz (60% of the tested units manage to cover the
entire harmonic spectrum up to 2 kHz). However, this is
without consideration of requirements on the accuracy
of the measured phase angle. As the system voltage in-
creases, resonances may appear at lower frequencies,
and IVTs used for high voltage are deemed suitable
only up to a few 100Hz [17.32].

CVTs consist of a capacitive voltage divider (CVD)
and an electromagnetic unit (EMU). The CVD and the
EMU are tuned so that they are in resonance at the
fundamental frequency. This means that a small shift
in frequency will cause large errors in magnitude and
phase, with resonance frequencies as low as 200Hz re-
ported. Thus, CVTs are generally considered unsuitable
for measuring harmonics [17.32, 33]. There are ways
to improve the performance of CVTs for harmonic
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Fig. 17.15 Overview of the frequency
range of different current transformer
technologies

measurements, e.g., by utilizing current measurements
immediately after the LV capacitance and at the earth
connection.

Other types of voltage transformers include
CVDs, resistive voltage dividers (RVDs) and resistive-
capacitive voltage dividers (RCVDs). RVDs are im-
pacted regarding magnitude and phase above 800Hz.
CVDs and RCVDs are able to accurately monitor tran-
sients up to 1MHz or higher, meaning they are suitable
for harmonic measurements even in the supraharmonic
range. A summary of the suitability of different voltage
transformers is given in Fig. 17.14 [17.32].

Current Transformers. Inductive current transformers
with a toroidal and ferromagnetic core are most com-
monly used in the power system today. Their frequency

response is determined by the transformer inductances
and capacitances. While the capacitances may have
a significant effect on the measurements at high fre-
quencies, the impact is deemed negligible for the tra-
ditional harmonic range [17.32, 33]. In cases where
a DC-component may be present, air-gap current trans-
formers should be used to avoid offsets in the core
flux. Aside from inductive current transformers, there
are several other options, such as Rogowski coils or
optical current transformers. A summary of the suit-
ability of different current transformers is given in
Fig. 17.15 [17.32].

Signal Processing
After the signal has been sampled, a discrete Fourier
transform (DFT) is used to obtain the harmonic spec-
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trum of the sampled waveform. However, this process
results in different unavoidable artefacts.

Aliasing. When sampling an analogue signal with
a sampling frequency fs, the highest frequency compo-
nent in the digital signal will be equal to half of the
sampling frequency. This frequency is referred to as
the Nyquist frequency. Frequencies above the Nyquist
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Fig. 17.18a,b Fourier transform of 50Hz (red) and 350Hz (blue) signal with a window length of 20ms (a) and 200ms (b)

frequency in the sampled signal will appear in the
spectrum at lower frequencies. This is referred to as
aliasing.

Aliasing is mitigated by use of an anti-aliasing filter
(analogue low-pass filter) before the analogue-to-digital
converter (ADC).

Quantization Noise. When a continuous signal is
converted to its digital representation through an ADC,
a range of discrete values are used to represent the sig-
nal, as shown in Fig. 17.16. The difference between the
signal and its digital representation is called the quan-
tization error. This error will appear in the frequency
domain as a form of broadband noise.

Quantization noise can be reduced by utilizing
a higher bitrate in the A/D conversion or by using
a higher sampling frequency.

Spectral Leakage. When analyzing a continuous sig-
nal, only a small portion of the signal is observed. This
is done through a process referred to as windowing.
When a DFT is applied to a windowed signal, this will
result in leakage to frequencies other than the actual
frequency content of the signal. Consequently, it may
be difficult to distinguish actual and leaked frequency
components from each other. Spectral leakage can be
demonstrated by examining the Fourier transform of
a rectangular window, shown in Fig. 17.17.

The window length determines the width of the
main lobe. As an example, Fig. 17.18 shows the same
signal for window lengths of 20 and 200ms, respec-
tively. The signal consists of a 50Hz component and
a 350Hz component.

The impact of spectral leakage can be reduced by
choosing an appropriate window function. IEC pre-
scribes a rectangular window, but when analyzing in-
terharmonics, e.g., Hanning or Hamming windows may
be more appropriate.
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Fig. 17.19 Harmonic groups and sub-
groups as defined in IEC 61000-4-7

Quantifying Harmonic Distortion
IEC 61000-4-30 [17.17] prescribes the use of a 10 cycle
(200ms) window in a 50Hz system. After applying the
DFT, this results in a frequency spectrum with a res-
olution of about 5Hz (one tenth of the power-system
frequency). The results can be presented e.g., as the
absolute value of the harmonic components, or by ag-
gregating the harmonic components into groups.

Groups and Subgroups. For assessment of harmon-
ics, IEC 61000-4-30 [17.17] prescribes the use of
harmonic groups and subgroups, as defined in IEC
61000-4-7 [17.31]. An overview of the concept of har-
monic groups and subgroups is shown in Fig. 17.19 for
a 50Hz system, where n represents the harmonic or-
der [17.4].

Total Harmonic Distortion (THD). THD is commonly
used to quantify waveform distortion. It is defined as
the relative signal energy at frequencies other than the
fundamental

THD D
q

PH
hD2 V

2
h

V1
: (17.10)

Since THD is given in relation to the fundamental, care
should be used when evaluating current THD. As an

Table 17.2 IEEE 519: Current distortion limits for systems rated 120V through 69 kV

Maximum harmonic current distortion in percent of IL
Individual harmonic order (odd harmonics)a;b

ISC=IL 3 � h < 11 11 � h < 17 17 � h < 23 23 � h < 35 35 � h � 50 TDD
< 20c 4.0 2.0 1.5 0.6 0.3 5.0
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

Maximum harmonic current distortion in percent of IL
Individual harmonic order (odd harmonics)a;b

ISC=IL 3 � h < 11 11 � h < 17 17 � h < 23 23 � h < 35 35 � h � 50 TDD
< 20c 4.0 2.0 1.5 0.6 0.3 5.0
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

a Even harmonics are limited to 25% of the odd harmonic limits
b Current distortions that result in a DC offset are not allowed
c All power generation equipment is limited to these values of current distortion

alternative, total demand distortion (TDD) can be used,
which instead relates the distortion to the maximum or
rated current

TDD D
q

PH
hD2 I

2
h

I1; max
: (17.11)

17.2.6 Standards and Regulation

A distinction should be made between power-quality
standards that define types of disturbances, disturbance
characteristics or measurement methods, and those that
define acceptable limits.

IEC 61000-4-7 [17.31] defines measurement in-
strumentation for testing equipment against applicable
emission limits as well as for measurement of harmonic
voltages and currents in the power system.

IEC 61000-4-30 [17.17] defines measurement
methods and methods to interpret results for various
power quality parameters, including harmonics, flicker,
dips, etc.

IEEE 519 [17.12] provide recommendations for
voltage limits (applicable to the network operator) and
current limits (applicable to network users) referred to
the point of common coupling (PCC). As an exam-
ple, Table 17.2 presents the current distortion limits
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Fig. 17.20 Reference levels of harmonic current emission
for low-voltage equipment according to IEC 61000-3-2

given in IEEE 519 for systems rated 120V through
69 kV.

ISC refers to the maximum short-circuit current at
the PCC and IL the maximum demand load current at
the PCC under normal operating conditions.

IEC 61000-3-2 [17.34] specifies current emission
limits for equipment rated 
 16A per phase. An ex-
ample is given in Fig. 17.20.
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Fig. 17.21 Voltage distortion limits given in EN 50160 up
to 1 kV

EN 50160 [17.10] defines voltage distortion limits
that the network operator should comply with. Fig-
ure 17.21 presents the permissible harmonic levels
(given as percent of the fundamental) for voltages up
to 1 kV.

IEC 61000-2-4 [17.35] defines compatibility levels
for conducted disturbances in industrial installations in
the frequency range 0–9 kHz.

17.3 Other Power-Quality Disturbances

17.3.1 Voltage Dips

Voltage dips are short duration reductions in voltage
magnitude. Different documents give different values
for the range of durations and residual voltage of a volt-
age dip. Generally, a drop below 90% of the nominal
voltage for up to about a minute is considered a voltage
dip.

Description and Characterization
Voltage dips are, in standards, described by two single-
event characteristics: residual voltage (dip magnitude)
and dip duration. These two characteristics are defined
in IEC 61000-4-30 [17.17] and in IEEE 1564 [17.36]:

� The dip duration is defined as the length of time dur-
ing which the 1-cycle RMS voltage is less than the
voltage-dip threshold in at least one of the measure-
ment channels.� The residual voltage is defined as the lowest 1-cycle
RMS voltage in any of the measurement channels.

Next to the standard characteristics, a number of addi-
tional single event characteristics have been discussed
in the scientific literature. Most emphasis has been on

three-phase unbalance, where an early classification in
dip types [17.37] still receives a lot of attention. Phase-
angle jump [17.38, 39] and point-on-wave [17.40] have
been discussed in the literature by different authors as
well.

It was mentioned before that different documents
give different values for the range of duration and resid-
ual voltage of voltage dips. When one of these single-
event characteristics is beyond the indicated range, the
disturbance should strictly speaking not be referred to
as a voltage dip. There is, however, no reason for a hard
limit and the same disturbance may be referred to in
different ways. The different types of disturbances, in
relation to voltage dips, are summarized in Fig. 17.22
as a function of residual voltage and duration.

Origins and Impacts
Voltage dips are due to short-duration increases in cur-
rent magnitude, typically at another location than where
the dip ismeasured. Themain causes of voltage dips are:

� High currents during short-circuits and earth faults.� High currents during transformer energizing.� High currents during motor start or start of other
equipment with a high starting current.
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The drops in voltage due to high currents with capaci-
tor energizing could also be treated as voltage dips, but
these events are generally considered as voltage tran-
sients and not as dips.

A number of different aspects of voltage dips have
a direct impact on the performance of equipment con-
nected to the grid:

� The actual drop in voltage results in a reduced energy
flow between the grid and the device. For consump-
tion equipment, this results in a shortage of energy,
leading, for example, to a drop in speed for an elec-
trical motor. For production equipment, it results in
a surplus of energy with the device connected to the
grid. This same disruption of the energy flow results
in angular instability after a fault.
This impact of the voltage dip is most severe for
balanced dips (due to three-phase faults) and is de-
pendent on both residual voltage and duration.� The change in magnitude and phase angle of the
voltage at the start of the dip affects the operation of
equipment. For example, high currents on the rotor-
side of the converter with a double-fed induction
generator.
Not only the residual voltage (the drop in voltage)
is of importance here, but also the phase-angle jump
and the point-on-wave of dip starting.� The unbalance or distortion during the dip affects
the operation of equipment. High current unbalance
and overcurrent through diode rectifiers could result
in tripping of the rectifier. High harmonic voltage
distortion (for a dip due to transformer energizing)
could affect the control system of large converters.

To quantify this kind of impact, additional charac-
teristics are needed, like type of unbalanced dip or
the spectrum of the voltage during the dip.� The change in magnitude and phase angle of the
voltage at the end of the dip affects the operation
of equipment. Many grid-connected devices contain
a capacitor, on the AC side, or the DC side, or both.
The sudden rise in voltage at the end of the dip gives
a high inrush current that could result in tripping of
fuses or overcurrent protection.
Additional characteristics like point-on-wave of dip
ending, phase-angle jump, and the details of the
voltage recovery are also important in quantifying
this impact [17.41].

All of these impacts can result in tripping of the device
or otherwise malfunctioning. In industrial installations,
this can easily result in an interruption of a complicated
production process. Such a process can take a long time
to restart; a voltage dip as short as 100ms can result in
several hours of lost production.

Repetitive dips can result in long-term equipment
damage. The overcurrent for each individual dip may
not lead to the device tripping, but many of them over
a longer period cause damage to the device.

Standards and Regulation
There is no consistent set of standards or regulation for
voltage dips, but some individual standards do exist.

Methods for immunity testing are defined in IEC
61000-4-11 [17.42], IEC 61000-4-34 [17.43] and
IEEE 1668 [17.44]. The IEC standards only define tests
for unbalance dips; the IEEE standard also includes
tests for balanced dips. The definition of residual volt-
age and duration in IEC 61000-4-30 [17.17] and IEEE
1564 [17.36] is however only relevant for balanced dips.

Immunity requirements are part of some IEC prod-
uct standards, like IEC 61800-3 [17.45] for adjustable-
speed drives. For equipment without immunity require-
ments in a specific product standard setting, the generic
immunity standards IEC 61000-6-1 [17.46] and IEC
61000-6-2 [17.47] hold. The immunity requirements
aim at avoiding damage to equipment, not to ensure that
equipment remains connected to the grid during a volt-
age dip.

Some industry standards contain immunity require-
ments for equipment as well. The ones published by
ITIC and SEMI are the ones most commonly used and
cited. A general discussion on immunity of equipment
and installations against voltage dips has been pub-
lished by an international group of experts [17.48].

Voltage-dip regulation is based on the definition of
a responsibility-sharing curve in the voltage-duration
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ity curve) recommended by the Council of European En-
ergy Regulators

plane. An example is shown in Fig. 17.23. The customer
or owner of the installation is responsible for dips above
the curve; the network operator is responsible for dips
below the curve. The responsibility does in this case
not imply that the network operator is responsible for
all costs and consequences of dips below the curve. In-
stead, a regulatory agency can put limits on the number
of dips below the curve. Hence the use of the term in-
dicative compatibility curve as a synonym. The curve
shown in Fig. 17.23 is the one recommended by the
European energy regulators [17.49]. Voltage-dip regu-
lation is in place in a few countries only, where different
countries use different responsibility-sharing curves,
and with significant differences in the regulations.

Trends and Unsolved Issues
An important reason for continued interest in voltage
dips is the susceptibility of production units to voltage
dips. A serious concern for transmission-system opera-
tors is the potential mass tripping of production units
due to a voltage dip. A serious fault at transmission
level could result in the tripping of production units
over a large geographical area. The resulting shortage
of production could cause frequency, voltage and/or
angular instability of the transmission system. Instead
of voltage dip immunity, the term fault-ride-through
requirements is often used. The basic phenomenon
remains the voltage dip at the terminals of the produc-
tion unit. The main interest in literature has been on
the fault-ride-through of wind turbines [17.50, 51], but
more recently also photovoltaic (PV) installations have
received attention [17.52].

Voltage dips remain an important issue for industrial
installations. In the scientific literature, there is only
limited interest in the impact of voltage dips on indus-
trial equipment and installations. After a large number

of publications on this subject up to about 2005, interest
in the subject diminished. Modern industrial equipment
is often of another type than that of 20 years ago (with
active front end instead of diode rectifier) and it may
react differently to voltage dips.

The definition of additional characteristics for volt-
age dips remains of interest for research and for stan-
dardization. The next step in standardization, after
residual voltage and dip duration, is likely to be unbal-
ance (often referred to as dip type), and phase-angle-
jump. Standard methods for defining point-on-wave re-
quire a serious amount of further development [17.53].

The treatment of large amounts of voltage-dip data
is another emerging subject. Some work was also done
here up to 2005, but recently, research has been taken
up again [17.54]. Both the availability of increasing
amounts of data (big data) and a new generation of al-
gorithms (deep learning) have contributed to this.

17.3.2 Voltage Swells

Voltage swells are short-duration increases in volt-
age magnitude. Swell durations are up to about 1min.
A voltage exceeding 110% of nominal is generally con-
sidered a voltage swell.

Description and Characterization
Voltage swells are characterized by two single-
event characteristics, both defined in IEC 61000-4-
30 [17.17]: maximum swell voltage and swell duration.
The definition of these characteristics is very similar to
the definition of dip characteristics.

The definitions of swell and dip in IEC 61000-4-30
are such that the same event can be classed as a dip and
as a swell. That occurs with a three-phase measurement
when one of the phase-to-neutral voltages is above the
swell threshold and another one below the dip thresh-
old. Such events can occur due to single-phase faults.

Origins and Impacts
Voltage swells are often presented as the opposite phe-
nomenon to voltage dips. That is an oversimplification
as there are differences in both the origin and impact
of the two phenomena. A number of causes for voltage
swells can be distinguished:

� A single-phase fault can result in a voltage rise in
the non-faulted phases. The severity of the voltage
rise depends on the location of the fault and on
the ratio between zero and positive-sequence source
impedance. There is also a significant difference
here, depending on the system grounding at the volt-
age level where the fault occurs.
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� The starting of a large single-phase load can result
in a voltage rise in the other two phases. Like with
swells due to single-phase faults, the voltage rise
increases for an increasing ratio between zero and
the positive-sequence impedance. These swells are
of lower magnitude (less voltage rise) than the first
kind, but they are of longer duration.� The sudden loss of a large load will result in a volt-
age rise. When the loss of load occurs in the low
or medium-voltage network, the voltage rise will
be long term. In that case the phenomenon is more
typically referred to as a (long-duration or sus-
tained) overvoltage. When the loss of load occurs at
a higher voltage level, the on-load tap-changer will
bring the voltage back to within its normal range.
As a result, the customers will see a voltage rise of
a few minutes’ duration.� A broken neutral conductor can, under some con-
ditions, result in an overvoltage over the terminals
of single-phase connected low-voltage equipment.
These overvoltages can be high, up to the line
voltage (170% of the normal voltage) resulting in
permanent damage to the equipment. The broken
conductor can result in overvoltage or in undervolt-
age depending on the load balancing between the
three phases [17.55].� Making an incorrect connection in the low-voltage
network could expose end-user equipment to the
line voltage. This will almost immediately result in
permanent damage to end-user equipment.

As was mentioned before, the system grounding plays
an important role in the occurrence of voltage swells
during single-phase faults. Two types of grounding
should be distinguished here: solid grounding versus
all methods where there is some kind of impedance be-
tween the neutral and ground. The latter aims at limiting
the fault current, but a consequence is the occurrence of
voltages up to about 180% in the non-faulted phases.
Those voltages occur only between phase and ground,
not between the phases. Equipment connected to such
a system will either be connected phase-to-phase or
through a delta-wye-connected transformer. In both
cases, the equipment will experience at most a minor
dip or swell during the fault.

High voltage in the non-faulted phases also oc-
curs in solidly grounded systems. For locations further
away from the transformer, the zero-sequence source
impedance becomes significantly bigger than the posi-
tive-sequence one. The result is that the voltage in the
non-faulted phases rise during a single-phase-to-ground
fault. Equipment, which is typically connected phase-to-
neutral in such a system, will be exposed to this voltage
rise. In other words, the equipment experiences a swell.

Standards and Regulation
There are limited standards on the immunity of equip-
ment against voltage swells. The ITIC curve includes
a part on voltage swells, but no IEC standards set any
requirements.

The power-quality regulation in Sweden defines two
responsibility-sharing curves for voltage swells in low-
voltage networks.

Trends and Unsolved Issues
There is very limited research work going on about volt-
age swells. The general rise of the voltage magnitude
with an increased connection of small-scale photo-
voltaics could result in an increased number of voltage
swells. Insufficient data is available to know if this
would be a serious concern.

There is also some interest in voltage swells, be-
cause of the overvoltage ride-through requirements for
production units in some countries.

17.3.3 Long Interruptions

Long interruptions are characterized by the complete
absence of voltage for more than a few minutes.

Description and Characterization
Long interruptions are a concern for all customers con-
nected to the grid. The statistical properties of long
interruptions are discussed within the field power sys-
tem reliability and details of this can be found in some
of the textbooks on reliability [17.56–58].

Long interruptions are not commonly treated as
a power quality issue. In fact, the terminology used by
the European energy regulators distinguishes between
continuity of supply (long and short interruptions) and
voltage quality (all other voltage disturbances).

Long interruptions are characterized through their
duration. This duration is defined in the IEC
power quality measurements standard, IEC 61000-4-
30, [17.17] as the time that the one-cycle RMS voltage
is below the interruption threshold (for example 10%
of the nominal voltage). For reliability statistics, and
in regulation, the duration of an interruption is defined
more commonly as the time elapsed between the open-
ing and closing of an interrupting device.

Statistics on long interruptions are gathered by most
network operators, either for internal use or on re-
quest of the regulator. What is reported and published
are typically only a small number of system indices.
These are defined in IEEE 1366 [17.59]; the ones most
commonly used are SAIFI (system average interrup-
tion frequency index) (also known as interruption fre-
quency), SAIDI (system average interruption duration
index) (unavailability) and CAIDI (customer average
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interruption duration index) (average interruption du-
ration). Such average values are a suitable performance
index for the network as a whole but have limited value
for individual customers. Few network operators pub-
lish data on the number of interruptions experienced by
individual customers.

Standards and Regulations
Many countries have limits on the number and dura-
tion of long interruptions. An up-to-date overview on
this is produced every few years by the Council of Eu-
ropean Energy Regulators (CEER) [17.8]. For details,
the reader is referred to those reports. Different types
of standards and regulations are used in different coun-
tries:

� Limits on system indices (SAIFI, SAIDI). These are
typically used as a quality adjustment to the tariffs
that the network operator is allowed to charge to its
customers. A minor adjustment in tariff can result in
a large change in the financial result of the company.
Such quality adjustments are thus an important reg-
ulatory instrument.� Limits on the number or duration of interruptions
for individual customers. The enforcement could be
in the form of compensation that the network oper-
ators have to pay to the impacted customers.

Trends and Unsolved Issues
Regulation and gathering of statistics on long interrup-
tions considers them as events with a sudden start and
a sudden end. Details of the start or end of an inter-
ruption are not considered in the statistics or in the
regulations. Measurements show large differences be-
tween interruptions in the way the voltage disappears
and the way in which the voltage recovers when the sup-
ply is reconnected. The start of the interruption could
be due to a fault followed by protection clearing. The
customer will experience a dip followed by a com-
plete disappearance of the voltage. A large part of the
different dip characteristics discussed in the literature
(Sect. 17.3.1) will also apply here.

When an interruption is due to an incorrect tripping
of the protection, or due to manual switching, the volt-
age will disappear immediately. Several measurements
show transient overvoltages during the start of such an
interruption. The impact of this on equipment has never
been systematically studied. The increased presence of
small-scale production units (specifically solar power)
has put this subject on the agenda again. The emphasis
in the research is very much on methods to avoid un-
controlled island operation, not on the potential impact
on equipment connected to the uncontrolled island.

When the voltage recovers, this can occur suddenly,
it can occur slowly, or there can be oscillations after
the interruptions for a while. A specifically compli-
cated and potentially disruptive case is the saturation of
transformers due to the voltage recovery. This results in
high levels of harmonic voltage distortion. Especially
for unloaded transformers the distortion can continue
for several seconds. Harmonic resonances could further
amplify the voltage distortion resulting in temporary
overvoltages.

17.3.4 Short Interruptions

Short interruptions (momentary interruptions in many
publications and in IEEE documents) are events during
which the voltage has completely disappeared for a few
minutes.

Description and Characterization
The term short interruption or momentary interruption
refers to interruptions with a duration of a few minutes.
There is no difference in the start (or cause) of short
and long interruptions. The difference is in the speed
with which the supply is restored. With short interrup-
tions, the restoration is typically automatic, whereas it
is manual with long interruptions.

In some countries, the term transient interruption
is used for durations of a few seconds or less. The ter-
minology used within IEEE is rather confusing, with
different standards using different terms. In an impor-
tant power-quality standard, IEEE 1159 [17.60], the
following terms are used:

� Momentary interruption: up to 3 s� Temporary interruption: between 3 s and 1min� Sustained interruption: longer than 1min.

The standard that defines reliability indices, IEEE
1366 [17.59], defines a momentary interruption as an
interruption with a duration up to 5min. Interruptions
lasting longer than 5min are sustained interruptions. In
most European countries, any interruption with a dura-
tion longer than 3min is a long interruption; a duration
lasting up to 3min is a short interruption.

Following the IEC power-quality monitoring stan-
dard, IEC 61000-4-30 [17.17], an event should only be
called an interruption when all three voltages are be-
low the interruption threshold. An event with only one
or two voltages below that threshold would be classed
as either a voltage dip or an undervoltage. In regula-
tion, an event might be considered as an interruption
already when one of the voltages is below the thresh-
old.



Section
17.3

1192 17 Power Quality

Number of short interruptions
60

50

40

30

20

10

0
50403020100

Number of long interruptions

Fig. 17.24
Correlation between
number of long
interruptions and
number of short
interruptions for
about 100 000 low-
voltage customers
connected to
a Swedish network
operator

Origins and Impacts
Short interruptions are a concern for industrial cus-
tomers and for some domestic customers. The impact
is in between the impact of a voltage dip and the impact
of a long interruption.

The impact of a short interruption is in almost all
cases less than the impact of a long interruption. Auto-
matic (fast) restoration is thus generally an improvement
compared to manual (or slow) restoration. Automatic
reclosing is however combined typically with so-called
fuse-saving. This combination results in a reduction of
the number of long interruptions and an increase in the
number of short interruptions. The total number of (short
and long) interruptions increases, however.When the im-
pact (economic consequences) of a short interruption is
much less than for a long interruption, such a scheme is
an improvement. When the impact is about similar, it is
a deterioration. The latter is the case for many industrial
installations. The appropriateness of such schemes has
therefore been under discussion for many years.

Standards and Regulation
There are limited requirements in standards and regula-
tion on the number and duration of short interruptions.
Some countries require network operators to report the
number of short interruptions. Like with long interrup-
tions, statistics can be averages over all customers or
data at the individual customer level. In Sweden, net-
work operators have to provide data on the number of
short and long interruptions for each individual cus-
tomer. This data has been used in [17.61] to obtain the
required density of monitoring to estimate high-order
statistics.

Some further statistics are shown in Figs. 17.24
and 17.25. Both figures are based on the number of in-
terruptions for about 100 000 individual customers with
a network operator in the middle of Sweden. The former
figure shows that there is very little correlation between
the number of short interruptions and the number of
long interruptions for individual customers. Regulation
of long interruptions does thus not automatically result
in a reduction of the number of short interruptions as
well. Figure 17.25 shows that the number of short inter-
ruptions varies a lot between individual customers, even
when they are in a limited geographical area (in this
case, connected to the same network operator). The av-
erage number of short interruptions over all customers
was 5.1 for that year. However, almost all customers
experienced a different number, with some experienc-
ing only one or two and some experiencing 10 or more
short interruptions. The average number of short in-
terruptions does not provide any information for the
number of short interruptions experienced by an indi-
vidual customer.

Trends and Unresolved Issues
There is limited interest for short interruptions in reg-
ulation and in research. Short interruptions are mainly
an issue for remote rural customers. The average num-
ber of short interruptions that customers experience is
small, but some customers can experience several tens
of them per year, which would be a serious issue for
those customers. See [17.61] for a discussion of some
statistics about short interruptions.

An unresolved issue is the impact of multiple short
interruptions on equipment. There have been consistent



17.3 Other Power-Quality Disturbances 1193
Section

17.3

Percentage of customers
9

8

7

6

5

4

3

2

1

0
9080706050403020100

Number of interruptions

Fig. 17.25 Density function of the
number of interruptions for customers
connected to a Swedish network
operator

(mainly oral) reports of equipment damage due to the
occurrence of two short interruptions briefly after each
other, for example as part of a non-successful auto-re-
closing sequence. There has never been a systematic
study to find out if there is an increased probability of
equipment damage because of a second short interrup-
tion.

A related issue is the impact of transient interrup-
tions (with a duration of less than a few seconds) on
equipment. Regulation on the number and duration of
short interruptions could result in an increase in the
number of transient interruptions. This could actually
result in an increased impact on end-user equipment,
especially in an increased number of cases where equip-
ment is damaged.

17.3.5 Transients

Description and Characterization
Transients are large and sudden deviations from the
ideal voltage lasting less than one cycle of the power-
system frequency. The term transients covers a range of
phenomena and several different classification schemes
for transients have been introduced. None of these
schemes has reached broad acceptance.

A list of possible characteristics for transients is
given in an informative annex with IEC 61000-4-
30 [17.17]. The standard does not give any definition or
guidance on how to calculate the values of these indices.
Although many power-quality monitors detect, record,
and characterize transients, there is no commonly ac-
cepted standard method for this. A consequence of this
is for example that there is limited data available on
voltage transients. Another consequence is that the sub-
ject is not part of any regulatory document. This results

in no pressure or incentives to develop standard charac-
terization methods.

Origins and Impacts
Three major types of transients can be distinguished,
based on their origin:

� Normal switching transients, where capacitor ener-
gizing gives the most severe transient. Peak voltages
during normal switching transients are up to about
180% of the nominal peak voltage (square root of
two times the nominal RMS voltage). Higher peak
voltages can occur when other capacitor banks are
located nearby.� Abnormal switching transients are associated with
phenomena like pre-strike, restrike and current
chopping. Oscillations of high amplitude and
high frequency occur close to the element be-
ing switched. This is especially a concern for the
switching elements and the subject of several books
on switching transients [17.62–65]� Lightning transients cause the highest voltage mag-
nitudes, up to megavolts where the lighting strikes.

The impact of transients depends strongly on the kind
of transient, in terms of duration, frequency, and mag-
nitude. Switching transients are some concern for in-
dustrial customers. Transient overvoltages are a serious
concern for low-voltage customers, especially those
supplied from overhead distribution lines.

Standards and Regulation
A range of standards exists that define the testing of
equipment against switching and lighting overvoltages,
e.g., IEC 60060-1 [17.66].
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Trends and Unsolved Issues
The replacement of overhead transmission lines by
underground cables will result in lower resonance fre-
quencies of the transmission grid. Operational states
with high amounts of renewable electricity production
(and hence less conventional production connected to
the transmission grid) will also result in lower reso-
nance frequencies than traditionally occur.

The main unresolved issue is the lack of standards
or commonly-acceptedmethods for characterizing tran-
sients.

17.3.6 Interharmonics

Description and Characterization
The term interharmonics refers to frequency compo-
nents that are not an integer multiple of the power-
system frequency, e.g., 170Hz in a 50Hz system.

Origins and Impacts
Sources of interharmonics include cyclo-converters and
other frequency converters, arc furnaces, power elec-
tronic converters used for solar or wind power, etc.
Mechanisms for the origin of interharmonics are often
complicated, but the case of frequency conversion iswell
understood. When two systems with different operating
frequencies are connected to each other, interharmonics
can occur on both sides of the frequency converter.

In the case of wind power, conversion from the tur-
bine-side frequency fin to the power-system frequency
fout results in the generation of additional frequency
components. The generated harmonics by a wind tur-
bine with a 6-pulse rectifier on the turbine side together
with a voltage source converter (VSC) on the grid side
can be described by [17.67]

f D 6kfin ˙ .6n˙ 1/fout : (17.12)

Table 17.3 shows the resulting frequency components
for a selection of values of k and n.

As can be seen, the generated interharmonics will
appear in pairs, which is exemplified in Fig. 17.26
and which was verified through measurements at the
terminals of a wind-turbine transformer in [17.67].
The turbine-side frequency was varied, and the power-
system frequency was kept constant at 50Hz.

Several of the impacts of interharmonics are similar
to those of harmonics, including e.g., additional heat-
ing of components. Other consequences include light
flicker and interference with power-line communica-
tions.

Standards and Regulation
IEC 61000-4-7 [17.31] and IEC 61000-4-30 [17.17]
define measurement instrumentation and methods for

Table 17.3 Example of generated frequency components
for k D 1, 2, 3 and n D 0, 1

n D 0 n D 1
k D 1 6fin ˙ fout 6fin ˙ 5fout 6fin ˙ 7fout
k D 2 12fin ˙ fout 12fin ˙ 5fout 12fin ˙ 7fout
k D 3 18fin ˙ fout 18fin ˙ 5fout 18fin ˙ 7fout

n D 0 n D 1
k D 1 6fin ˙ fout 6fin ˙ 5fout 6fin ˙ 7fout
k D 2 12fin ˙ fout 12fin ˙ 5fout 12fin ˙ 7fout
k D 3 18fin ˙ fout 18fin ˙ 5fout 18fin ˙ 7fout
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Fig. 17.26 Correlation between interharmonic frequencies

measuring interharmonics. A similar aggregation into
groups and subgroups is defined for interharmonics as
for harmonics.

With regards to standardization, there is no consen-
sus on interharmonic limits. Some standards such as
IEEE 519 [17.12] suggests interharmonic limits with
the goal of preventing light flicker, but only in the range
0–120Hz.

Trends and Unsolved Issues
While the traditional interharmonic sources are well un-
derstood, there is a lack of understanding of modern
sources of interharmonics. Little is also known about
existing levels of interharmonics, and it is unclear what
levels would be acceptable.

There is ongoing research on light flicker in modern
types of lighting, one potential cause being interhar-
monics above 100 or 120Hz [17.68].

17.3.7 Supraharmonics

Supraharmonics refer to waveform distortion in the fre-
quency range of 2–150kHz.

Description and Characterization
Fig. 17.27 shows the current waveform of a modern
television and Fig. 17.28 shows the corresponding cur-
rent spectrum [17.69]. Emission can be seen up to
around 70 kHz.
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Fig. 17.28a–c Current spectrum of a modern television,
showing harmonics (a), and supraharmonics (b,c)

Origins and Impacts
The main sources of supraharmonics are power-
electronic converters (active or passive) and transmit-
ters used for power-line communication. Several studies
have been done on emission from new types of equip-
ment, including LED lamps, PV inverters and wind tur-
bines [17.69–71]. It was found that while there is a re-
duction of low-order harmonics, there is instead emis-
sion at higher frequencies. It was further shown that
a substantial amount of devices emit supraharmonics.

Similarly for harmonics, resonances play an impor-
tant part in the propagation of supraharmonics. A well-
known example concerns the Eagle-Pass HVDC light
installation where 13–40% of the fundamental voltage
could be seen at 12.4 kHz (approx. 10 times the switch-
ing frequency) due to resonance conditions [17.72]. The

propagation of supraharmonics has been studied e.g.,
in [17.73] and [17.74], where it was found that the
current is mainly flowing between devices, rather than
towards the grid.

Several cases of interference due to supraharmonics
can be found in the literature, including e.g., [17.75]:

� Interference with power-line communication� Interference with electrical equipment, such as light
dimmers or medical equipment� Audible noise

Many more cases have been reported informally that
never appear in the technical literature.

Standards and Regulation
While some standards exist already, EN50065-1 [17.76]
and IEC 61000-3-8 [17.77] for power-line communi-
cation, IEC 61000-2-2 [17.78] for compatibility levels,
IEC 61000-4-19 [17.79] for certain immunity require-
ments, there is no accepted framework covering the en-
tire supraharmonic range. Work is ongoing within the
IEC, IEEE and CENELEC to develop standards, includ-
ing limits, compatibility levels and test methods.

Trends and Unsolved Issues
There are several gaps in the understanding of the ori-
gin and spread of supraharmonics, but due to needs
for standardization and an increase in emission, the
supraharmonic range has gained significant attention by
researchers. One of the driving factors is that the supra-
harmonic range coincides with the frequencies used for
power-line communication.

The impact of supraharmonics on equipment need
to be studied further, and there is a need for models that
are suitable for the supraharmonic range.

Measurements in the supraharmonic range are not
trivial; they require measurement transducers and mea-
surement equipment with a high accuracy for both
amplitude and phase angle over a wide frequency range.

17.3.8 Slow Voltage Variations

Slowvoltagevariationsarevariationsof thevoltagemag-
nitude on a time scale of minutes or longer. The term
supply voltage variations is used in EN 50160 [17.10].

Description and Characterization
The most-common way of characterizing slow voltage
variations is through the 10min value as defined in IEC
61000-4-30 [17.17]. That standard however also allows
for calculation over other period lengths (like 1min) as
well as the so-called very-short value over 150 or 180
cycles of the power-system frequency (about 3 s).
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There is no standardized method to characterize
slow voltage variations in a three-phase system, apart
from characterizing them as three individual values.
The most obvious approach would be to quantify the
slow voltage variations by means of the positive-se-
quence voltage. Negative-sequence and zero-sequence
voltage can be treated as part of the voltage unbalance
(Sect. 17.3.10).

Origin and Impact
Limiting slow voltage variations is an important part of
the design of distribution networks, especially for ru-
ral distribution networks. In such networks, the voltage
drop determines the maximum feeder length. Tradition-
ally, the voltage drop during high load has been the
main limitation.

The main impact of slow voltage variations is on
equipment with low-voltage customers. The actual vari-
ations in voltage are normally not of concern. Instead,
the concerns are high or low values of the supply
voltage, referred to as overvoltage and undervoltage, re-
spectively.

Both too low and too high voltages could result in
equipment damage. Overvoltage could lead to reduced
lifetime of equipment. Complaints about premature
failure of incandescent lamps used to be a warning flag
for the network operator that the voltage was too high.
With most equipment it is not the high supply voltage
(a high 10min value) that makes the equipment fail. The
high average value will make fast voltage variations and
transients start from a higher voltage. These short dura-
tion overvoltages and transients result in a reduction in
equipment lifetime.

High operating voltage at higher voltage levels
(medium voltage or higher) will result in increased
magnetizing current for transformers. This current has
a high harmonic content, causing increased harmonic
voltage distortion. This relation between high operating
voltage and harmonic voltage distortion is one of the
many relations between types of power-quality distur-
bances. The historical compartmentalization of power
quality into different types of disturbances has limited
the attention these relations attract [17.80].

Low supply voltage can result in mal-functioning
of electronic equipment. It will also make equipment
more susceptible to voltage dips. Some equipment, like
many electrical motors, take a higher current when the
voltage is lower. A sustained low voltage will thus result
in a sustained high current, causing increased heating
and reduced lifetime.

Standards and Regulation
Limits on slow voltage variations are in place in many
countries. The voltage characteristics in EN 50160

[17.10] are the base for power-quality regulation in
most European countries and in several countries out-
side of Europe. According to EN 50160, the 10min
RMS value of the voltage shall be between 90 and 110%
of the nominal voltage for at least 95% of the week. Be-
yond that, the voltage shall be between 90 and 115% of
nominal all of the time. This holds for customers con-
nected to the low-voltage network; other requirements
hold for other voltage levels. The regulatory require-
ments in most European countries are stricter than this.
Either the limits shall be kept for more than 95% of the
time, or lesser deviations are allowed. Some examples
for European countries are listed here:

� In Spain, the 10min RMS voltage shall be between
93 and 107% of the nominal voltage for 95% of the
week.� In Hungary, the 10min RMS voltage shall be be-
tween 92.5 and 107.5% of the nominal voltage for
95% of the week.� In Norway, the 1min RMS voltage shall be between
90 and 110% of the nominal voltage, all of the time.� In Sweden, the 10min RMS voltage shall be be-
tween 90 and 110% of the nominal voltage, all of
the time.

There are no immunity standards setting requirements
on equipment for long-term overvoltage or undervolt-
age. IEC 61000-4-14 [17.81] defines a set of tests for
fast variations in voltage. Those variations come in
three groups:

� Stepwise increase and decrease by 8 or 12% of
nominal starting from the nominal voltage.� Stepwise decrease by 8 or 12% starting from 110%
of nominal� Stepwise increase by 8 or 12% starting from 90% of
nominal

The 12% steps are for equipment to be used in in-
dustrial environments (so-called class 3 environments).
The voltage is constant for about 2 s, the increase or de-
crease takes about 100ms, and a number of stepwise
increases and decreases should be considered.

Trends and Unsolved Issues
The hosting capacity [17.82, 83] is the amount of new
production or consumption that can be connected to the
grid without unacceptably deteriorating the reliability
or power quality [17.84]. The voltage rise is commonly
setting the limit for small-scale solar power. This has
put slow voltage variations back on the agenda again.

The (expected) appearance of electric vehicle charg-
ing and electric heating makes slow voltage variations
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of further importance. The classical solution against
excessive slow voltage variations (i.e., overvoltage or
undervoltage) has been to add more transformers and
in that way reduce the feeder length. Many research
teams study alternative methods, where curtailment of
production and consumption appears the most effective
one. Reactive-power control is also often mentioned as
a solution, but in low-voltage networks, it is more likely
to make the situation worse. For remote customers, the
ones where voltage drop or rise becomes an issue first,
the source impedance is mainly resistive. Injecting re-
active power will not have much impact in the voltage
drop or rise over the low-voltage cable or line, but in-
stead will mainly impact the voltage on LV side of the
distribution transformer. By mitigation, for example, for
an overvoltage with one customer, an undervoltage is
created for other customers.

For larger installations, connected to the medium-
voltage network or for installations connected directly
to the distribution transformer, reactive-power control
may be a possible solution.

17.3.9 Fast Voltage Variations

Fast voltage variations are changes in voltage magni-
tude at time scales up to a few minutes.

Description and Characterization
The term fast voltage variations refers to variations
in the RMS voltage that occur faster than slow volt-
age variations. Most of the attention is given to time
scales up to a few seconds, the voltage variations that
traditionally resulted in light flicker with incandescent
lamps. This is also referred to as voltage flicker or
(rather confusingly) simply flicker. The European stan-
dard EN 50160 [17.10] uses the term rapid voltage
changes, which is not fully free of confusion either. Two
types of rapid voltage changes are distinguished in the
standard: continuous rapid voltage changes and individ-
ual rapid voltage changes. The latter ones are actually
commonly referred to as simply rapid voltage changes.

Origins and Impacts
Fast variations in RMS voltage are mostly due to fast
variations in current taken by installations. The kind of
voltage variations that result in light flicker are mainly
due to large industrial installations, like arc furnaces.
Individual rapid voltage changes are due to tap-changer
operations or switching of capacitor banks. In weak
parts of the grid (like remote rural networks), load
switching can also result in rapid voltage changes.

The main consequence of fast voltage variations
is light flicker. Modern lamps are typically less sensi-
tive to voltage variations than the classical incandescent

lamps, but some compact fluorescent or LED lamps are
more sensitive than incandescent lamps [17.68].

Standards and Regulation
The standards and regulation on fast voltage variations
are all based on the incandescent lamp. An eye-brain-
lamp model has been developed that formed the base
for the flickermeter in IEC 61000-4-15 [17.85]. The
level of fast voltage variations is characterized using
short-term and long-term flicker severity (Pst and Plt,
respectively). Contrary to its name, this characteristic
quantifies voltage variations, it does not quantify light
flicker. However, for the voltage at the terminals of an
incandescent lamp it is an indicator of light flicker as
well. The definition of Pst and Plt is such that 1.0 is
a natural limit in regulation and standards.

Trends and Unsolved Issues
The transition from incandescent lamps to LED lamps
has resulted in an increased interest for light flicker and
hence for fast voltage variations. One of the conclusions
from the early work on that subject is that light flicker
with LED lamps is much more complicated than with
incandescent lamps. Not only fast voltage variations,
but also other voltage disturbances, can result in light
flicker.

Medium-timescale voltage variations (less than
a few minutes, but more than a few seconds) are be-
coming important because variations in solar-power
production occur on this timescale. There is however
very little information on the existing levels of these
variations [17.86, 87].

17.3.10 Voltage Unbalance

The term voltage unbalance refers to the situation in
which the three voltages do not form a balanced three-
phase system.

Description and Characterization
There are two fundamentally different ways to quantify
voltage unbalance: through the negative-sequence volt-
age; or through the difference between the three RMS
voltages.

The characterization method prescribed by IEC de-
fines the voltage unbalance as the ratio between the
negative-sequence and positive-sequence voltage. Like
for slow voltage variations and harmonics, the basic
measurement window is 10 or 12 cycles of the power-
system frequency (in a 50 or 60Hz system, respec-
tively). These values are next aggregated into 10min
values.

Although not defined in any standard, the zero-se-
quence unbalance can be defined in an equivalent way.



Section
17.3

1198 17 Power Quality

In fact, this definition is used by some manufacturers of
power-quality monitors.

The IEEE, next to the IEC definition, defines the
unbalance as the relative difference between the highest
and the lowest RMS voltage. See [17.88] for a com-
parison between the IEC and IEEE characterization
methods.

Origins and Impacts
Voltage unbalance is due to either unbalance in the
grid or unbalance in equipment connected to the
grid [17.89]. The latter is the one that gets most atten-
tion in the literature and in connection studies. Large
single-phase loads (railway power supplies, certain fur-
naces in the steel industry) can cause a voltage un-
balance over a wide geographical area. Smaller single-
phase loads connected to weak parts of the grid, like in
agricultural installations, can result in high unbalance
locally.

The unbalance of the grid, non-transposed transmis-
sion lines, and transformers, do actually make a large
contribution to the voltage unbalance as well. At trans-
mission level, this contribution could be the dominating
one.

In distribution networks with single-phase laterals,
voltage unbalance can occur on the main feeder when
the load is unevenly distributed over the laterals.

The negative-sequence voltage impacts three-phase
equipment connected to the grid. The main studied im-
pact is on directly connected rotating machines, both
synchronous and induction machines. The negative-
sequence voltage results in a high negative-sequence
current through the machine. When the machine is
lightly loaded, it can easily copewith the additional heat
generated by the negative-sequence currents. However,
the machine cannot operate at its rated power because it
would get too hot. The motor or generator will have to
be derated. This could be expensive for large industrial
motors; the motor may have to be replaced by a motor
of higher rating. For large synchronous machines, the
solution is to reduce the produced power.

With three-phase converters, voltage unbalance also
results in large current unbalance. This holds both for
converters with active front-end and for diode rectifiers.
The currents during voltage unbalance can become
much higher than during balanced operation. This can
result in damage to the diodes or in protection opera-
tions tripping the rectifier.

Standards and Regulation
Limits on voltage unbalance are given in several na-
tional and international documents. Standardization and
regulation for voltage unbalance is very similar to the
standardization and regulation for harmonic voltages.

Trends and Unsolved Issues
There is an increased interest in voltage unbalance be-
cause of the expected high penetration of single-phase
PV installations [17.90] and electric vehicle charging.

An unsolved issue is the impact of high levels
of voltage unbalance on the currents with three-phase
converters. The impact on voltage-source converters is
probably easy to formulate. The impact on three-phase
diode rectifiers may turn out to be more complicated.

17.3.11 Frequency Variations

The ideal frequency in the power system is normally
50 or 60Hz, the so-called nominal frequency. The fre-
quency is however not constant and small variations
occur due to unbalances between production and con-
sumption of electrical energy. Frequency variations are
very much a transmission system issue and frequency
deviations are rarely so much that they have any effect
on equipment connected to the grid.

Description and Characterization
An example of frequency variations is shown in
Fig. 17.29. The figure shows the variations in 10 s
frequency valuesmeasured by a portablemonitor during
a period of slightly more than one week. During the first
part of the measurement, the monitor was located to
a wall-outlet in Turin, Italy, part of the central European
interconnected grid. The second part of themeasurement
was done in Gothenburg, Sweden, part of the Northern
European interconnected grid. Because the central
European grid is much bigger, the frequency variations
are smaller. This rule does not hold generally, as for
example the frequency on the Swedish island of Gotland
is more constant than on the Scandinavian mainland.

Standards and Regulation
The frequency, at most locations in the world, rarely
comes out of the range 49.5–50.5Hz (or, 59.5–60.5Hz
in a 60Hz system). The impact of frequency on equip-
ment in that range can be neglected. During major
events on the transmission system (like system split-
ting or island operation), the frequency may deviate
more. Under-frequency load shedding or tripping on
under/over frequency could result in installations being
affected. One may argue on whether this is a power-
quality or a system-operational issue, but the impact on
end users is the same, nevertheless.

Trends and Unsolved Issues
With the predicted growth in island operation of mi-
crogrids, frequency variations may become a power-
quality issue in the future. Recent studies in a single-
house microgrid [17.91] have shown that the frequency
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in that microgrid regularly gets out of the band from 49
to 51Hz. Further studies are needed on frequency vari-
ations in microgrids.

Deviations from the ideal frequency are normally
described as a variation, but certain phenomena could
better be described as events. Examples are the sudden

drop in frequency due to the disconnection of a large
production unit (a well-known phenomenon) and the
fast shifts in frequency that happen around the start of
the hour due to the operation of the electricity markets
(a generally unknown phenomenon). An example of the
latter is shown in Fig. 17.30.

17.4 Power Quality in Microgrids

In recent years there has been a rising interest in mi-
crogrids, e.g., as alternatives to grid expansion in rural
areas. Microgrids may be operated as grid-connected or
as islands. When operated as grid-connected they be-
have, from a power-quality viewpoint, in the same way
as other grid-connected installations. It is during island
operation that large differences occur.

Microgrids typically contain a large share of power
electronics, e.g., battery storage systems and PV, and
generally have a larger system impedance compared to
the centralized grid. This has led to concerns e.g., re-
garding voltage variations and distortion levels when in
islanded operation. However, there is a lack of expe-
rience regarding power quality in existing microgrids
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and while there are some recent publications on the
subject [17.91–93], more research is needed. There is
especially a lack of measurements of power quality in
real-world microgrids during island operation.

Microgrids are also presented by several authors
as a way of improving power quality, as any distur-

bances originating elsewhere in the grid are avoided
during island operation. By properly switching be-
tween grid-connected and island operation, the optimal
power quality can be selected [17.94, 95]. Even here,
there is a lack of experience from real-world micro-
grids.

17.5 Conclusions

Power quality concerns the interaction between the
electricity network and the customer (network user) or
between the network and equipment connected to it.
Power quality is a broad subject covering a wide range
of phenomena, so called power-quality disturbances.
Different types of phenomena affect different customers
and often the network operator. Different types of dis-
turbances require different analysis tools and different
mitigation methods. An important distinction is the one
between variations and events.

A large part of the power-quality field has become
classical knowledge, where little new research is be-
ing done. Some of the new developments in electric
power engineering, like solar power and LED lamps,
have resulted in renewed interest in some power-quality
disturbances. The other types of disturbances and the
impact on more classical equipment require further re-
search and knowledge gathering.
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18. Electricity Markets and Regulation

Philip Southwell, Gregory H. Thorpe, Alex Cruickshank, Colin Ray

The reliability and cost of electricity is critical to
the success of modern economies. Infrastructure
needed to provide the desired services requires
large amounts of capital expenditure and gov-
ernments are keen to ensure prices are kept to
a minimum while maintaining the required reli-
ability. To this end, electricity markets have been
introduced to allow electricity generating and re-
tailing companies to compete. At the same time
regulations have been put in place to minimize
anticompetitive activities and ensure that any
monopoly services are charged at fair and rea-
sonable rates.

This chapter explores the design and operation
of electricity markets and regulation in relation to
power systems. It briefly considers the evolution of
the electricity industry and provides a general de-
scription of the range of market models used and
the associated regulation applied to assist their ef-
ficient operation. Practical examples from various
countries around the world are also provided.
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The design and application of the various market mod-
els continues to evolve and it is recommended that the
reader access current information to stay aware of the

latest developments. A useful source is work by Study
Committee C5, which can be found at the e-cigre web
site (https://e-cigre.org). Other sites include those that
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have a regulatory or government sponsored oversight
of the operations of the parties. Examples include
Ofgem in the UK (https://www.ofgem.gov.uk/about-
us/who-we-are/gas-and-electricity-markets-authority),
ENTSOE in Europe (https://www.entsoe.eu), AEMC in
Australia (https://www.aemc.gov.au) and FERC in the
US (https://www.ferc.gov/market-oversight/market-
oversight.asp).

One area that is in its infancy at the time of writ-
ing relates to developments such as micro-grids with
distributed generation, battery storage and smart load
control. These are now becoming viable and are likely
to operate both as local micro-markets and as partici-
pants in the larger markets.

This chapter addresses the design and operation of
markets and regulation in relation to power systems.
The discussion will cover the topic at a reasonably
high level and provide references where appropriate to
a more detailed examination.

There are many texts that can provide a detailed
description of markets, their structure and their ben-
efits and failings. It is however useful to give a brief
overview in order to set the context for a discussion of
electricity markets.

Any mechanism that brings buyers and sellers to-
gether to trade by establishing prices for a quantity of
product or service is a market. The concept of trading
has been around since very early civilization. Trading
can occur by direct negotiation between a seller and
a buyer or an organized market where buyers and sell-
ers compete to achieve a trade that produces the best
commercial return.

Markets are beneficial when the competitive pres-
sures on the players lead to higher efficiency than the
alternative (e.g., a central utility) but only if the costs
of running the market are less than the benefits gained.
Markets need to be workably competitive to deliver
value. When there is a risk of inefficient outcomes be-
cause of insufficient competition leading to the exercise
of market power, regulators or governments often ap-
ply rules or place limits on commercial behaviors. It is
always a difficult trade-off between rules to limit mar-
ket behaviors and the reduced efficiency that can result.
However, potentially distorted outcomes are better than
allowing excessive market power. One way to achieve
this balance is to limit the periods or conditions where
one or more players can dominate but allow sufficient
time to signal an opportunity for new investment. An
often forgotten aspect of market power is that it can ei-
ther raise or lower prices. For example, a strong player
can force prices down until its competitors are forced
out of the market. This enhances the market power of
the strong player who is then free to raise prices.

Throughout history there have been examples of
market failure. In recent times, the sub prime mort-
gage disaster that led to the global financial crisis and
the collapse of Lehmann Brothers in the US are good
examples [18.1]. An example related to electricity is
the California market in the US where, amongst other
things, market failure led to widespread interruptions
to supply, bankruptcy of Enron and near bankruptcy of
other utilities. This is discussed in more detail in the
section on North America.

In some cases, a product or service can be a natural
monopoly. For example, electricity network infrastruc-
ture can be viewed as a monopoly as it is normally
difficult to duplicate. This is because of economic and
environmental barriers for construction of a second
transmission line in competition with an existing one.
In these situations, prices, behaviors and service levels
are often regulated, or otherwise managed. An industry
regulator is often charged with overseeing the activities
of monopolies but other solutions are also used such as
by the auctioning of a license to build and operate the
network infrastructure, as is done in Brazil.

Regulation often appears in conjunction with com-
petitive arrangements in order to ensure some level of
protection for the participants in the market. Electricity
has been subjected to some form of regulation for many
years, particularly in relation to transmission and distri-
bution. This has included regulation of customer tariffs,
monitoring and approval of expenditure and, various as-
pects of technical and safety performance.

In order to minimize conflicts of interest, transmis-
sion and distribution systems are often separated from
generation and retailing. However, many arrangements
have also evolved where distribution and retailing are
combined, or remain combined when a previously
vertically integrated utility is disaggregated. In these
systems regulators often require the commercial ar-
rangements to be ring-fenced from each other.

Third party access to transmission and distribution
is central to competitive electricity markets. Access in-
volves a set of rights and obligations that allow new
entrants to connect to the network in order to com-
pete. Over the last 30 years, access and market or
competition-oriented reforms have been introduced to
the electricity sector in many countries.

This chapter examines the foundations of the elec-
tricity industry and how competitive markets can en-
hance its economic efficiency and therefore assist in
minimizing costs to end users. The chapter introduces
a number of the different forms of electricity trading
that have emerged as the industry has matured techni-
cally and economically. The description starts by very
briefly tracing the evolution of the industry from a small

https://www.ofgem.gov.uk/about-us/who-we-are/gas-and-electricity-markets-authority
https://www.ofgem.gov.uk/about-us/who-we-are/gas-and-electricity-markets-authority
https://www.entsoe.eu
https://www.aemc.gov.au
https://www.ferc.gov/market-oversight/market-oversight.asp
https://www.ferc.gov/market-oversight/market-oversight.asp
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disaggregated service through to a large central com-
modity and most recently back towards a more disag-
gregated, market-oriented industry driven by dramatic
changes in technology and cost. Current electricity mar-
kets have evolved around larger power systems and
the discussion that follows will mainly focus on these.
Developments such as microgrids with distributed gen-
eration, battery storage and smart load control are now
becoming viable and it is likely that these systems will

participate in the larger markets and internal micro-
markets will develop within the microgrids. A number
of examples of markets that have been implemented
across the world are briefly described, together with
some particular challenges that have been faced as they
have evolved. The second half of the chapter focuses
on key aspects of regulation of electricity businesses,
together with a high level description of the regulation
implemented in a number of countries.

18.1 Electricity Industry Structure

Electricity has two challenging characteristics. Firstly
there must be equilibrium between the quantity dis-
patched and that consumed by loads and storage medi-
ums at any instant (net of losses incurred in transport
across networks). Until recently the only loads that
were material were those of end use customers, includ-
ing relatively inflexible hydro pumped storage, and this
required flexible generation facilities to track variations
in customer load. More recently, large flexible chemi-
cal storage technology has emerged. As the following
sections will explain, the development of flexible stor-
age is reducing the need for flexible generation and also
counteracting the introduction of intermittent genera-
tion technology. Secondly the laws of physics govern
the physical operation of the power system and these
determine the path electricity will flow, rather than any
commercial or regulated mechanism.

Power systems are the interconnection of a num-
ber of generators and end users located over a wide
area. The earliest power systems from the late 1800s
and into the first half of the twentieth century were
township systems with local generation. Over time the
systems of separate townships were linked together to
share costs with generation distributed across the town-
ships and eventually connecting very large areas. In
the second half of the twentieth century as the size
of the consumer demand grew, larger and larger gen-
erators were built. Eventually most of the township
generation was retired leading to the era of central gen-
eration. This development led to industry structures
based on specific functions for generation, transmis-
sion, distribution and the interface with end consumers
(retailing).

From the late twentieth century the cost of small
and distributed generation fell dramatically reducing
the benefits of scale and leading to a shift in the mix
of generation back towards a combination of central
and distributed generation. Much of the distributed gen-
eration of today utilizes wind and solar-photovoltaic
(PV) technologies, which also bring benefits of low

emissions of carbon dioxide. This shift is blurring the
distinction between generation, transmission, distribu-
tion and retailing. For example, individual consumers
may now host solar-PV on their household rooftop and
export to their neighbors via the distribution network.
Retailers may facilitate this transfer or simply be by-
passed.

The newer technologies have different technical
characteristics. Wind, solar-PV, wave and tidal gener-
ation technologies are generally non-synchronous in
that they are usually connected via power electronics
in contrast with spinning AC machines that are directly
connected. They exhibit low (or no) inertia, which is
important as this affects the rate at which power sys-
tem frequency can deviate from the level needed for the
power system to remain stable. Where the percentage of
this form of generation is significant, it can change the
dynamic performance of power systems. In some power
systems, this shift is already requiring a major change
in their operation. For example, where previously high
fault currents due to short circuits may have restricted
operation, the newer technologies create fault currents
that may be too low to be detected by existing protec-
tion equipment.

Sitting between pure supply and pure consumption,
large scale battery storage technology is reshaping the
operation of power systems. Hydro pumped storage
along with limited numbers of flywheels and com-
pressed air energy storage have been in use for many
years but limited by cost or suitable location. Recent
technological developments and lower costs of chemi-
cal battery storage are allowing deployment of storage
devices across the entire supply chain. Batteries are
being installed in conjunction with intermittent tech-
nologies connected to major transmission facilities and
behind the meter in households to better match the re-
quirements of end customer demand. Storage devices
such as batteries or flywheels can also counteract the ef-
fects of low inertia from other new technologies. While
the cost and performance of batteries are constantly im-
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Fig. 18.1 Impact of solar eclipse on PV generation in Ger-
many, 20.03.2015. (reprinted by permission, © Amprion)

proving, they are currently more suitable for short term
back up which allows time for longer-term support such
as gas turbines or hydro storage to be brought into ser-
vice.

Rooftop solar-PV, micro-generators and some small
wind farms are typical examples of small generators,
embedded in the distribution system. As the develop-
ment of these technologies grows quite rapidly around
the world, their effect is becoming more pronounced.
For example, large-scale application of rooftop solar-
PV may reduce the power flows from higher voltage
levels of the system at a particular substation to zero. It
could even result in power flows from lower to higher
voltage levels of the system at the substation. Power
flows can also swing dramatically as intermittent clouds
appear and screen the PV cells. While, in parts of the
world the majority of current rooftop solar-PVs are
not yet metered, recent technological innovations in
measurement, communications and trading, including
through the application of block-chain concepts, are re-
sulting in these widely distributed resources being more
closely monitored and controlled. This also makes pos-
sible peer to peer trading arrangements with potentially
strong effects on the physical and commercial opera-
tion of the broader system and any market operating
on it.

An extreme example of the variability of solar can
be seen from the impact of the solar eclipse that oc-
curred in Europe in March 2015.

At the time of the eclipse the installed solar-PV ca-
pacity in the Continental European synchronous system
was approximately 89GW, and the potential solar-PV
reduction was expected to be as high as 34GW. The
effect in Germany is shown in Fig. 18.1. The gradient
of the steep ramp that shows the sudden loss of solar-
PV generation was estimated to be 2–4 times higher
than normal daily ramping, while the short morning
peak caused a significant increase in demand for flex-
ible power plants. While the actual reduction in solar-
PV output was lower on the day (19.2GW), due to more
than expected cloud cover, there was still a substantial
change. The event was anticipated, however, and ade-
quate reserves were scheduled, ensuring there was no
risk to power system security. The key points are that
there needs to be adequate back up to cover the signifi-
cant loss of generation that can occur and the solar event
may cause a muchmore rapid ramp rate than would nor-
mally occur.

Utilities in the US also undertook contingency plan-
ning and scheduled additional generation for the solar
eclipse in the US in August 2017. However, it had
a fairly minimal impact, partly due to the lower than
expected temperatures and some cloud cover [18.2].

Large-scale wind and solar-PV farms have also been
constructed to take advantage of economies of scale and
the benefits of being close to strong wind and solar re-
sources. While it is possible to predict the timing and
size of the outputs of these intermittent sources over
the short term with reasonable accuracy, wind strength
does not always align with the demand of customers.
In addition, local cloud cover can affect the output
of large-scale solar facilities (which is less of an is-
sue with distributed small-scale solar-PV). Fast acting
and flexible generation, storage systems and transmis-
sion interconnectors can be used to counter the effect
of variations (and any inaccuracies). Renewable energy
technologies with substantial inherent storage, in par-
ticular solar-thermal, have a dispatchability advantage
over technologies without storage. Solar-thermal also
brings significant inertia, accentuating its advantage, al-
though at significantly higher cost for now.

18.2 Industry Organization

While the physics of the electricity supply process is the
same everywhere, there are many ways the industry can
be organized commercially and functionally.

Historically, the dominant organizational model
was a utility that owned all elements of the supply chain

or contracted specific activities such as individual gen-
erators. The internal operations of these utilities were
based on a management hierarchy. The entities typically
had a franchise to supply end-consumers in defined ge-
ographic areas and government-appointed bodies regu-
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lated prices charged to end consumers. A variation of
this model was where local supply boards took bulk
supply from central generators.

In the early years, there was massive growth of
the power systems driven by strong social objectives.
Governments took a lead role; either directly through
government owned entities or regulated private compa-
nies. As the systems grew, the efficient size of generat-
ing units also increased and the number of generating
companies within a particular power system remained
relatively small. In addition, the IT and communications
systems were not yet suitable to host real time compe-
tition. These circumstances tended to make monopoly
ownership and control of generation the natural path.

As the power systems evolved, major utilities inter-
connected their networks forming large power systems
across different government boundaries and between
countries, continuing the earlier pattern of intercon-
nection between townships. Interconnected utilities es-
tablished agreements and sometimes, common control
facilities to coordinate the operation of their power sys-
tems.

Since the early 1990s, many utility-based arrange-
ments have been amended to introduce third party

access to the networks and competitive market mech-
anisms with the aim of reducing the cost to the end
customer by:

� Providing end consumers with a choice of supplier� Introducing short term competition into day-to-day
operation of power systems and, in particular� Devolving many decisions including investment de-
cisions to individual generators, retailers and cus-
tomers, i.e., away from a command and control
based central management by system controllers.

The short-term competitive day-to-day operations of
power systems have been enabled by advances in
communication, supervisory control and data acquisi-
tion technologies that have allowed the vast amount
of data needed to manage a power system this way.
The devolution of decisions required a dramatic move
away from the centralized hierarchy model of manag-
ing a power system. In particular, the power system
operators became managers of system security and ser-
vice providers to competing generation and retailing
businesses, which all depend on the neutrality of the
network businesses to reach their customers.

18.3 Electricity Markets

Specific technical characteristics of electricity are that
it is invisible and, when supplied via a shared alternat-
ing current network, it is also indivisible. In addition,
supply and demand must be balanced on a second-by-
second basis. Together, these factors restrict the form
a market can take for trading of the physical product.
Forward sales for electricity, however, can be trans-
acted much like any other commodity. For example,
this could be in a financial exchange or by direct ne-
gotiation in over the counter sales. The need to balance
real time supply and demand will generally mean de-
livery does not perfectly match forward sale volumes
and some form of real time balancing or spot market is
needed in parallel with the forward market.

In order for disaggregated entities to collectively
make economically efficient decisions that also main-
tain security and reliability, they require timely in-
formation about supply, demand and cost. A number
of market models have evolved to provide a platform
for a central market and system operators have been
allocated the task of receiving and publishing this in-
formation. The various models employ a different mix
of central control and disaggregated decision-making,
where the separate generators and retailers are respon-
sible for their own commercial wellbeing.

18.3.1 Supply and Demand

To run a power system effectively there needs to be ad-
equate capacity to meet total demand and an ability to
match variations in demand across each day. The total
customer demand varies across the day and across the
year in most systems. The variation is generally more
pronounced in countries located away from the equator
and varies with the season and use of heating and cool-
ing. Figure 18.2 presents a typical winter demand curve
for a day in a cool climate and shows overnight load is
low and there is a peak that occurs for a short period in
the early evening, generally driven by domestic cook-
ing, lighting and in some cases, heating.

Traditionally, generation plant has been character-
ized by the role it plays. Generation plant that runs most
hours of the day is termed base load. Plant that is used
only occasionally, or for limited hours per day to follow
variations in demand, is termed peaking plant, with in-
termediate load plant running for part of the time. The
most cost effective mix of technologies will depend on
the capital and operating cost of available technologies
and fuels and can only be assessed over the long term.
Decisions about which technology is best to run within
a day depend on the controllable cost of operation, the
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Fig. 18.2 A cool climate winter daily demand curve

variable operating cost of plant that has been built (i.e.,
excluding sunk capital cost) and the shape of the daily
demand curve. The demand in Fig. 18.2 would be met
using the lowest cost plant across the entire day (mak-
ing this plant base load) and higher cost plant for less
time during the peaks.

Historically, in large power systems, coal, nuclear,
hydro or combined cycle gas fired generation generally
operated near to 24 h a day (base load). These genera-
tors typically have high capital costs and low operating
costs and, with the possible exception of hydro, are not
designed to be turned on and off on a regular basis. On
the other hand, peaking plant such as open cycle gas
turbines have a much lower capital cost but higher op-
erating costs and are much easier to turn on and off. In
a market system where generators offer a price to the
system operator for dispatch you would expect the low-
est cost generators to offer low prices at low load times
to ensure that they run all the time.

More recently there has been a substantial increase
in wind and solar generation in many countries. The op-
erating costs of these technologies are low as there is
no fuel cost. So, they will want to run as often as the
wind blows or the sun shines. In bid based market ar-
rangements they will also tend to bid lower prices to
ensure they run when they can. This will be in direct
competition with traditional base load plants and will
put pressure on their revenue streams. While this may
drive efficiency, it can also impact on the overall finan-
cial viability of the generator.

As the penetration of wind and solar generation con-
tinues to increase, markets have to increase flexibility to
balance surpluses and deficits both within a particular
power system and across the interconnections between
the systems. In many cases this will be across interna-
tional borders and this is driving the need to standardize

market structures and systems where these interconnec-
tions can and do occur.

Variable operating and maintenance costs of off-
shore wind farms can be more substantial, and poten-
tially be above the prevailing market price. Operators
should therefore aim to run the wind farms as much as
possible whenever the market price is above their vari-
able operating and maintenance costs, while scheduling
outages at times that have the lowest impact on revenue.

As discussed above, the growth of distributed gen-
eration, mostly in the form of rooftop solar-PVs and,
more recently, associated storage, is opening up oppor-
tunities for customers to participate in the market, both
in terms of sale of surplus generation and demand man-
agement.

18.3.2 The Role of Markets

A market is only useful if it ensures generation capacity
is introduced and withdrawn in a timely manner. Mar-
kets may signal the right time through prices rising or
falling as demand grows. For example, higher prices
will encourage higher cost generators to run more of-
ten or, if a new lower cost source of power is available,
it may undercut operation of an incumbent technol-
ogy. On the other hand, reducing customer demand may
cause prices to fall. Entry and exit of capacity may
also be centrally managed in terms of price or vol-
ume and market arrangements will focus on efficient
use of incumbent capacity. Given the significance of
electricity in most countries, if new entry does not oc-
cur in a timely manner, reliability of supply will fall
suggesting market failure and this will usually lead to
government intervention.

A centrally managed process to determine the level
of capacity may be used where markets pay for capacity
or availability, separately to dispatched energy. In this
case, generators are paid to guarantee that their plant
will be available at times of system stress even if they
otherwise do not run often or at all.

In order to design or understand a market for elec-
tricity, it is important to be clear about the definition
of the product or products that are being traded, be
it capacity, energy, availability, frequency keeping ser-
vices or network support. Electricity systems are highly
integrated and market arrangements for one or more
products generally affect others. As noted, transmission
and distribution networks are often regulated, even if
there is a market in operation for other parts of the in-
dustry such as generators and retailers. Network costs
can be optimized, and therefore the combined costs
of generation and networks charged through to users
reduced, by lowering infrastructure investment to op-
timum levels and by leveling demand to reduce the size
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of peaks and troughs. Subsidies have been provided to
some market participants as part of a (legitimate) social
policy agenda of governments. A technology specific
subsidy can also impact the operation of markets and
ironically, market design activities usually need to con-
sider how these non-market subsidies are applied.

There may also be constraints in the transmission
and distribution systems, which may limit the amount
of electricity that an individual generator can sell. These
constraints can impact on the returns to the affected
generators as well as the reliability of supply for some
end customers. Examples of these constraints are ther-
mal capacity limitations or operational restrictions in
relation to system security or stability. In a market sit-
uation these constraints need to be clearly identified to

minimize the likelihood of contractual disputes at a later
date.

In summary, the overall goal of a market is to
achieve market efficiency in both the short term and the
long term. In the short term, output should be produced
in the right quantities by the lowest cost generators and
consumed by those that are prepared to pay the most.
In order to achieve this, generators are dispatched to
achieve the best economic outcome starting with the
lowest short run marginal cost. In the long term the mar-
ket must provide signals to trigger the timely investment
in appropriate quantities of new generation. It must also
generate confidence that investors will receive a rea-
sonable return on their investment considering the risks
involved.

18.4 Market Models

This section introduces a number of the market mod-
els that have evolved around the world. Specifically, the
following models are described:

� A vertically integrated utility� A vertically and horizontally disaggregated utility
with only utility plant connected� A competitive market only at the time of investment� Separate capacity management combined with cen-
tral dispatch of energy� A general overview of energy-onlymarkets and spe-
cific descriptions of:
– A pool system with a marginal system price
– A pool system with pay as bid.

The section then continues to discuss the operation of
retail competition and a brief overview of using a mar-
ket for transmission expansion.

One way to understand the differences in the models
is to consider where each sits on a spectrum of central
disaggregated control and the allocation of risk. This is
illustrated in Table 18.1. Generally, the more central-
ized the control the more the risk is retained by central
entities and ultimately passed through to the end con-
sumers in the form of fees and tariffs. Conversely, the
more devolved the decision-making; the more the in-
dividual generators and retailers carry the commercial
risks (and rewards) of decisions in the industry.

Prior to the introduction of markets, the traditional
function of a system operator was to manage system se-
curity, physical dispatch, system reserves and network
loading. To manage the commercial interactions with
buyers and sellers a new function emerged – market op-
erator or power exchange. Around the world the activ-
ities involved in managing security, dispatch, network

loading, network switching, metering, market registra-
tion and settlement are combined in a number of ways.
A range of labels has emerged for the different activ-
ities and combinations, for example system operator,
market operator or transmission system operator. The
label independent is generally applied when indepen-
dence of the system operator or transmission operator
is required. For the market operator or power exchange,
this level of independence is always assumed regardless
of the label. The role varies from market to market but
can be seen as the entity that runs the trading activities
that are not handled by the traditional system operator.

18.4.1 Vertically Integrated Utility

The traditional utility, operated under a centralized hi-
erarchy model, sits in column 1 at the left hand end of
the spectrum in Table 18.1. In this model, individual
generators are generally owned by or contracted to the
utility and carry little risks other than for their own per-
formance. Any errors in forecasting, in the choice of
which units to dispatch, in the fuel to purchase or the
trades with adjacent networks, stay with the central util-
ity and are ultimately paid for by its owners – be they
end consumers or private investors.

18.4.2 Vertically and Horizontally
Disaggregated Utility with only
Utility Plant Connected

The next step along the spectrum is in column 2 of
Table 18.1. Here, vertical and horizontal disaggrega-
tion has been used to allow financial separation of the
generators and network components of the electricity
supply. However, there is no commercial market and the
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generators are still under direct management control or
a form of transfer pricing is introduced.

18.4.3 Competitive Market at Time
of Investment Only

This is illustrated in column 3 of Table 18.1 and can
be described as a single-buyer/power purchase agree-
ment (PPA) model. Traditionally, many utilities oper-
ated with a combination of owned generation and other
contracted generators. In a single buyer model, com-
petition occurs only at the time of contracting. In this
case, the buyer would normally tender for a generator
supply and enter into a long-term contract or PPA with
the successful bidder. At the simplest level, the buyer
may be the utility but there may be concerns that it has
some level of vested interest in the outcome. A more
sophisticated model is where the entity assigned the
role of single buyer is commercially independent. It has
no allegiance to any particular generation business. The
single buyer will liaise with or be integrated with a mar-
ket operator.

The model does not readily allow any choice of
supplier to end consumers. In principle it does allow
for multiple retailers to buy from the single buyer and
compete on retail margin and service offering but the
benefits of this form of competition are small. A sin-
gle buyer is often seen as a transitionary step to greater
levels of competition.

A variation on the single buyer is a PPA market
where individual blocks of demand enter into contracts
with generators under long term PPAs. This arrange-
ment differs from a single buyer in that it is demand
or customer focused as it is the demand side or cus-
tomers who decide to purchase, typically in the form of
large industrial loads or retailers. A similar mechanism
to a single buyer market is often used as a means to co-
ordinate the operation of the contracted generators.

Single-buyer/PPA arrangements need a mechanism
to commercially account for times when generators pro-
duce more or less than their contracted amounts and this
is often termed out of balance. Out of balance can be
calculated and priced in a number of ways. For exam-
ple, all contracted generators may be required to inform
the market operator of their intended outputs in ad-
vance. Uncontracted or partially contracted sellers may
be required to bid to the market operator their will-
ingness to raise or lower output at various quantities
and prices. Depending on the needs of the balancing
market and the competitiveness of their bids, these un-
contracted or partially contracted sellers may or may
not physically run.

As the arrangements become more sophisticated,
they begin to look more and more like the shared or
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pooled price arrangements that sit further along the
spectrum of industry structures.

18.4.4 Separate Capacity Management
Combined with Central Dispatch
of Energy

A widely used structure for competitive participation
provides for a payment for capacity separate from pay-
ment for dispatched energy. This arrangement is often
described as a capacity market but is more correctly
a capacity plus energy structure. It falls within column
4 of the spectrum in Table 18.1. The arrangement re-
flects the typical structure of earlier PPA contracts that
cover availability plus dispatch payments and provide
for close management of the level of capacity present
in the market [18.3].

In these market arrangements, one (but rarely both)
of the amount of capacity or the price of capacity is set
administratively. For example:

� The amount of capacity considered to be needed to
meet a reliability standard is calculated and a com-
petitive process run to acquire that amount, with the
price being determined by the market responses; or
alternatively� The price that will be paid for capacity is announced
and calls for parties to provide capacity at that price
are made.

The acquisition process can be a tender, subscription or
auction.

These markets typically arrange dispatch on the ba-
sis of prices submitted by generators rather than costs
of production that are used in PPA and single buyer
arrangements. Prices provide much greater flexibility
and competitive tension in the market than a cost based
regime. However, the typical objective is that suffi-
cient competition will drive prices down to costs and,
in the process, create incentives for an economically
efficient mix of generation and continual pressure for
improvement. Later sections discuss the common situa-
tion where this assumption about adequate competition
is not valid and measures to control market power are
overlaid on the operation of the market.

Typically a central or pool price is derived from the
prices of the generators that are dispatched. This real
timemarket price is most commonly set by the marginal
value of generation to the system (often approximated
by the price of the highest priced generation dispatched).
All generation dispatched is paid at this market price.

Different implementations of this design include
day-ahead, intra-day and longer-term markets, which
set a price for agreed volumes of electricity in advance
of dispatch. These markets can be for physical quanti-

ties or they can be financial contracts that settle against
the real time price. The real time price is then applied
only for the volumes not covered by advance markets.

The real time price can thus be seen to be equivalent
to the out of balance price of PPA arrangements and
the day-ahead markets or the price paid for unders and
overs of actual compared to contracted volumes.

In these designs it is usual that a central govern-
ment or other regulated body determines the amount
of capacity or the price that is to be paid for capacity
that is passed through to customers. Customers there-
fore bear the risk to the extent that the central body
over or under-estimates demand, the flexibility or price
elasticity of demand, or the availabilities of installed
generation equipment.

18.4.5 Energy-Only Markets

At the right hand end of the spectrum in column 4 of
Table 18.1, a market arrangement that pays only for
energy dispatched on the basis of a price offered for
dispatch transfers the commercial risk to the industry
players. Critically, this relies on competition between
these players to contain prices, as without sufficient
competition there is a risk of uncompetitive prices.
These markets have an energy market that operates
along similar price based lines to that of a capacity mar-
ket, but with quite different price outcomes. Generators
earn revenue from the market only when dispatched.
This type of market relies on price incentives to en-
sure sufficient capacity is available. As a result price
must rise above the short run cost of generation for long
enough for the efficient amount of generators to recover
all costs. In principle the price will reflect the cost of
generation and the risk of scarcity of supply to cus-
tomers. When generation reserves are very low the price
will approach or reach the value of customer scarcity.
This price can be politically unacceptable prompting
the use of low price caps but creating a risk of ’missing
money’, whereby potential investors do not have con-
fidence that they will achieve an acceptable return on
investment, aside from other risks such as plant perfor-
mance and the level of demand.

Typically, day-ahead, intra-day and longer-term
markets also operate in conjunction with the real time
market.

In these designs, far more of the investment risk
of the industry initially sits with generators. Generators
and retailers may, however, enter into hedging or other
longer term contracts to reallocate that risk in return for
price certainty.

There are many variants of each of the basic forms.
Within energy only markets, two specific examples are
pool system with marginal system price and pool system
with pay as bid.
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Fig. 18.3 Supply–demand curve

Pool System with Marginal System Price
For this system, the sellers bid (confusingly analogous
to offers to sell in most financial markets) to the market
operator their willingness to sell various quantities at
nominated prices. All the energy that they wish to sell
is bid into the market and for this reason the market is
sometimes described as a gross pool. One form of this
design sees the bid quantities accumulated to form an
aggregate supply curve. Buyers bid to the market op-
erator their willingness to buy at various quantities and
prices. These are accumulated to form an aggregate de-
mand curve. This demand curve has traditionally been
relatively inelastic as most customers are currently un-
able to respond to price signals. The quantity traded is
at the intersection of these curves. The price is also at
the intersection of these curves. The clearing price is the
rate for all bidders for all quantities. This is illustrated
in Fig. 18.3.

The system marginal price is the price set by the
most expensive unit needed to meet the demand quan-
tity. Only sellers that bid below this price will physi-
cally run.

A more sophisticated version is based on a math-
ematical optimization. Generators and any demand
blocks that choose to participate in the wholesale
market, offer their prices. The market operator then
determines the economically efficient combination of
generation and demand needed to meet customer needs,
accounting for network losses and security constraints.
The market price is one of the outputs of the mathemat-
ical optimization.

Pool System with Pay as Bid
Pay as bid arrangements differ from pay at marginal
price described in the previous section in the way the
market price is determined, but are otherwise very sim-
ilar.

For this system, sellers bid to the market operator
their willingness to sell at various quantities and prices.
These are accumulated to form an aggregate supply
curve. Buyers bid to the market operator their willing-
ness to buy at various quantities and prices. These are
accumulated to form an aggregate demand curve. The
quantity traded is at the intersection of these curves.
Only sellers that bid below this intersection physically
run.

Each generator that is dispatched is paid at the price
it offered and each block of load pays at the price they
offered to buy at. Experience shows, and many com-
mentators note, that in practice the price in pay as bid
arrangements often trends towards the marginal price,
as participants learn that their dispatch is unchanged un-
til they bid above the marginal price.

18.4.6 Retail Competition

While an objective of wholesale market reform is to
facilitate competition amongst suppliers, choice of sup-
plier (retailer) for end customers is very often a key
objective. The competition that then results between re-
tailers can put downward pressure on profit margins and
encourage the improvement of service standards. Retail
margins are generally quite low and there is a need to
spread the costs over several products with similar me-
tering and billing requirements. Large companies can
achieve economies of scale that tend to encourage the
amalgamation of smaller retailers. However, too few
retailers may hamper competition and lead to monopo-
listic behavior. Customers are given freedom of choice
over their preferred retailer.

18.4.7 Market for Transmission Expansion

There have been attempts to use a market mechanism
to drive down the costs of transmission infrastructure
rather than to rely on regulatory oversight. An ex-
ample of this is in Brazil. In this case, a planning
process is used to assess future transmission require-
ments. The federal regulatory agency then holds auc-
tions for bidders who will build, own and operate
the facilities. The winner of this auction is the one
who requires the lowest annual revenue over thirty
years. While initially successful, recent auctions have
failed to attract significant competitive bidders. To some
extent this is due to regulatory uncertainty caused
by rule changes and the forcing of companies who
are renegotiating expiring contracts to substantially
reduce prices by placing a ceiling on allowed rev-
enues.
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18.5 Market Structures Around the World

This section provides some practical examples of elec-
tricity markets around the world. It draws on a recent
CIGRE technical brochure number 626 [18.4], which
has surveyed the current status of electricity markets in
selected countries. In some cases other sources from the
various countries have also been used. These markets
are evolving and some may look quite different in the
future. They do, however, provide concrete examples
that relate to the theory discussed earlier. One signif-
icant change that is occurring relates to the growing
penetration of wind and solar generation coupled with
growing opportunities for demand response, demand
flexibility and energy storage. These present particu-
lar challenges to the current market arrangements due
to the variable nature of wind and solar energy. Gov-
ernment policies and a range of direct and indirect
subsidies are also driving the growth in these forms of
generation.

18.5.1 Europe

While a form of trading of electricity commenced in
Norway in 1971, for the rest of Europe, market liber-
alization began in England and Wales and the remain-
ing Nordic countries in the early 1990s. These early
markets, while still visible, are now incorporated into
a pan-European market that covers energy and the im-
plicit trading of network capacity.

European directives have been enacted since 1996
to establish a common internal electricity market in
Europe, which is still evolving. These directives have
established common rules for the generation, transmis-
sion and distribution of electricity both for the organiza-
tion and functioning of the sector and for the operation
of the market. Key outcomes have been:

� Unbundling of monopoly activities – i.e., separation
of generation from transmission� Third party access to all electricity networks� Entry of new suppliers or load serving entities into
markets� Customer rights to choose their supplier� Establishment of a National Regulatory Authority
for each member state and� Establishment of network codes or rules, derived
from a common European root, which address is-
sues such as connection to the network, operation
of the market and operation of the power system.

In many cases, trading in electricity is by bilateral con-
tracts, but in some cases, a market operator or power
exchange has been created. These power exchanges
take various forms across Europe, some of which are

private entities. For example, the European Energy Ex-
change (EEX) in Leipzig, operates spot and derivatives
markets and EPEX SPOT operates a spot market. Ger-
man EEX AG and French Powernext SE own this latter
market. There is a forward market for deliveries up to
six years in advance and a spot market for day-ahead
and intra-day trades. Buyers and suppliers submit their
bids by midday on the day before as part of electricity
auctions in the day-ahead market. After the day-ahead
auction closes further bids can be made in the intra-
day market. This trading closes 45min before delivery.
Finally, TSOs procure balancing capacity to cover un-
foreseeable imbalances through a competitive bidding
process in a balancing market.

As these markets have evolved moves have been
initiated to couple the various markets. In some cases
this has been enhanced by the installation of new phys-
ical interconnections, for example across the Baltic and
North Seas. The stronger these interconnections are,
the less the physical constraints will impede the com-
petitive pressures and the more opportunities there will
be to dispatch the lowest cost generation. In the move
to an integrated European market, work has been un-
dertaken to develop a common approach to calculating
cross-border transmission capacity, defining bidding ar-
eas and creating efficient trading mechanisms.

In May 2014, two regions, the north west region and
the south west region were price coupled with common
synchronized operation as shown in Fig. 18.4. The price
coupling of regions (PCR) now includes Belgium, Den-
mark, Estonia, Finland, France,Germany,Austria,Great
Britain, Latvia, Lithuania, Luxembourg, the Nether-
lands, Norway, Poland, Sweden, Italy, Bulgaria, Croa-
tia, Portugal and Spain. The coupling of the day-ahead
markets has enabled more efficient allocation of inter-
connection capacities of the involved countries. Market
prices are calculated simultaneously, operational proce-
dures are harmonized and offers are made to the market
in a coordinated way. In addition, other countries are be-
ing brought into the PCR as soon as possible.

Nordic Market Overview
A market for electricity trading in Norway commenced
in 1971. This took the form of a power pool, which
allowed generators to trade surpluses and deficits of
power through a central grid. Virtually all power gen-
eration in Norway is by hydroelectricity whereas the
other Scandinavian countries have a mix of hydro, nu-
clear, coal and other fuels.

Electricity market liberalization in the Nordic coun-
tries commenced in 1991 and now includes Norway,
Sweden, Finland, Estonia, Latvia, Lithuania and Den-
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Expansion PCR

Multi regional 
coupling (MRC): 
NWE, Poland, 
Baltic, SWE & CSE, 
Bulgaria, Croatia

Feb 2014 synchronous operation, 
May 2014 full price coupling, 
Feb 2015 integration CSE (FR-IT, 
AT-IT, Sl-IT), Jan 2016 Bulgaria, 
Feb 2016 Croatia

4MMC

Separate PCR solution, successfully 
launched on 19 Nov. 2014.
To be coupled to MRC as soon as 
possible (via CEE flow based/NTC) 

Serbia Independent operation of algorithm

Switzerland TBD integrationinto MRC

Fig. 18.4 Developments for price coupling of regions. (Source: ENTSOE, PCR Status report, Q3, 2017 [18.5])

mark. As part of the process, a regulator and a transmis-
sion system operator were established in each country.
All networks were separated from competitive activities
and are now open to third party access by all customers.

Trading of electricity is by direct physical contracts
between generators, retailers and customers, with all
having the option to access the power pool to trade at
the margin. For the pool, buyers nominate the energy
needed and the price they are prepared to pay each hour
and sellers nominate how much they can deliver each
hour and for how much. The hourly price is set for
where the sell and buy prices meet. There is no capac-
ity payment unless there is a transmission constraint.
Within NordPool there is a spot market (ELSPOT) that
settles quantities and price nine hours before delivery,
taking into account interconnection limitations. There
is also another spot market (ELBAS) that operates in
Sweden and Finland and settles two hours before deliv-
ery. Both require physical delivery. Each transmission
system operator operates a balancing market to enable
physical balance in real time. There is an organised fu-
tures market for financial hedging up to three years in
advance.

There is no capacity market although this may
be considered in the future if there is concern that
the market does not trigger timely investment in new
generation. Stagnating load growth, a rapid increase
in renewable generation and high penetration of hy-
dro are mitigating the risk of insufficient generation
investment. Most of the recent renewable generation
has been intermittent wind generation, however, and
the capability to manage dispatch is being compro-
mised. While not a capacity market, Sweden maintains

a strategic reserve. This is a capacity remuneration
mechanism as discussed in more detail in the CIGRE
technical brochure 647 [18.3], which describes the ca-
pacity mechanisms used in the various countries.

UK Market Overview
The United Kingdom (UK) comprises Great Britain
(GB) and Northern Ireland. GB encompasses England,
Wales and Scotland. The system in Northern Ireland
became part of the single electricity market in 2007.
Liberalization in GB was first instituted in 1990 with,
initially; different market arrangements in Scotland sep-
arate from those in England and Wales.

Historically, fuel for power generation in GB has
been dominated by coal, gas, and nuclear. Recent years
have seen a growing percentage of renewable gener-
ation mostly in the form of wind turbines but also,
increasingly, from solar PV. At the time of writing there
are interconnections with France, the Netherlands and
Ireland with further interconnections under develop-
ment to Belgium and Norway and still others under
consideration. In 2016, the GB systemwas run for some
hours without any coal generation for the first time ever
and coal fired power stations are predicted to close com-
pletely by 2025.

The first England and Wales market required all
electricity to be bought and sold through a common
pool. For each trading period there was a single input
and a single output price. The pool input price was set
by the last bid accepted to fill the quota of capacity for
each half hour. Bidding into the market was optional.
There was also a capacity payment made to encourage
generators to offer capacity. This payment was based
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on estimates of the value of lost load (VOLL) and loss
of load probability (LOLP). Concerns with this mech-
anism included that it rewarded shortages rather than
new investment and that generators could manipulate
the pool price by withdrawing generation plant at criti-
cal times.

Scotland did not enter into this market. It retained
two vertically integrated utilities with contracts in place
between them to allow the mix of power plants to be
optimum for both companies. Due to the lack of com-
petitive pressure, the businesses were heavily regulated
with prices linked to the England and Wales pool price.
A similar process was adopted in Northern Ireland. The
wholesale market in Scotland was merged with that in
England and Wales in 2005 to form a single GB market
with a single GB system operator adopting the structure
that was put in place in England and Wales in 2001.

Amongst other things, concerns over excessive pool
prices, potential gaming of the complex pool rules and
the lack of demand side participation led the govern-
ment to change the market. In march 2001, new elec-
tricity trading arrangements (NETA) were introduced.
Under these new rules, encouragement was given to
the decentralized trading of energy via bilateral con-
tracts between generators and suppliers acting on behalf
of end customers. To cover any remaining imbalances,
there was also access to an optional power exchange
to cover contractual imbalances and a balancing mech-
anism (BM). For the BM, participation is compulsory
for larger generating units and suppliers and optional
for others. The resulting market is similar to that operat-
ing in the Nordic power pool. The BM accepts bids and
offers up to gate closure at 1 h ahead of delivery. The
BM is managed by the system operator part of National
Grid, which in 2018 is being separated from the trans-
mission company that owns the transmission network in
England andWales. (There are two further transmission
owners covering the north and south of Scotland).

The general view by Ofgem, the GB regulator, was
that the NETA reforms had performed well alongside
other factors such as falling fuel prices, a generous ca-
pacity margin and increased competition in generation
with significant reductions in wholesale prices [18.6].

In 2013, the government introduced further reform
with the objective of providing incentives to invest in
secure, low carbon electricity; improving the security
of Great Britain’s electricity supply; and improving af-
fordability for customers. A key aspect of this reform
was the introduction of a capacity market to ensure suf-
ficient reliable capacity during periods of higher risk
such as when high demand coincides with low wind
power generation. The market operates as two auctions,
one for year-ahead capacity and the other for capac-
ity four years ahead. The successful bidders enter into

capacity agreements that allocate payments for guaran-
teed capacity availability.

A further support to renewable generation providers
is in the form of long term contracts for difference that
provide stable and predictable revenue streams for in-
vestors. If the wholesale market price is higher than the
contract price, the generator makes a payment and if the
price is lower, it receives a payment.

The reform also introduced an offtaker of last resort
scheme, which facilitates a contract between a renew-
able generator and a licensed supplier through a com-
petitive auction where the contract must be at a discount
below the market reference price. This process is used
where the renewable generator cannot secure a contract
via usual commercial means.

German Market Overview
The electricity market in Germany is Europe’s largest
with an installed generation capacity of 184GW. Full
deregulation of the domestic electricity market occurred
in 1998. There are four transmission companies that
own and operate their respective transmission systems
Amprion, ENBW Transportnetze, TenneT and 50Hz
transmission. Transmission is legally unbundled with
defined rules for non-discriminatory third party access.
Power generation and distribution is provided by a few
large companies and a large number of small distribu-
tion companies. The larger companies are RWE, E.ON,
innogy SE, Uniper, EnBW and Vattenfall.

As mentioned earlier, the German market is cou-
pled with 15 neighboring countries and the exchange
price for the day-ahead market is calculated jointly for
the coupled markets. The coupled market determines
the lowest price from any market zone until the cross-
border interconnections are fully utilized and then it
reverts to the lowest price in the particular market zone
where the load is being served.

In June 2016, the German Federal Parliament ap-
proved a number of reforms to the power market and
agreements about transferring existing lignite power
stations into an emergency reserve. Ultimately these
generators will be phased out permanently.

The main driver of the reforms is to ensure effi-
cient power station operation and overall security of
supply as the amount of renewable generation contin-
ues to grow. The main reforms include [18.7]:

� Strengthen the price signal to investors – in times
of supply scarcity, peak prices will not be capped
and may increase substantially which should signal
investment opportunities to power station investors.
They may choose to invest in peaking plant such as
open cycle gas turbines, load management or stor-
age.
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� Penalties for insufficient power delivery – traders
must ensure they buy sufficient power to supply
their customers and not rely on grid operators to
make up the difference.� Increased competition for flexible power options or
peaking plant – providers of flexible options, in-
cluding electric vehicles in the future, will have
access to the balancing market.� Reduce network costs – firm access to all renewable
generation will no longer be required and network
charges across the country will be harmonized.� Provide a capacity reserve – similar to the strategic
reserve in Sweden, this will ensure adequate capac-
ity is retained in constrained network regions and
support power system security for extreme events.
This plant will not be part of the power market to
ensure there is no distortion of the competitive ele-
ments of the market.� Mothballing of inefficient lignite power plants –
these will be put on temporary standby for a period
of four years before being permanently closed.� Smart meters will be rolled out – this will com-
mence with the largest customers and be governed
by a cost benefit ceiling and strict data security.

18.5.2 Australia

The National Electricity Market (NEM) encompasses
eastern and southern Australia (Fig. 18.5 [18.8]). It is
geographically one of the largest interconnected AC
systems in the world covering 5 200 km from tropical
Queensland to western South Australia. The maximum
demand of the NEM is now (2017) approximately
37GW.

Economic reform of the electricity sector began in
the early 1990s. Victoria was the first to establish a mar-
ket within the state, followed by NSW and later still
a form of market arrangement in South Australia. The
states collaborated and designed the National Electric-
ity Market (NEM), which commenced December 1998.
The NEM covers all of the east coast of Australia but
not Western Australia or the Northern Territory, which
are not interconnected with the east coast system.

At the time of writing the NEM consists of five ma-
jor and two minor transmission companies, seventeen
distribution companies, twenty-five major and twenty-
five smaller retailers and individual market customers
as well as eighty-one generators.

The market design is similar in some ways to early
versions of the UK model. The participants in the NEM
are a mixture of private and government owned utilities.
A key industry change was the disaggregation of gen-
eration, transmission, distribution and retail during the
early 1990s in the lead up to the start of the NEM.

Western Australia followed later with disaggrega-
tion into generation, retail and a combined transmission
distribution business occurring in 2006. More recently
the disaggregated generator has been re-combined with
the retailer and this larger business is intended to com-
pete with other smaller combined generator retailers.
The size of the market and the lack of diversity limit
the extent of the competition that can occur.

The current market model in the NEM is consis-
tent with the above description of a pool system with
a marginal system price [18.9]. It is a gross pool, trad-
ing in energy only and it is broken down into regions,
which follow state boundaries and each has its own spot
price. There are no capacity payments. The intention is
that as the spot prices increase, or rather forecasts of
future spot prices increase, this signals to investors that
the addition of new generation will be a profitable ven-
ture. While the visible trading in the market is seen as
a spot price, behind the scenes there is extensive bilat-
eral contracting to reduce the risk from short-term price
variations. Today, many of the separate generation and
retailing businesses have merged into a few very large
gen-tailers. There is a reliability and emergency reserve
trader, which is a function available to the market oper-
ator to contract for electricity reserves ahead of a period
where there is a predicted shortage of generation. This
is a form of strategic reserve as described for Sweden
and Germany and discussed in more detail in [18.3].

In the NEM, the Australian energy market operator
(AEMO) is both the market and system operator and is
required to be independent of market participants. The
market is intended to operate commercially at all times.
AEMO has powers of direction to maintain reserve mar-
gins and ensure secure operation of the transmission
network. There is also a spot market for frequency con-
trol services.

A snap shot of the data dashboard for Queensland
in the Australian national electricity market is shown
in Fig. 18.6 [18.10]. The chart shows 30min data
including current and historical spot prices, forecast
spot prices, current and historical scheduled demand
and forecast scheduled demand for a twenty-four hour
period. Figure 18.6 is regularly updated. To obtain the
latest figure, go to: https://www.aemo.com.au/energy-
systems/electricity/national-electricity-market-nem/
data-nem/data-dashboard-nem. Then select price and
demand and QLD.

The spot market is used to instantaneously match
wholesale electricity supply and demand in real time.
AEMO centrally coordinates the dispatch process and
determines which generators will meet the demand
based on 5min bids from the generators for quantity
and price. AEMO then arranges the dispatch of the gen-
eration accordingly.

https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/data-dashboard-nem
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/data-dashboard-nem
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/data-dashboard-nem
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Fig. 18.6 30min data for Queensland in the Australian
national market: Electricity price and demand, Queens-
land, 01.06.2018 (reprinted by permission from [18.10],
©AEMO 2018)

Currently, every 5min, participant bids are used to
determine a dispatch price and the average of six con-
secutive bids is used to determine the spot price for
each half hour of trade. Prices are submitted the day
ahead for each trading interval but can be varied with
around 10min notice. The dispatch system assesses the
demand and constraints at the start of each 5min inter-
val and then calculates the dispatch solution and price.
The spot prices are used for financial settlement of all
energy traded. From 2021 the spot price for settlement
of trades will be moved to the 5min price.

During times of generator shortage, where there
may be inadequate reserves of generation to meet the
customer demand, the bid prices may go very high. In
order to protect the customers, the spot price is capped
to nearly 15 000 $ (AUD)=MWh (2019–20) [18.11].
This cap is periodically reviewed and is set to create
incentives for sufficient capacity to meet the market re-
liability standard. A temporary lower cap is set if the
spot price is consistently high over a rolling seven day
period.

The NEM has now been in operation for nearly
twenty years. It was introduced at a time of excess gen-
eration capacity in most regions followed by a period of
stagnating demand coupled with a significant surge of
investment in renewable generation in the form of wind
and solar-PV.

As in most parts of the world, electricity is consid-
ered to be an essential commodity and loss of supply
due to a major system blackout or a sudden surge in
electricity prices are guaranteed to receive intense po-
litical focus. Both of these events coincided recently
in Australia, mainly focused in South Australia, which
experienced a statewide blackout at a time when elec-
tricity prices have been rising excessively. To some this

is an indication that the electricity market is not work-
ing very well.

On Wednesday September 28, 2016 a major storm
in South Ausralia, including two tornadoes, brought
down transmission towers and caused a number of
transmission lines to trip, including the primary inter-
connector to the adjoining state of Victoria. During this
period, a large number of voltage dips caused a number
of wind farms to power down. The sudden loss of this
generation, coupled with the loss of transmission lines
and the input from interconnection, caused frequency
drops in excess of those allowed for in the under fre-
quency load shedding schemes. This led to a state wide
blackout. At the time of the event, wind power was sup-
plying almost half of the state’s power needs.

Analysis of the event by AEMO [18.12] determined
that settings on the wind farms coupled with a large
number of network outages due to the storm exceeded
the systems ability to deal with the resultant rapid fall
in frequency. To some extent this can be remedied by
modifying the wind farm settings. However, there is
a longer-term issue developing due to the changes to
the nature of the grid where less synchronous gener-
ation is leading to more periods with low inertia and
low fault levels. This has been exacerbated by the un-
expected size of withdrawal of older coal and gas fired
generation. AEMO is recommending that frequency re-
sponse services traditionally provided by synchronous
generators should be procured from non-synchronous
generators where feasible or from services such as de-
mand response or synchronous compensators.

As a result of this blackout and the rapidly rising
prices across the NEM, the government initiated a re-
view into the future security of the NEM. This has
led to the recent publication of the review report by
the chief scientist in Australia, Dr. Alan Finkel. Of di-
rect relevance to this chapter is a recommendation that
all new generators must meet technical requirements
to contribute to fast frequency response and system
strength and that there must be a minimum level of
inertia maintained within each region. In the future it
recommends a move to a market based mechanism for
procuring fast frequency response if there is a demon-
strated benefit. It also recommends an orderly transition
to a clean energy target via an emissions reduction
trajectory. All large generators should provide at least
three years notice of closure. The need for a strategic
reserve to act as a safety net in exceptional circum-
stances should be considered. In addition, an integrated
grid plan should be developed to promote the devel-
opment of renewable energy zones. There should also
be greater transparency and clarity associated with the
setting of retail prices, together with stronger gover-
nance over the NEM. For consumers, issues associated



18.5 Market Structures Around the World 1221
Section

18.5

with demand management, distributed energy resources
and improved energy efficiency should be examined. If
adopted the review panel believes its recommendations
will lead to lower costs, greater security and reliability
coupled with lower emissions. We can expect there to
be a number of changes to the NEM over the next few
years as the industry grapples with these recommenda-
tions.

Another recommendation of that report was to es-
tablish an energy security board (ESB) comprising the
three peak regulatory bodies (the Australian Energy
Market Commission – the rule maker, AEMO – the
System and Market Operator and the Australian Energy
Regulator – the economic regulator and market surveil-
lance entity). The ESB proposed the development of
a National Energy Guarantee (NEG) which would com-
bine a requirement to contract capacity that is able to
be dispatched with a requirement to contract low emis-
sions plant. This simultaneous requirement on retailers
was in response to reliability problems that were then
plaguing the market. The problems had developed as
a result of uncertainty and extended policy inertia that
placed future investment at risk. The lack of investment
hampered responses to the operating challenges of the
NEM due to the change in technology mix in the mar-
ket and the withdrawal of coal fired plant. In the event,
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only the obligation on retailers to contract plant that
could be dispatched to meet their loads, the Retailer Re-
liability Obligation, was implemented (in July 2019).
Mechanisms to limit emissions are still being debated
by governments.

18.5.3 North America

Market liberalization in North America began when the
US federal energy regulatory commission (FERC) man-
dated transmission open access across the US in the late
1990s. At this time, wholesale trading was permitted
between all utilities with some basic rules governing
use of the transmission system; there were no rules for
an electricity market.

More formal markets began to evolve by the early
2000s with rules in place to govern how the trading
should occur. In parallel with this, parts of Canada
also established markets to allow trading with their US
neighbors.

There are now nine markets as illustrated in
Fig. 18.7. Each has an independent system operator
(ISO) or regional transmission operator (RTO), which
manage both the market trading and the system op-
eration. These organizations are independent of the
generator or network functions.
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Pennsylvania, New Jersey, Maryland (PJM)
The PJM interconnected power pool was formed in
1927 and is one of the oldest and largest centrally coor-
dinated power systems in the world. It now operates as
an independent regional transmission organization op-
erating the wholesale electricity market and managing
the high voltage transmission grid. In 1997, PJM began
to expand from the long standing group of eight investor
owned utilities and now has members operating in all
or parts of Delaware, Illinois, Indiana, Kentucky, Mary-
land, Michigan, New Jersey, North Carolina, Ohio,
Pennsylvania, Tennessee, Virginia, West Virginia, and
the district of Columbia and supplying more than 65
million people.

In 2018, PJM had an installed generation capacity
of 180.086GW with approximately 10GW of demand
side management also available [18.13, 14]. PJM oper-
ates a day ahead spot market with energy only prices
and a real time (5min) market, also with energy only
prices. The major portion of electricity is traded via bi-
lateral contracts between generators and customers or
is self generated and consumed within vertically in-
tegrated utilities. There is also an ancillary services
market.

FERC oversees the PJM market and loads or retail-
ers are required to have or contract for capacity plus
a reserve margin or pay a penalty. There are a num-
ber of points of congestion across PJM and a system
of financial transmission rights (FTR) is applied within
a number of zones that allows market participants to
cover potential losses related to delivering energy to the
grid. The FTR holder collects revenue based on the day
ahead hourly congestion price difference across an en-
ergy path. These FTRs are traded along with the energy
produced.

California
It is informative to examine the market evolution in
California, as there were some significant challenges
with the initial set up. California started deregulation in
March 1998 and intended to complete the transition by
2002. Before deregulation, eighty percent of electric-
ity was supplied by three vertically integrated utilities.
These were Pacific Gas and Electric (PG&E), Southern
California Edison (SCE) and San Diego Gas and Elec-
tric (SDG&E). The remainder of power was supplied
by a number of municipalities and public power utili-
ties. At this time, peak demand was about 45GW and
installed generation was about 44GW with the remain-
der being imported, mostly from the Pacific North West
region. The generating resources are a mixture of gas,
nuclear, hydroelectric, coal and renewables.

The California market was initially modeled on the
one established in the UK and was established roughly

at the same time as the one in Australia. As part of the
market development, vertically integrated utilities had
to divest most of their generation. There was a short-
term day-ahead market, which closed sixteen hours
before delivery and a day of market that closed eight
hours before delivery. In addition there was a real time
market for imbalances 45min before delivery and an
extensive ancillary services market.

About eighty-five percent of the energy was traded
through the market. In the original design, most of the
energy was bilaterally traded and settled via the power
exchanges. Like PJM, there were two stages; the devel-
opment of the dispatch schedules a day ahead and then
the on the day balancing. Initially, only one power ex-
change was developed, CALPX, and so there was only
one day-ahead schedule.

The day-ahead schedule was driven by the planned
dispatch and usage of participants, which were lodged
with CALPX – based on bilateral agreements and ad-
justments bid into the day-ahead process. A feasible
solution was developed, with a day-ahead price, which
was given to the operator. On the day the market ran,
the programmed schedule was varied to match changes
in load and generation.

There was a cap on the price for the day-ahead mar-
ket, which was to be the main price. While there was no
formal limitation on financial products for the balancing
pool, the existence of the power exchanges meant that
risk management was not required for the (expected)
low amounts of energy to be settled in the pool.

A further complication was that there was a sepa-
ration of the physical and market functions. An inde-
pendent system operator (ISO) was established to deal
with the actual technical management of the power sys-
tem and generation dispatch and to financially deal with
occasional imbalances in the real time market. The mar-
ket functions were incorporated into a power exchange,
which dealt with the actual financial energy transac-
tions. The market only traded in energy and not capacity
and there was a cap on the market price.

Concerns about pollution in California had in-
creased the reliance on power imports from other states
but the transmission infrastructure had not kept pace
with this leading to transmission congestion with other
states and within the state. Customers were allowed full
retail choice from day one, however, some of the in-
vestments in generation were considered uneconomic
in a competitive environment and the retail rates were
frozen until the stranded assets were paid off. The gen-
eral expectation was that lower prices would eventuate
over time, particularly due to the entry of new high
efficiency gas turbines. The pool was designed to be
compulsory, where generators lodged hourly bids to
meet demand at prices of their choosing and a common
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pool price was set by the last generator to be loaded in
that hour.

There were a number of issues worth noting which
would later prove to be of concern. None of the markets
were physically binding. Ultimately, real time dispatch
compliance was purely voluntary which resulted in
difficulty maintaining system stability and reliability.
There was a lack of a single unambiguous price for elec-
tricity to be used for hedging and investment decisions.
There was some concern about the use of the fixed cap
in that it may have sent adverse signals to participants
for investment decisions and could also act as a target
for bidders when prices are on the rise. There were long
lead times on approvals for new transmission lines and
generators.

California is a summer peaking area and in the 1998
and 1999 summers, temperatures were typically aver-
age. There was above average runoff into the hydroelec-
tric dams of the Pacific North West and California was
allowed to import low cost hydropower from these ar-
eas. The three major utilities PG&E, SCE and SDG&E
were starting to divest their generators but still owned
most of them. Natural gas prices were low to moder-
ate, averaging around 2 $US=GJ. Wholesale electric-
ity prices generally remained in the 20–30 $US=MWh
range. Electricity pool prices were well below the levels
of wholesale prices previously embedded into the tariffs
that had been frozen for the major utilities. These utili-
ties were therefore quite profitable at this time and were
able to pay off the stranded asset charges more quickly
than expected.

All this changed in the summer of 2000. Average
temperatures were higher than normal with several heat
waves. Water inflows in the Pacific North West returned
to their long-term averages and reduced the amount of
hydropower available. Natural gas prices increased to
10 $US=GJ, a five fold increase and gas transport ca-
pacity reached its limits. In California, all gas fired
generators needed to purchase nitrous oxide emission
credits when operating and the price of those credits
increased. The marginal cost of operation of an open
cycle gas turbine exceeded 150$US=MWh. As a re-
sult of all these coincident events, price spikes began
to occur in May and by June prices had reached record
levels.

In reaction to these events, the California ISO low-
ered its wholesale price cap from 750 to 500 $US=MWh
and then a month later to 250 $US=MWh. However,
there was no noticeable effect on the pool prices. At this
time, SDG&E had moved out of the rate freeze. The av-
erage monthly residential bill in San Diego went from
40 to 68 and then to 130 $US from June to July 2000—
more than trebling over the summer months. General
price levels throughout the western states, caused ma-

jor energy intensive industries, including most of the
aluminum smelters in the Pacific North West, to curtail
output or cease production.

Not surprisingly, there was considerable anger
amongst customers who forced the state government to
cap residential prices around pre existing levels. Price
caps were also implemented at the wholesale level lead-
ing to almost 12 billion $US of costs that retailers were
unable to recover from customers. These retailers were
forced into bankruptcy (or would have been without
government support) while owners of generators re-
ported record profits.

A number of factors in the design of the market can
be identified as contributing to the surge in prices. There
was limited demand side response. The rate freeze prior
to the sudden increase in prices had given no signal to
conserve energy or in fact develop strategies to man-
age varying prices. There was a sudden increase in
power production costs coincident with an unexpected
increase in demand due to unusually high temperatures.
The fact that the three major utilities had to buy and
sell all their energy needs through the California Power
Exchange, coupled with restrictions on their ability to
forward contract, removed their ability to mitigate price
volatility. There was also withdrawal of large capacity
from the market close to days of high prices indicat-
ing a possible abuse of market power. This last issue
was a practice extensively used by Enron, an aggressive
market trader at the time.

Traders looked for ways to maximize profits within
a market structure that was new, complex and had little
oversight or governance. Enron found a way to play the
California power exchange off against the California
ISO. The ISO was only meant to deal with occasional
imbalances in a real time market. Daily schedules of
load and generation were expected to be more or less
equal. However, Enron and others would deliberately
overstate expected customer loads, leading the ISO to
pay a premium for delivering more power and a pre-
mium for removing load from the grid.

Ultimately Enron filed for bankruptcy in December
2001 becoming the largest bankruptcy in US history at
that time. This was driven by illegal corporate practices
and most of their top executives were tried for fraud
after it was revealed that Enron’s earnings had been
overstated by hundreds of millions of dollars. The risks
inherent in the market design had ultimately captured
one of its most aggressive players who tried to hide their
financial position with the hope that they could trade
their way out of trouble.

A number of changes were put in place to address
the problems. There was a move from compulsory spot
market trading to bilateral trading as used in the other
electricity markets in the US. FERC was given the au-
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thority to investigate abuse of market power where any
bids over 150$US=MWh need to be justified and may
be investigated. New generation was fast tracked. The
oversight of the California ISO was changed from one
representing stakeholder interests to an expert panel ap-
pointed by the governor. Finally, the California power
exchange was dissolved and the market and operational
roles were combined into the ISO.

18.5.4 Brazil Market Overview

Brazil has the largest electricity market in South Amer-
ica with a generation capacity of more than 137GW,
dominated by hydro power with most of the remain-
der supplied by fossil fuels, biomass and small amounts
of wind and solar. There is limited interconnection
with neighboring countries. Unbundling of generation,
transmission, distribution and retailing occurred in the
1990s, although generators and retailers may be inte-
grated. Third party access to the transmission is avail-
able to all parties on commercial terms.

There are two market environments. The first re-
quires bilateral energy contracts to be established be-
tween generators and retailers that are considered to
have captive customers. These are conducted by auc-
tions in a regulated environment. The second allows
unregulated contracts to be established between gener-
ators, uncontracted customers (generally if the load is
greater than 3MW), retailers and traders.

Generators, through long and medium term con-
tracts, must supply 100% of the total demand of each
retailer. A spot market allows for short term contracts
to cover the difference between longer term contracts
and real demand.

Auctions for new and existing generation capacity
are carried out annually with new generation offered
long term contracts. The regulator sets a ceiling price
for these auctions.

There is a separate market operator and system op-
erator. The market operator manages the long term and
spot markets, with the marginal cost for the spot market
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Fig. 18.8 The Brazilian subsystems and regions (reprinted
by permission from [18.4], ©CIGRE 2015)

provided by the system operator used as a reference
for the spot market. The system operator is responsi-
ble for generation dispatch, power balance management
and the coordination of ancillary services. The regulator
oversees both operators.

There are four large subsystems as shown in
Fig. 18.8 and there is a procedure to deal with trans-
mission congestion within and between these regions
where this impacts on lowest cost dispatch and contrac-
tual arrangements.

There are some specific market challenges that are
currently being reviewed. These include the timely
development of adequate transmission for sufficient
generator competition and cross border flows. This is
coupled with the growing interconnection of renewable
energy sources, particularly when these occur as dis-
tributed generation that is not under the control and
monitoring of the system operator.

18.6 Regulation

This section will examine the role of regulation in the
operation of power systems.

18.6.1 Electricity as an Essential Service

Electricity is unique in that it must be available the in-
stant it is required and must be consumed or stored the
instant it is produced. Failure to meet these require-

ments results in a disruption to the power system where
loads or generators may be tripped and, in the extreme,
major power blackouts may occur. There have been
examples of these blackouts in virtually all developed
countries. They often lead to front-page news and gov-
ernment led inquiries.

There is no doubt that electricity is now considered
an essential service in all developed economies. Fre-
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quent loss of power or loss of power to customers for
extended periods can lead to significant economic loss
and have major political implications. Customers rely
on electricity in almost every aspect of daily life from
lighting and air conditioning through to the operation
of most appliances as well as most aspects of manu-
facturing. It is becoming more and more important for
transport and electric vehicles are predicted to overtake
petrol and diesel fuelled vehicles as the preferred form
of transport within the next twenty years. A number of
countries have announced plans to phase out petrol and
diesel vehicles including France, Germany, UK, China,
India and Norway. While the timing for some countries
is still being finalized, some have already declared a tar-
get year. For example, France has recently announced
that it will outlaw the sale of petrol or diesel vehicles
by 2040 [18.15]. China is currently studying the tim-
ing of a move to phase out fossil fuel vehicles and has
commenced using incentives and subsidies to guide this
outcome. It is currently the world’s largest manufac-
turer of electric vehicles [18.16]. This has been driven
partly by the growing smog problem in the major cities,
partly by industrial policy and by commitments to act-
ing on climate change.

Electric vehicles and a growing number of appli-
ances rely on battery power as their energy source.
While this is generally not the case at the moment, there
is the opportunity to control the timing of charging of
these devices so that the power demand is aligned to the
capacity of the power system. There is also the possi-
bility to use the electric vehicles as a source of ancillary
services to the electricity system in the future. Accom-
modation of large scale charging of electric vehicles
will require changes to industry operation practices and
installed infrastructure capacity. A recent study by Vec-
tor in New Zealand estimates that power demand per
dwelling could increase between 100% for slow trickle
charging and 2000% for rapid charging [18.17]. Mini-
mization of peak power increases and optimization of
infrastructure usage will require a range of market de-
sign changes coupled with effective regulatory controls
on both the utilities and the electric vehicle industry.

18.6.2 Vertical Integration
and Disaggregation

As previously discussed, power system industry struc-
tures have evolved to take advantage of economies
of scale, with large interconnected transmission sys-
tems allowing the shared use of generation reserves
and larger, more efficient generators. In many cases this
has resulted in vertically integrated business structures
where the utility generates, transmits, distributes and
sells the electricity. As discussed below, the introduc-

tion of competition between interconnected generators
and also between retailers has placed more attention on
the interconnecting networks. In some cases this has led
to rules that financially ring fence the networks from the
rest of the business. In others it has led to complete sep-
aration of the businesses.

18.6.3 Transmission and Distribution
as Natural Monopolies

The transmission and distribution or network compo-
nents of the utilities are considered natural monopolies
as it is not economic to duplicate these components, and
even if it were, it would be unlikely to be publicly or en-
vironmentally acceptable. As a result, the networks are
in a privileged position and able to charge monopoly
rents for the use of their services. It could be argued that
too high a charge for service would result in the end cus-
tomer going elsewhere for their power. However, this
would almost certainly be at a much higher incremental
cost and result in inefficient use of assets. Governments
are well aware of this problem and in most countries
have installed a regulator to oversee the investment in
new assets and the allowed return on any investment in
those assets. In other countries such as Brazil and Chile,
competitive auctions are used to try to ensure the lowest
cost provision, operation and maintenance of transmis-
sion infrastructure.

18.6.4 Economic Regulation of Monopolies

It is difficult for an external party to fully understand the
internal costs of a utility or the link between investment
and the quality of service provision. Attempts to build
this understanding could lead to extensive duplication
of resources, add significant costs to the process of over-
sight and therefore limit the benefits of regulation. The
overall aim of regulation is to drive the business to de-
liver the desired quality of service at the lowest cost that
is sustainable over the long term. Regulators therefore
tend to focus on the outputs in terms of cost of service
and delivery against prescribed service standards. At
the simplest level, this may be a monitoring of the prices
charged for the service, any annual increases relative
to inflation and the performance against agreed service
level targets. In addition, benchmarking with other sim-
ilar organizations may be used to assess their relative
efficiency.

While this may result in a lower cost of regulation,
there may be a concern that the initial prices at the start
of the regulation process may be too high.While bench-
marking can help here, it is difficult to ensure a level
playing field when comparing organizations. The his-
torical timing of large investments and past decisions
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on technical issues are linked to the perspective on
future conditions at the time the investment decisions
were made. For example, an expectation of a high load
growthmay lead to a choice of a higher standard voltage
level and the use of larger standard transformers. Ac-
curate load forecasting is notoriously difficult and this
may lead to the investment appearing inappropriate in
hindsight. In addition, utilities vary in size and small
utilities have fewer opportunities to enjoy the benefits
of economies of scale.

Services are normally classified as regulated or non-
regulated services. Regulated services are those not
subject to adequate competition to drive lower prices
and are normally classed as monopoly services. Con-
versely non-regulated services are those that are subject
to competition (say by means of an auction) or can be
provided by a number of entities. Classification of these
services can be complicated further when the utility is
vertically integrated. In this case it is possible for the
utility to load additional costs into the network part of
the business, which has the added benefit of allowing
the utility to charge lower prices or make larger prof-
its in the unregulated generation or network parts of the
business. To some extent this can be overcome by re-
quiring financial ring fencing of the regulated network
components of the business but this still carries the risk
associated with the regulator having less information on
the internal workings of the business. In a number of
cases, this has led to a requirement for the vertically in-
tegrated business to sell its network assets.

18.6.5 Rate of Return Regulation

For this form of regulation, the regulator scrutinizes the
utility investment to ensure that the investment is re-
quired and efficient. It then allows sufficient revenue
to ensure the utility fully recovers its costs. This form
of investment is popular with investors as it allows
a consistent return despite fluctuations in the economy.
However, it does not provide strong incentives for the
utility to operate efficiently.

18.6.6 Price Control

To reflect the information asymmetry between the reg-
ulator and the utility, regulators often choose to use
incentives to drive the business to improve its efficiency.
In this case, if the utility spends less than forecast for the
regulatory period, it will be allowed to keep a portion
of the difference between actual and forecast revenue
as a reward. Conversely, if the utility spends more than
forecast, a portion of the difference between actual and
forecast revenue will be applied as a penalty. In both
cases, this will then be taken into account when setting

desired revenue and consequent price settings for the
next regulatory period.

18.6.7 Revenue Determination

A more intrusive regulatory model is to require the
network business to propose and justify its required rev-
enue for a regulatory period that could typically be five
years. This revenue would be determined based on the
total anticipated efficient capital, operating and main-
tenance costs over the regulatory period together with
asset depreciation, tax liabilities and a commercial re-
turn on the capital investment. To determine the capital
costs, an asset valuation of all existing and proposed
new primary and secondary assets would be required.
Then a rate of return on this capital would need to
be proposed based on identified risks and known costs
of capital. This would typically be based on allowing
a reasonable return on equity to reflect efficient equity
finance costs and a return on debt that reflects the costs
of regularly sourcing debt within the regulatory period.
As part of the revenue determination model, revenue
cap or price caps are usually applied for the regulatory
period to apply incentives to the utilities and provide
price certainty.

18.6.8 Revenue Cap

Revenue cap regulation fixes the revenue that the util-
ity can receive regardless of actual output or demand.
Prices are set based on the allowed revenue and fore-
cast electricity consumption but if actual consumption
differs from forecast consumption, the allowed revenue
is corrected in the following year. There is therefore
no incentive to incorrectly forecast the expected con-
sumption. In this model, prices may be more volatile
if demand is less predictable. It is also possible to ap-
ply an incentive in the form of CPI � X, where CPI
is the general inflation rate in the economy and X is
an estimation of the utility’s expected efficiency gains.
This provides a very strong incentive to find efficiency
gains.

18.6.9 Price Cap

For price cap regulation, prices are regulated rather than
the revenue. The initial starting price is set and then it is
adjusted each year by CPI � X as described for revenue
cap regulation. If electricity consumption rises in the
regulatory period, revenue will increase and if it falls,
revenue will reduce. This should encourage the utility
to adjust the timing of investments to suit changing load
expectations and to drive efficiencies harder when con-
sumption falls. On the other hand the X is known in
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advance of the regulatory period, which allows the util-
ity to plan and deliver efficiencies over the period.

In reality there may be limited opportunities to take
action on investment timing, as is the case for trans-
mission, which usually has long lead-time projects. It is
therefore more common to use price cap regulation for
distribution investments, as these are usually more short
term.

18.6.10 Pricing Methods

The subject of electricity pricing is complex and varies
from country to country. This section will provide
a high level overview of this topic. More detailed in-
formation can be found in the reference documents
referred to in Sect. 18.7.

Ideally pricing should be efficient in that it recovers
all the required revenue of the utilities while provid-
ing signals to customers that support the efficient use
of electricity. Unfortunately, many practical issues may
interfere to tarnish this objective. Governments are well
aware that any large increase in electricity prices can
cause headaches for them and therefore often place con-
trols on the actual prices that can be applied. In some
cases the government will subsidize the end price in or-
der to deliver on social issues. In addition, ambitious
renewable energy targets have been set by governments
to combat climate change. To help increase the rate of
installation of the renewable generators, subsidies have
been applied either as payments for the surplus energy
generated or by direct government payments that effec-
tively reduce the capital cost of the renewable generator
installation. As the efficiency of both the technologies
involved and the production processes have improved
and significant economies of scale have been achieved,
the level of subsidy has been reduced.

The cost components of the pricing are driven by
the wholesale prices from the generators, the network
prices from the transmission and distribution companies
and by a charge from the retailers. All of the participants
will need to recover fixed and variable costs. However,
accurately modeling the end charges on each of the to-
tal fixed and total variable costs will not necessarily
produce the ideal result. For example, one could argue
that the majority of costs incurred by a network busi-
ness will be fixed costs as they are either incurred as
a result of capital investment in the infrastructure or
maintenance costs incurred to support the infrastruc-
ture. Once the investment decisions are made, neither
of these costs varies over time. Network costs generally
make up a proportion of between 30 and 50% of total
costs.

Fossil-fuelled generators will have a higher propor-
tion of variable costs. While they still need to recover

the capital costs of the generator, the dominant cost will
be the fuel. In the case of renewable generators such as
wind and solar, the majority of the costs are fixed as the
fuel is free leaving only maintenance as a variable cost.
However, maintenance costs can be substantial for off-
shore wind turbines. Hydro is also dominated by fixed
costs and nuclear is mostly a fixed cost, as it must con-
tinue to operate regardless of the demand from the end
customer. If these costs were all passed through directly
to the end consumer, the main component would be
a fixed charge. There would then only be a small price
signal to the end customer to vary their consumption at
various times of the day.

variable prices can be used to encourage customers
to apply demand management to reduce the peaks and
troughs of daily load consumption. This should reduce
the need for investment in new generation and network
capacity as well as improve the utilization of existing
infrastructure. Despite the difficulties in accurately pro-
viding cost reflective pricing, variability in pricing is
a useful tool to encourage customer behavior that will
lower overall costs.

Generators would prefer to operate at their maxi-
mum output whenever they are available, particularly
in the case of base load generators such as coal, nuclear
and combined cycle gas turbines. Open cycle gas tur-
bines and large storage hydro generators are generally
more flexible but are still keen to maximize their rev-
enue, whereas solar and wind want to operate at their
maximum possible output whenever the sun shines or
the wind blows. In a market context, these parties are
likely to price their output to ensure optimum output.
This price will also be influenced by any longer term
bilateral or hedging contracts that are in place.

End customers, on the other hand would like the
electricity to be available at all times of the day and
night at 100% reliability. They are however open to
price signaling and, in many cases, would be pre-
pared to vary their consumption to reduce their overall
costs. This is becoming more and more possible with
the advent of new technologies such as smart meter-
ing and remote appliance switching. Many household
appliances are now available with batteries and some
industries may be prepared to reduce demand occasion-
ally for a fee.

Tariffs are determined by considering each class of
customer. For example, domestic and other low use cus-
tomers require more infrastructure and their peak loads
are concentrated at times of the day that match sys-
tem peak loads. On the other hand, industrial loads are
generally fed by less network infrastructure and con-
sume a more uniform load throughout the day. They
can therefore be charged a lower tariff. Usually the tariff
will have demand ($/kW) and energy (c/kWh) compo-
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nents with the demand charge higher for more peaky
loads. Where meters have suitable capability, time of
use tariffs are used to try to influence demand and re-
duce the overall system peak or to shift demand to times
when renewable energy is abundant. Overall the setting
of tariffs is partly political and social and is not an exact
science. However, as technology improves, there are in-
creasing opportunities to provide customers with more
choice about the reliability and cost of their electricity
and suppliers with a greater understanding of the impact
of price signals.

Electricity pricing is set to try to achieve a balance
between adequate signaling of the generator’s desired
mode of operation and meeting the end customer’s
needs for electricity availability at the best possible
price. This applies regardless of whether the generators
signal their requirements through a market structure or
as regulated entities. Governments often intervene in
the price setting to meet social objectives, particularly
at the domestic customer level. For example, they may
apply a uniform tariff across the entire customer supply
area so that customers in the central business district
pay the same price as those in remote country areas
despite the fact that it costs much more to supply the
remote customers. If the remote customers were to be
charged based on the real costs to supply them they may
choose an alternative such as a stand-alone supply.

The approach to pricing across the world varies de-
pending on a range of factors, particularly related to the
level of power industry restructuring. CIGRE Working
Group C5.16 [18.18] has surveyed a number of coun-
tries to determine the types of costs that impact on end
user billing and the methods and trends for practically
allocating costs in both regulated and competitive mar-
ket environments. The survey concluded that the main
electricity cost drivers are a mix of fixed costs, capac-
ity costs and variable energy costs. The retail billing
components therefore include a balanced mix of fixed
charges for common shared customer costs, demand
charges for capacity, energy charges for fuel and other
operating costs and policy charges for taxes and other
externally imposed costs. The survey revealed that the
extent of using demand charges varied widely, driven to
some extent by the desire for rate simplicity, metering
limitations and historical perspectives on electric ser-
vice.

Large scale embedded generation has a significant
impact on the use of the network. When combined with
storage and smart meter enabled load control, the use
of the network can be reduced to zero for extended
periods. This has significant implications for transmis-
sion and distribution pricing. Most domestic electricity
consumption is measured in kilowatt-hours and vir-
tually all network costs are fixed, based on a return

Customers self
generate and

improve efficiency

Utilities raise prices
Peak demand reduces

but energy use
reduces much faster

Utilities lose revenue
but need all their

infrastructure

Fig. 18.9 The death spiral

on the large capital investment and operating costs to
operate and maintain the infrastructure regardless of
the energy that flows through the system. To main-
tain the required revenue to service the network costs
when energy consumption is falling requires the price
on a unit of energy to be increased. This may lead to
more customers investing in distributed generation with
consequent higher energy delivery prices. This leads to
what has been termed a death spiral, where the ris-
ing costs increase exponentially as the energy reduces
(Fig. 18.9). Ultimately this could lead to prices for con-
nection to the network being so high that no one can
afford to connect.

Rapidly increasing prices is one possibility and will
depend on the responses of the network utilities and
the development of new technologies. While significant
installations of roof top solar are likely to continue,
helping to exacerbate the above problem, large-scale
renewable generators are still more economic than
small-scale generators and these will require transmis-
sion lines to bring this energy from remote locations to
load centers. This may encourage greater use of the net-
work resulting in lower per kWh customer charges. In
addition, individual houses that have surplus generation
may want to trade this with others in the neighborhood.
This will again require greater use of the network and
will exert downward pressure on network prices. Elec-
tric vehicles and electrification of heating are also likely
to increase demand on the networks. Ideally incentives
will be placed on this increasing load to minimize the
impact on peak loads. A key factor will relate to how the
pricing structures adapt and how the customers respond
to these changing opportunities.

18.6.11 Performance Reporting

While keeping the end price of electricity as low as
sustainably possible is a key focus of regulators, it is
also important to ensure technical performance is main-
tained or, in some cases, improved. One of the ways that
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regulators can keep tabs on the relative performance of
monopoly network businesses is to require performance
reporting. As discussed earlier there may be some diffi-
culties comparing different organizations, particularly
if they have different histories and current environ-
ments. However, comparisons will provide some useful
information and the tracking of performance of a par-
ticular utility from one year to the next is certainly an
effective model.

Utilities will generally use a number of both fi-
nancial and technical performance indicators to help
drive performance improvement in the organization.
A number of these are likely to end up in the utility an-
nual report as direct feedback to staff, stakeholders and
shareholders. The regulator may use the annual report
or even ask the utility to nominate certain indicators.
They may also have additional requirements, especially
where there is required ring fencing of monopoly com-
ponents within the organization.

Regulators may also use a financial reward and
penalty scheme to provide an incentive for the utility to
improve performance. For this to work well, it is impor-
tant to ensure that performance targets are reasonable
and the rewards are sufficient without being excessive.
Incentives may also be provided to drive innovation.
Network utilities are necessarily conservative in their
operations as large scale extended black outs can be
catastrophic for both the utility and the country. With
this rider, it is important that the regulatory controls do
not stifle innovation, which can improve performance
or reduce costs. In some cases, a value of loss of load
may be used to justify network investments. This is of-
ten based on survey results to determine the value of the
electricity to the customer at a particular time of day.
This perceived value would tend to vary depending on
how recently the respondents have experienced a black-
out. Regulators therefore tend to prefer a lower value
for this, although it is still usually significantly greater
than the normal energy charge and will vary depending
on, amongst other things, whether the supplied area is
the central business district, a commercial area or a sub-
urban domestic load area. Smart meters and dynamic
pricing may also provide useful data for the customer
electricity valuation adopted by the regulator.

18.6.12 Regulated Versus Non-Regulated
Services

Within the transmission or distribution business there
may be services that the utility provides that are not
obligatory and can be provided on a contestable basis
from a range of suppliers. These are not regulated but
need to be ring fenced from the regulated business to
ensure no cross subsidies. In some cases, transmission

and distribution connections are not part of the regu-
lated income and the connection can be either built by
the user in accordance with prescribed standards or be
subject to a separate competitive tender.

Similarly a utility may choose to build a transmis-
sion interconnector as an unregulated asset or merchant
line. In this case, it would not have a regulated income
but derive its revenue from users that wish to utilize
the asset on a pay for service basis. These kind of in-
terconnectors are not common but have generally been
used to link power systems where the price in one sys-
tem is different to the price in the adjacent system. The
transmission business then leverages this difference to
fund the cost of the interconnector. These types of inter-
connector are less popular due to the much higher risks
involved as the price differentials between the adjacent
systems can vary over time and investors tend to pre-
fer the long term certainty of a regulated return on the
asset.

18.6.13 Treatment of Losses

Electricity is produced and used at many different loca-
tions and there are product losses as it is transported to
the loads. Generation must make up these losses at all
times, which, on a typical system, tend to be on average
in the order of four to five percent. The value of these
losses will vary from one location to another, depending
on the distance and transmission or distribution voltage.
These losses have an economic and environmental cost.
Network businesses may have an incentive within their
revenue or price control to reduce the losses. However,
these are not always under their control. As dispatch of
the generators in different locations changes so too will
the current flows in the network and the losses will in-
crease or decrease with the square of the current. This
may occur in relation to large generators connected at
transmission level or for distributed generators such as
rooftop solar. In some countries the penetration of roof
top solar is so significant that at some times of the day
the current flow reverses away from the load back into
the transmission system. A useful discussion on the
management of network losses can be found in a re-
cently published CIGRE reference paper [18.19].

There are some losses that can be controlled by the
network businesses but for this to be meaningful there
needs to be accurate metering at the points of connec-
tion of loads or generators. While the end customer load
will have tariff quality metering, the generators may
not. Certainly, many rooftop solar systems will not cur-
rently have metering and their input will simply be seen
by the customer tariff metering as a reduction in load.

Where the metering issue can be resolved, there
may still be issues such as electricity theft and the re-
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duced accuracy of meters as they age to deal with,
although this latter aspect is less of an issue for digital
meters. It may therefore be more practical to provide
a reward for the utility that reduces losses when it
provides specific evidence of the cost benefit for the
particular location where the action has been taken. For
example a transmission line voltage could be increased
or a high loss transformer could be replaced with a low
loss transformer.

18.6.14 Metering/Smart Meters

As mentioned in the above section on losses, tariff me-
ters provide a very important role in the management
of the power system. They ensure that customers are
paying the correct amount for their service and that the
utilities receive the required recompense for the service
they provide.

In recent times, smart meters have been introduced
into an increasing number of countries. A smart meter
may vary in complexity but fundamentally it consists of
a tariff meter that records electricity consumption in in-
tervals of one hour or less and is able to communicate
with a central control system. In some cases the me-
ters have been introduced to combat theft and in other
cases for a range of technical solutions that enable cus-
tomers to manage their load and reduce their cost based
on price signals provided by the utility.

For example there may be a shortage of gener-
ation resulting in a very high wholesale price. The
smart meter could be sent a signal from the retailer, the
supplier or the load aggregator asking for load to be re-
duced. This would normally be based on the contractual
relationship between the company and the customer.
One input to the company’s decision-making could be
scarcity price signals from a power exchange or con-
gestion price signals from a system operator. The smart
meter could then send a signal to various appliances
either switching them off or reducing their load. One
of these could be a non essential load such as a pool
pump or an air conditioner that could be switched to
run with a fan only for say 15min in the hour. The cus-
tomer would receive a reduced tariff to compensate for
the inconvenience of the power reduction. Various ap-
pliances can also be set in advance to operate at times of
low demand. Ultimately, with the use of batteries at the
load point, it would be possible to match the load to the
ideal generation profile. In the case of wind and solar,
this would be when the sun shines or the wind blows.
While some countries have taken major steps to roll out
smart meters to all or most customers, the technology
is still considered expensive by some, especially if it re-
quires the replacement of perfectly good meters that are
already installed at the load points. Evaluating the full

costs and benefits is complex and the subsequent large
capital investment may prove difficult to justify without
some overriding government policy directive.

The European Commission has directed that 80% of
customers should have smart meters by 2020, providing
an incentive for member states. Some countries (e.g.,
Italy and Spain) had already rolled out smart meters and
other countries are well on the way (e.g., France and
the Netherlands) but others are well behind (e.g., UK
and Germany) [18.20]. Figure 18.10 shows the current
(2017) responses from member countries, as reported
by the EC Joint Research Center Website.

Other parts of the world have also made progress
with the installation of smart meters. For example, in
Australia, Victoria has achieved a 96% rollout and there
has also been a significant rollout in South Australia and
New South Wales. A national electricity market rule
now requires smart meters for new and replacement me-
ters. In China more than 400million meters had been
rolled out by 2017 whereas in other parts of the world
such as Eastern Europe, Latin America, the Middle East
and Africa, the rollout has been quite limited [18.22].

18.6.15 Technical Regulation

In parallel with economic regulation it is also desirable
to monitor the technical aspects to ensure the power
system delivers the required reliability and quality. In-
stantaneous matching of supply and demand is required
if the power system is to meet the required standards. It
must also withstand sudden disturbances such as system
faults and deliver electricity within prescribed bands of
voltage and frequency. In addition, interference such
as harmonic distortion must be managed to ensure
customer equipment does not mal-operate or become
damaged. In order to manage these impacts, power sys-
tems are designed with a level of redundancy, installed
equipment must meet prescribed standards and steps are
taken to reduce power quality issues such as harmonic
distortion to within prescribed limits. The level of relia-
bility and quality is usually chosen to meet customer
needs and will usually vary from major city central
business districts where high levels of redundancy and
power quality are required to remote rural loads, which
would normally have lower standards. The chosen stan-
dards are also limited by economic limitations.

It is also important that customers that connect to the
network meet required standards as they may impact on
other customers that are connected. These standards are
designed to assist the system and network operators to
meet system standards. For example, the sudden switch-
ing of a large load onto a network that is not rated to
take it may result in large unacceptable voltage swings
for nearby customers and in the extreme, may cause the



18.6 Regulation 1231
Section

18.6

Smart electricity 
metering roll-out

Yes
Yes, official decision pending
No; based on country ś
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supply circuit to trip causing loss of supply to other cus-
tomers on the same feeder. There are also safety stan-
dards that must be met to ensure public safety.

While the power systems are designed and built
to meet the prescribed standards, they must also be
operated within defined rules to ensure the required
power system performance is delivered. Prior to the
deregulation of the electricity industry and the intro-
duction of electricity markets, many of the technical
issues were managed internally by the various electric-
ity businesses. Open competition amongst generators
and amongst retailers has meant that the technical rules
and standards are required to be public. This ensures
clear accountability and avoids accusations of bias, par-
ticularly if vertically integrated utilities are involved.

18.6.16 Technical Rules

Published technical rules or grid codes now governs
many utilities. These documents may have been pro-
duced by utilities but they will normally have been

subject to review and public consultation by regulators
prior to publication. It is beyond the scope of this chap-
ter to go into detail on the technical rules; however,
the section on regulation models around the world will
highlight some of the differences between countries and
provide references to the various documents that are ap-
plicable in those countries.

A recent CIGRE publication on the review of
drivers for transmission investment decisions [18.23]
has established that the main reason for expansion or
new build projects is security of supply followed by new
connections, generation integration and economically
motivated projects. The report also noted that com-
pliance with technical planning criteria is the primary
determinant of reinforcement and that most transmis-
sion investments are made on a long-term basis. In
a number of cases, changes to planning criteria are be-
ing made to reflect the changing industry, particularly
in relation to integration of high levels of renewable en-
ergy sources. In addition, changes are also being made
to accommodate new technology or industry wide prac-
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tices. In many cases, economic principles such as the
cost of unserved energy and societal impacts are con-
sidered as part of the review of the planning criteria.

18.6.17 Service Standards

The earlier section on performance reporting referred
to the technical performance indicators that regulators
monitor to ensure that cost cutting does not result in
poor service outcomes for customers. This requires the
relevant utility to publish its performance against the
various service standards. These service standards may
relate to the frequency of interruptions to supply or the
duration of the outages.

18.6.18 Environmental Regulation

In addition to all the technical requirements necessary
to deliver a sustainably reliable power supply at a rea-
sonable cost, many countries have imposed additional
environmental requirements on the electricity utilities
and their customers. These may be at a local level,
say for an individual town, a region or state level, an
individual country or for an entire continent. While
the various political leaders may agree these at a high
level, the detailed interpretation and implementation of
the requirements is left to individual areas. In most
cases, satisfying these additional requirements will add
costs to the delivery and consumption of power. While
some attempts have been made to quantify the costs of
inaction on these issues, they are not yet universally ac-
cepted.

18.6.19 Climate Change

Climate change is an issue that has maintained consid-
erable global attention for a number of years. In Decem-
ber 2015, 195 countries agreed to a global climate deal
that is legally binding [18.24]. This agreement aims to
limit the increase in CO2 emissions from those coun-
tries to a level that scenarios indicate would restrain the
increase in average global temperatures to significantly
less than 2 °C above pre industrial levels and ideally as
low as 1.5 °C above. While the global commitment has
remained resolute for most signatories, at the time of
writing the US appears to be reducing some of the pre-
viously committed actions where it believes they will
have a negative impact on its economy [18.25] and, it
is reported that many countries are expected to fail to
meet their commitments.

The actions taken by countries in relation to these
climate change commitments will directly impact on
the electricity sector, particularly where they are reliant
on fossil fuels. Common actions to be taken relate to

use of less fossil fuels, an increase in renewable energy,
control of CO2 production and a drive to improve en-
ergy efficiency. Each of these actions can have a direct
impact on costs of electricity and interfere in the pure
economic drivers in a commercial market. Regulatory
oversight is required to ensure actions and related cost
impacts are clear, open and accountable.

18.6.20 Energy Efficiency

Energy efficiency refers to the ability to produce more
for the consumption of less energy. The World Energy
Council has produced auseful report on the current status
of energy policies around the world [18.26]. It considers
the policies and trends that are occurring in relation to
this topic. Energy efficiency is one of the simplest ways
to reduce the impact of fossil fuels on the environment as
well as ensuring a more sustainable approach to the use
of the world’s scarce resources. Often it can pay for it-
self in a relatively short period. Some countries have set
aspirational targets and others have legislated to elimi-
nate some of the less efficient plant, equipment and ap-
pliances. Others use labels to advise consumers of the
appliance efficiency at the time of purchase.

A key problem in relation to energy efficiency re-
lates to the disaggregated nature of the supply chain. If
the maximum end customer benefits are to be achieved,
the reward must be spread appropriately across all par-
ties that contribute to the efficiency. This will require
clear price signals and profit incentives that encourage
an integrated approach to the problem.

Within the electric power system, efficiencies can
be gained by modifying the design, construction and
operation of the system components, reduction of net-
work losses (while avoiding suboptimal generator dis-
patch) and the use of energy storage. The use of smart
meters and intelligent devices allows the ability to con-
trol and influence consumption rates and timing, which
can improve efficiency of the whole system. Choosing
the optimum mix of these factors will determine the ul-
timate system efficiency.

The various aspects can be described as shown in
Fig. 18.11 as presented at the CIGRE symposium in
Bologna [18.27].

Various approaches can be used to encourage en-
ergy efficiency. The electricity market can send signals
and reward efficient operators; although to work well,
this would require access to storage and demand side
management together with clear price signals. Regula-
tory targets can be set, although this can be distortionary
as it may lead governments to back politically attractive
technologies. International standards can improve inter-
operability as long as they don’t stifle innovation and
competition.
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Fig. 18.11 Energy efficiency pyramid (reprinted by permission from [18.27])

18.6.21 Visual Impact

As power consumption around the world has increased
so have the number, size and density of transmission
lines and substations. In addition the growing number of
large-scale renewable energy projects that are adding to
and sometimes displacing existing fossil fuel generators
are driving further construction of new transmission
lines. In some cases transmission interconnectors are
being built to connect the diverse generation and load
portfolios of adjacent countries in order to lower the
overall cost to customers. Line routes to supply the cen-

tral business districts of large cities are also becoming
more difficult and expensive to procure. In many of
these cases there is considerable public opposition to
the construction of these assets due to the visual impact.
As a result, more lines are being placed underground or,
at the very least, suboptimal line routes are being used
to avoid contentious areas. These changes will gener-
ally lead to increased construction costs, which will
need special consideration by the regulator. Evidence
needs to show that the chosen route was the lowest prac-
tical cost for the service provided and that the utility has
not simply taken the easy way out.

18.7 Regulation Models Around the World

This section considers a few examples of the regulation
models applied across the world. There are similari-
ties between them as well as an overall consistency

with the descriptions above. Some detail has been
provided to demonstrate the differences between the
countries that often reflect the history of evolution of
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electricity markets and deregulation within the different
regions.

18.7.1 United States

In general the US follows the methodologies discussed
above although this varies between states, unless it
falls under the jurisdiction of the federal regulatory
body. The following discussion highlights a few gen-
eral points in relation to the US. One source of a more
detailed examination can be obtained from [18.28].

The majority of utilities are privately owned with
the remainder mostly owned by government entities or
local communities. Electricity generation is generally
fuelled by coal, gas and nuclear with some hydro and
a growing proportion of solar and wind.

In recent times there has been a huge surge in gas
generation, which has coincided with the rapid expan-
sion of the use of shale gas. This has resulted in the
replacement of a large number of aging coal fired gen-
erators. The US is now considered to be the world’s
leading natural gas producer. When operated in parallel
with intermittent generation from wind and solar, open
cycle and to a lesser extent combined cycle gas tur-
bines are more able to follow rapid changes in generator
output than coal and nuclear and gas has the added ad-
vantage of emitting lower greenhouse gases than coal.

Some states have unbundled their transmission
and distribution monopoly components from the con-
testable generation components.

Regulation generally occurs at a state level unless
it relates to interstate transmission. This will include
any part of the state system that has an impact on
the interstate transmission as well as the transmission
interconnector itself. The federal regulatory body is
known as the Federal Energy Regulatory Commission
(FERC). Third party access is allowed to the transmis-
sion system by law and the tariff for access is approved
by FERC. The North American Electric Reliability
Council (NERC) oversees reliability and the adopted
standards are legally binding.

Generally in the US, rate of return regulation is used
and this provides a steady stream of revenue to cover
the costs to the utility of producing, transmitting and
distributing electricity. Electricity regulation is used to
protect public interest and allow access to all at an ap-
proved price.

The scope of regulation in the US generally fol-
lows the principles described earlier in Sect. 18.6. This
includes revenue determination and the setting of pre-
scribed service standards and prices to customers.Many
states are being influenced by legislated environmental
requirements, particularly in relation to the use of re-
newable energy. The costs of implementation of these

requirements fall under the jurisdiction of the regula-
tors assuming the utilities wish to recover these costs as
regulated revenue. There is also some oversight of the
boundary between regulated and unregulated revenue to
ensure no cross subsidies. This may require the use of
subsidiary companies.

In general there is no prescription on the timing of
when a utility should seek regulatory approval of a ma-
jor review of prices and service standards. However,
this normally occurs every two to five years.

The review process generally involves a hearing
where the utility presents evidence to justify the re-
quested changes. A process of interrogation then fol-
lows where the utility may present expert witnesses
and, in some cases, other affected parties may provide
evidence. There is also usually an opportunity for the
general public to provide comment or evidence. Nego-
tiations then commence with the goal of achieving an
agreed settlement on the final outcome. Ultimately this
leads to a final order by the regulator.

Annual costs are determined based on analysis of
actual expenditure and revenue in a past year, taking
into account the effects of weather and any other signif-
icant disruptions and expenditure forecast for a future
year. The process requires the utility to submit these
costs as evidence to support any required rate increase.

Utilities are allowed to earn a reasonable rate of
return on their regulated asset base considering the
level of risk they are facing. Traditionally this would
have been a relatively low risk, although there may
be some argument that this risk is changing with the
rapid growth of renewable and gas generation leading
to a lower demand for existing coal generation. This
new generation may be installed at different locations
to the existing facilities leading to some level of strand-
ing of transmission assets. The rate of return is normally
calculated as a weighted average cost of capital taking
account of the varying rates for equity and debt.

While traditional costs are relatively consistent each
year, significant events such as major storms or the clos-
ing of a nuclear power station are usually considered
separately.

Tariffs are determined by considering each class
of customer as described in Sect. 18.6. Charges for
connection to the electricity network are subject to
regulation and may include cross subsidies if this is
considered an economically efficient way of recover-
ing costs. The charges are required to have reasonable
terms and conditions set at a fair price.

18.7.2 Great Britain

In Great Britain, generation assets were split from net-
work assets as part of major reforms to the electricity
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sector in 1990. Transmission was divided into three
parts each of which is now privately owned. One sec-
tor was a combination of England and Wales, another
was northern Scotland and the third was a combination
of southern and central Scotland. There is one system
operator for the whole of Great Britain, National Grid
Electricity Transmission plc (NGET), which is also the
owner of the England and Wales transmission system.
There are 14 licensed distribution companies, which are
owned by six different groups. There are also a number
of smaller distribution network operators.

All of these transmission and distribution compa-
nies are considered natural monopolies and are reg-
ulated by Ofgem that also has a role to oversee the
operation of the markets.

The transmission and distribution networks are reg-
ulated by an RIIO framework where revenue D incen-
tives C innovationC outputs. This model is intended to
drive improvements in performance in relation to both
safety and reliability and lower costs for customers by
providing incentives for the network businesses. It is
also intended to encourage addressing wider environ-
mental objectives such as those associated with climate
change. To this end it encourages innovation, recog-
nizing that this may have a higher risk than traditional
investment. The framework is used to set price controls
for a period of eight years.

While Ofgem requires each network business to
submit proposals on how it will deliver within the RIIO
framework, it also provides a number of documents on
how the submissions should be structured and the infor-
mation that should be provided. Amongst other things,
these include comment on expected content in relation
to the environment, stakeholder consultation, losses and
innovation. Network businesses are required to propose
for approval, performance targets with financial penal-
ties and rewards, an allowed revenue requirement and
mechanisms that would be used to cover unforeseen
developments that may require changes to the allowed
revenue.

The success of the latest scheme may not be fully
understood until the next regulatory period is reviewed
in 2021; however, Ofgem is already proposing that
a more onerous scheme will apply in the next review.
It is claiming that there have been significant improve-
ments in reliability, costs to customers and customer
satisfaction under Ofgem’s current and past regula-
tion [18.29].

The framework also gives an incentive for the net-
work businesses to reduce losses, which are the main
opportunity to improve energy efficiency, provided the
solutions do not lead to suboptimal generator dispatch.
Losses include theft aswell as those on the network.Net-
work businesses are required to publish their strategies

to reduce their losses as part of their compliancewith the
RIIO framework. A useful reference has been published
by Ofgem titled Energy efficiency directive: An assess-
ment of the energy efficiency potential of Great Britain’s
gas and electricity infrastructure [18.30].

As regulation has developed in the UK, so has its
complexity with regulatory submissions running into
hundreds of pages that provide considerable detail on
how they propose to deliver on their expenditure and
performance targets.

One of the changes made under the new regime is to
consider the total proposed expenditure rather than sep-
arately considering operating and capital expenditure.
This reflects a view that there has been cost shifting be-
tween the two categories in the past.

A further change is the eight-year period rather than
the previous five-year duration. Longer time frames are
possible as the industry and Ofgem are now more ma-
ture and both sides have considerable experience. It also
reflects the fact that transmission and distribution in-
vestments are generally long term. There is still some
risk that technological change will accelerate the trans-
formation to alternative forms of energy provision and
produce an unforeseen risk on the network companies.
However, this can be dealt with to some extent by the
change mechanisms that are built into the regulatory
process.

18.7.3 Australia

The Australian Energy Regulator (AER) [18.31] carries
out regulation of the electricity sector in Australia other
than in Western Australia. This includes monitoring the
operation of the electricity market and the allowed rev-
enue of the network businesses. In Western Australia
the Economic Regulation Authority (ERA) [18.32] car-
ries out a similar but independent role. Consideration
was recently given to moving the role to the AER, but
it remains with the ERA at the time of writing. Net-
work businesses are considered natural monopolies and
have to submit proposals to the AER on their required
revenue in accordance with a prescribed framework and
timeline. This framework is set out in national electric-
ity law and rules. The approach is similar to the RPI
� X incentive regime that was used in the UK prior
to the implementation of the new RIIO regime. In this
case, the X is an efficiency factor and the regulator ex-
pects the business to find a range of efficiencies that
exceed those driven by this framework. As the revenue
is approved for a five-year period, there is an incentive
for the network business to reduce expenditure by more
than the regulated X factor over the period and therefore
increase its profits. The regulator can also look at these
found efficiencies and factor them into the next review.
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During the review process, factors considered in-
clude the projected electricity demand, the age of the in-
frastructure, operating and financial costs and network
reliability and safety. Decisions usually apply for five
years. Under the prescribed framework, the AER deter-
mines the allowed revenue for the business that covers
its efficient costs by using a building block model.
These building blocks include capital expenditure, op-
erating and maintenance costs, asset depreciation and
taxation liabilities. The AER also determines an al-
lowed rate of return on capital taking into account debt,
equity and risk issues amongst other things. The in-
centive to defer cost savings towards the end of the
regulatory period that may occur in a traditional CPI
� X regime is counteracted by an efficiency carryover
mechanism in the building block approach.

The AER also reports on the performance of the
market and electricity businesses including customer
issues relating to affordability and disconnection of cus-
tomers for non-payment of bills. It also administers
a retailer of last resort scheme as a protection for cus-
tomers in case an electricity retailer fails.

As for the UK model, the Australian regime is
evolving. The current rules are quite prescriptive and
revenue submissions run into many hundreds of pages.
The prescriptive nature of the regime makes it quite
difficult to make changes that may produce more fa-
vorable outcomes for the customer. Under the original
process, the network business could appeal if it per-
ceived the regulator’s decision to be unreasonable. On
the surface, this appears acceptable as the regulator is
attempting to strike the correct balance between the
long-term interests of the customer and those of the
network business and various decisions may therefore
be subject to challenge. Also, an appropriate return is
necessary to ensure that the network business owner
will continue to invest its capital. However, there were
a number of concerns raised that, amongst others, the
process produced unjustifiably higher prices for cus-

tomers, the long process led to significant regulatory
and price uncertainty and that the appeals may be re-
lated to procedural correctness rather than the merits of
the outcome. As a result, the appeal process has been
removed, except for decisions related to the disclosure
of confidential or protected information. The lawfulness
of the regulator’s decision can, however, still be sub-
ject to a judicial review in the Federal Court. This limits
the review to breaches of the rules of natural justice or
errors of law rather than the merits of the regulator’s
decision.

18.7.4 Nordic Countries

Deregulation in the Nordic countries started in Nor-
way in 1991 followed by Finland in 1995 and Denmark
and Sweden in 1996. There is one transmission system
operator in each country and a large number of distribu-
tion companies (varying from 84 in Denmark to 380 in
Sweden). Consistent with previously discussed models,
revenue cap electricity regulation is now used in all the
Nordic countries.

Differences in approaches in each of the Nordic
countries are in the detail. For example different models
are used for deciding the allowed rate of return. In addi-
tion, the assessment of the regulatory asset base varies
leading to large differences in the applied revenue caps.
Similarly, benchmarking and efficiency targets may be
applied differently. The regulatory period is one year in
Denmark, four years in Finland, five years in Norway
and four years in Sweden.

Incentives are provided to ensure reliability is main-
tained despite incentives to lower costs. These vary
between countries, but in all cases attempts are made to
relate the rewards and penalties to the customer value
of the reliability.

NordREG, the Nordic energy regulator, has pro-
duced a detailed overview of the economic regulation
of electricity grids in Nordic countries [18.33].

18.8 Conclusion

This chapter has provided an overview of the current
state of electricity markets and associated regulation.
This has included the development of the electricity in-
dustry structure and its organization. A more detailed
explanation of electricity markets and the various mod-
els that have been adopted to facilitate competition
then follow, as well as some examples from around the
world. A similar approach has been used to explain the
use of regulatory oversight.

The chapter is necessarily at a reasonably high level
and the reader is encouraged to further explore at a more
detailed level to view the latest developments and in
depth explanations regarding the design and operation
of market and regulatory schemes that are used across
the world. Widespread adoption of electricity markets
is relatively recent, occurring over the last twenty-five
to thirty years and the models used continue to be de-
veloped and refined.
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The drive to reduce the carbon footprint of electric-
ity supply while ensuring the end price to customers
remains affordable is ongoing. To some extent this is
dependent on the evolution of existing and the de-
velopment of new technologies. This includes storage
mechanisms such as batteries, new distributed genera-
tions and a range of new smart load control processes.
Some of these will increase the number of compet-
itive generators and loads in the market as well as
change the nature of their operation. In some cases
this may put pressure on the traditional monopoly

status of the network businesses. Electricity markets
will need to evolve to facilitate the new forms of
trading and customer expectations. In addition, reg-
ulatory oversight will need to change to ensure it
supports market developments that benefit the end cus-
tomers.
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extensible messaging presence
protocol (XMPP) 1045

external

– clearance 634
– constraint 290
– current 982
– network 290
extracted energy 1142
extrahigh voltage (EHV) 276, 513,
751, 759, 881

extraterrestrial
– irradiation 121
– radiation intensity 117
extruded
– insulation 788
– submarine cable 822
extruded cable 773, 801
– accessory 817
– lifetime 786
– new trends in the design 816

F

facilitation of competition 1213
factory joint 826
failure
– limit 627
– mechanism 1156
failure mode
– and effects analysis (FMEA) 876
– composite insulator 685, 687
Faraday rotation 519
fast
– breeder reactor 88
– contact (FC) 524
– Fourier transformation (FFT) 174
– protective device (FPD) 524
– voltage variation 1197
fast-acting DC breaker 970
fatigue test 665
fault
– analysis 300
– clearance 770
– clearance time 872
– clearing 557
– clearing time 980
– condition 979
– countermeasure 301
– detection 847
– location 1118
– management (FM) 1080
– passage indicator (FPI) 1118
fault current 311, 544, 841, 949
– calculation 301
– during a failure 780

fault location 301, 545, 844, 847
– isolation, and service restoration
(FLISR) 1110, 1118

fault, configuration, accounting,
performance, and security model
(FCAPS) 1080

fault-detection technique 743
fault-ride-through 1175, 1189
faulty phase 802
feasibility condition 333
fencing 903
Fermi–Dirac distribution 106
Ferranti effect 284, 900
ferroresonance 521, 894
fiber reinforced plastic (FRP) 683
fiber-optic connection 1005
fictitious 1004
field current limit 292
fill factor 114
filling
– fluid 840
– material test 841
final
– acceptance test (FAT) 484
– commissioning 913
– energy 1
financial transmission rights (FTR)
1222

finite element method (FEM) 194,
636, 722

fire barrier 903
firing angle 944
first telegrapher’s equation 346
first-pole-to-clear 557
– factor 546
fissile materials 5
fittings for
– distribution line 704
– HTLS conductors 703
five-limb core 464
fixed-speed pumped storage 1148
flashunder 692
flat
– collectors 10
– plate 1158
flexible alternating current
transmission system (FACTS)
566, 1177

flexible installation 837
flick test 912
flickermeter 1197
flooding 874
flow
– battery 1162
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– chart cable system 769
– rate 61
– through hysteresis 462
fluid 157
fluid-filled (FF) 773
– cable 838
flywheel 1152
– energy storage (FES) 1169
footing 903
forced interruption 581
form locking 702
Fortescue
– theory 301
– transformation 303
forwarding equivalence class (FEC)
1069

forward-traveling voltage wave 348
foundation 903
– design 729, 730
– test 733
– type 730
– work 735
Fourier-transform infrared (FTIR)
697, 841

four-stage overcurrent function 996
FRA measurement 558
Francis turbine 51, 60, 1146
Frankfurt Electro-Technical
Exhibition 868

frequency
– bias factor 343
– control 336
– converter 1148
– division multiplexing (FDM)
1063

– stability 321
– variation 1198
frequency response 488
– analysis (FRA) 558, 911
frequency response analysis (FRA)
487

frequency-domain
– method 1181
– reflectometry (FDR) 847
– spectroscopy (FDS) 487
freshwater cooling 79
fretting fatigue 665
frictional locking 702
FRP (fiber reinforced polymer) 719
– rod 684
fuel cell 39, 124, 1162, 1163, 1166
– efficiency 126, 127
– grid-connected 128
– structure 124

– system technology 128
– technology 127
fuel cycle 89
full distance protection schema
1007

full-bridge converter 966
function of a substation 868
functional
– constraint (FC) 1033
– specification 884
– test 488
fuse 992
future
– trends 971
– work on HTS cable testing 853

G

Gallium arsenide (GaAs) solar cell
116

galloping 669
– control device (GCD) 670
galvanic corrosion 712
gas 157
– circuit breaker 514, 536
– production 785
– turbine plant 77
gas-filled (GF) 773
– paper cable transition joint 821
gas-insulated
– line (GIL) 140, 221, 760, 854,
857, 886, 985

– switchgear (GIS) 140, 221, 517,
829, 880, 985, 1109

– transmission line (GITL) 854
gas-to-liquid (GtL) 483
gate turn-off thyristor (GTO) 430
gel electrolyte 1158
general
– algebraic modeling system
(GAMS) 1101

– electric flicker curve 1174
General Electric 868
generating mode 1144
generation
– bus 290
– frequency 937
– of electricity 34
generator
– step-up (GSU) 497
– substation 872
generic

– bus 286
– eventing and subscription (GES)
1043

– framing protocol (GFP) 1071
– object-oriented substation event
(GOOSE) 931, 1023

– substation status event (GSSE)
1038

geomagnetic disturbance 906
geomagnetically induced current
(GIC) 906

geometric
– form factor 1153
– mean radius 655
George Westinghouse 868
geothermal energy 7, 36
GIL
– configuration 854
– laying type 856
GIS termination 820
glass
– fiber 684
– insulator, manufacturing process
682

– reinforced plastic (GRP) 683
global
– positioning system (GPS) 734,
883, 1019, 1111

– power grid 360
– warming potential (GWP) 932
grading time 994
graphite-moderated reactors 86
Grätzel cell 117
gravitational potential force 1144
gravity
– dam 55
– fluid tank 809
gray energy 35
greenhouse
– effect 11
– gas emission 360
grid
– code 1231
– load 805
– potential rise (GPR) 895
– service 1166
gross domestic product (GDP) 15
gross energy
– demand 13
– intensity 35
ground
– flash density (GFD) 899
– investigation method 730
– potential rise (GPR) 897
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– return 939
– return transfer switch (GRTS)
940

– wire 656
ground-based robot 744
grounding 716
– system 301
groundwater 902

H

half-bridge converter 962, 966
hardness 238
hardware in the loop (HIL) 363
harmonic
– level 906
– spectrum 1177
harmonics 947, 1172, 1177
– impact 1180
hauling machine 838
hazard status 979
head 1144
– loss 1145
headwater (OW) 56
– reservoir 1144
health issue 637
health safety, environment and
quality (HSEQ) 886

healthy worker effect 638
heat
– extraction 76
– pump 8, 39
– run test 496
– test 212
– transfer 204, 206
heating 39
– for comfort 39
heat-power cogeneration 76
heat-pump heating 42
Heaviside condition 282
heavy water reactor (HWR) 86
Heffron–Phillips model 329
helical
– termination 701
– winding 476
helically attached elastomeric
suspension (HAES) 699, 700

helicopter method 737
Hellsjön project 958
hexahydrophthalic anhydride
(HHPSA) 160

high

– dynamic 1012
– voltage (HV) 276, 449, 513, 612,
759, 874, 939, 1093

– voltage DC 1179
high-current bushing 481
high-density polyethylene (HDPE)
159, 835

higher harmonic current 802
high-frequency (HF) 556
– overvoltage 805
high-impedance differential 1003
high-performance MOSA 569
high-pressure (HP) 83
– fluid-filled (HPFF) 772, 809
– gas-filled (HPGF) 772, 787
– oil-filled (HPOF) 787
high-speed
– data access (HSDA) 1043
– grounding switch (HSGS) 576
– mechanical switch 592
high-temperature
– reactor (HTR) 87
– superconductor (HTS) 414, 852
high-temperature low-sag (HTLS)
194, 614, 640, 1012

– conductor 656
high-temperature vulcanized (HTV)
689

– silicone rubber 690
high-voltage
– alternating current (HVAC) 501,
511

– bushing 481, 482
– connection 802
– distribution network 277
– equipment 856
– insulated gate bipolar transistor
(HVIGBT) 435

– test system 494
high-voltage direct current (HVDC)
11, 274, 277, 403, 501, 511, 617,
871, 935, 1174

– research 935
high-voltage, high-speed switches
(HVHS) 941

history of electric power transmission
935

hollow-core design 526
home-area network (HAN) 1090
homopolar
– sequence 308
– sequence current 301
horizontal directional drilling (HDD)
766

horsepower (HP) 410
hosting capacity 1196
hot
– line washing 679
– zone 898
hot spot 1180, 1181
– calculation 473
hourly cost 300
HTLS (high-temperature low-sag)
656, 745

– conductor 248
HTS cable
– installed 853
– tested 853
HTV stepping 691
human–machine interface (HMI)
931, 1018, 1108

HV
– cable trench 835
– compensation 804
– termination 766
HV/EHV cable accessory 829
HVDC
– circuit breaker 600
– installation 764
– system configuration 939
– transmission 764
HVDC line 617, 937
– bundle selection 617
hybrid
– connection 800
– DC breaker 971
– line 746, 798
– link 800
– power plant 1166
hybrid-insulated switchgear (HIS)
881

hydraulic
– design 809
– efficiency 59
– machine 1144
hydraulic system 68, 72
– transfer function 72
hydroelectric
– plant model 72
– power 1105
hydrogen 1163
– as compressed gas 1163
– conditioning 1164
– in a solid form 1163
– in its liquid phase 1163
– storage 1163
hydrophobicity 671, 690
– transfer (HT) 690, 697
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– transfer material (HTM) 676
hydropower 37
– generator 591
hydropower plant 67, 73, 1144
– capacity of 65
hydro-pumped storage 1144
hyper and hyposynchronous 1149
hypoxic system 905
hysteresis 985, 988
– curve 461
– loop 518

I

ice
– load 628
– on conductors 628
ideal
– battery 1142
– generator 301
– making instant 585
– normal round-trip efficiency 1139
– transformer 448
IEC
– 61000-2-2 1195
– 61000-2-4 1187
– 61000-3-2 1187
– 61000-3-8 1195
– 61000-4-7 1183, 1186, 1194
– 61000-4-11 1188
– 61000-4-14 1196
– 61000-4-15 1197
– 61000-4-19 1195
– 61000-4-30 1175, 1183,
1186–1191, 1193–1195

– 61000-4-34 1188
– 61000-6-1 1188
– 61000-6-2 1188
– 61800-3 1188
– 61850 1069
– Technical Specification (IEC TS)
488

IEEE
– 519 1186, 1194
– 1366 1190
– 1564 1187, 1188
– 1588v2 1056
– maximum allowable bending strain
668

IGBT 958
impact of
– electric vehicles 1225

– EMFs 637
impedance
– matrix 311
– relay 798
impeller 1147
impregnated solid 162
impulse 891
– current 134, 167
– current method (ICM) 845
– generator 167
– test system 497
– turbine 57, 1146
impulse voltage 133, 167
– chopped lightning impulse 133
– full lightning impulse 133
– switching impulse 133, 134
impurity
– conduction 107
– film resistance 238
incident solar radiation 122
independent
– overcurrent 996
– release 993
induced voltage test 493
inductance 1154
induction–capacitance (LC) 802
inductive
– current transformer 987
– load 312
– reactance 450
– switching capability 567
– termination 351
– voltage transformer (IVT) 521,
1183

inductor 1154
industrialized society 4
inert gas configuration 146
infinite power
– bus 308, 327
– machine 328
information
– and communications technology
(ICT) 362, 1016, 1103

– management 919
– object addresses (IOA) 1037
infrared (IR) 743
– measurement 270
initial
– cost (IC) 618
– transient recovery voltage (ITRV)
551

injection molding 690
inrush
– current 451, 553, 580, 999, 1000

– detection 999
– stabilization 999
insertion/disinsertion 1160
in-service maintenance 803
inspection
– and test plan (ITP) 909
– report 624
– technique 743
installation
– technique 803
– trend 828
instantaneous
– overcurrent (IOC) 996
– release 993
instrument transformer 515, 516
Insulated Cables Study Committee
762

insulated-gate bipolar transistor
(IGBT) 430, 495, 591, 935, 958

insulating
– fluid 482, 483
– material 156, 474, 816
insulation 775
– arrangement 187, 189
– coordination 132, 345, 893
– design 787
– material 187, 189, 474, 525
– resistance (IR) 489, 911
– screen 803
– system 823
– withstand 893
insulator 671
– arcing distance 673
– cap and pin 680
– connection length 673
– corrosion 677
– creepage or leakage distance 673
– fitting 677
– geometry 673
– material 671
– polymer longrod 672
– porcelain 680
– puncture proof 671
– reuse 639
– shape 671
– surface 674
– under pollution 674
Insulator News and Market Report
(INMR) 688

insulator protection fitting 705
– material 706
integrated
– condensate accumulation 82



Subject
In
dex

1250 Subject Index

– gate commuted thyristor (IGCT)
436

integration of renewable offshore
wind resources 938

intelligent electronic device (IED)
931, 1071

IntelliGrid 362
intensified testing 694
interconnected power system 803
interconnection 874
– substation 869
interface
– between cable and accessories
821

– definition language (IDL) 1046
interference 1173, 1176
interharmonics 1185, 1194
interior point (IP) 1113
intermediary conversion 1143
intermetallic phase (IMP) 258
intermittent 869
internal
– clearance 632
– combustion engine (ICE) 1166
– conductor mechanics 668
– electrical power 126
– energy 1135
– structure of a GIL 855
internally-stored energy 1137
international efficiency (IE) 429
International Telecommunication
Union – telecommunication
standardization sector (ITU-T)
1046

internet
– engineering task force (IETF)
1069

– inter-ORB protocol (IIOP) 1046
– protocol (IP) 1018
interphase
– flashover 693
– spacer (IPS) 693
interrupting
– capability 552
– medium 542
– performance 543
– process 541
interruption current 597
inverse
– definite minimum time (IDMT)
997

– standing wave ratio (ISWR) 711
– time characteristic functions 994
– time-delay overcurrent 997

– wave 280, 281
inverter
– commutation failure 954
– equation 945
– operation 944
investment 871
– constraint 1121
ionization inside the insulation 806
iron core 987
ISO 55000 serie 915
isolated neutral transformer 583
isothermal condition 1151
iteratively reweighted least squares
(IRLS) 1113

ITU-T G.821 1059

J

Jantzen principle 479, 480
jet deflectors 69
jitter buffer delay (JBD) 1078
joint
– assembly 828
– failure 702, 805
– handling 828
– resistance 238, 702
Joule loss 652

K

Kaplan turbine 51, 60, 1146
Kapp
– diagram 453
– triangle 452
kE-factor 1007
keraunic level 729, 899
key performance indicator (KPI)
1079

k-factor 169
Kihoku C/S 606
kinetic energy 1135, 1145
Kirchhoff’s
– circuit law 980
– current law 1003
knee-point
– temperature (KPT) 649
– voltage 989
Károly Zipernowsky 444
kR factor 1007

L

La Cour wind turbine 95
label
– distribution protocol (LDP) 1069
– switch router (LSR) 1072
label-switched path (LSP) 1069
laminated covering 816, 817
lamination 462
Lamm, Uno 936
land
– cable 777
– mobile radio (LMR) 1068
land and
– sea AC cable 773
– sea cable 774
– submarine application 771
landscaping 874
lapped cable 806
large
– generator 322
– line reactance 565
– scale energy storage 1168
laser scanning method 734
last point of contact (LPC) 666
Lauffen am Neckar 612
lay
– angle 641
– length 640
– ratio 641
layer winding 475
LCC
– control and protection 951
– operation (inverter operation) 944
– operation (rectifier operation) 942
LCC converter
– faults and disturbances 954
– startup (deblock) 952
lead–acid accumulator 1157
leakage
– current 114
– flux 450, 468
– inductance 988
– reactance 312
leaktight GIL system 856
LED lamp 1197
life cycle
– assessment (LCA) 635, 639, 850
– cost (LCC) 618, 918
– cost analysis 918
– cost-benefit ratio 35
– factor 917
life time 153
lifetime curve for cables 786
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light
– detection and ranging (lidar) 734
– emitting diode (LED) 1175
– flicker 1175, 1194
– water reactor 86
light angle (LA) 722
– tower 722
lightning 135, 893
– development 136
– fault 600
– generation 135
– impulse (LI) 492, 893
– protection 137, 899
– stroke 515, 656, 728
– transient 1193
lightning impulse
– protection level (LIPL) 570
– withstand voltage (LIWV) 569
light-triggered thyristor (LTT) 957,
958

lightweight directory access protocol
(LDAP) 1046

line 1180
– component cost 620
– conductor 345
– deviation angle 722
– discontinuity 349
– fault 800
– inductance 346
– length limitation 764
– of finite length 352
– parameter 621
– protection 1056
– start permanent magnet (LSPM)
415

– uprating technology 745
linear
– analytical model 989
– impedance 800
– induction motor (LIM) 439
– programming (LP) 1100, 1113
linear elastic (LE) 649
– model 649
line-commutated converter (LCC)
591, 935

– fundamentals 942
line-drop compensation (LDC)
924, 1098

line-interactive topology 1167
line-of-sight 1068
line-switching overvoltage 588
link capacity adjustment scheme
(LCAS) 1071

liquid

– electrolyte 1162
– form 1162
– insulation 486
– silicone rubber (LSR) 689
liquid-filled
– power transformer 449
– transformer 484
lithium titanate oxide (LTO) 1160
lithium-ion
– accumulator 1160
– polymer (Li–Po) 1160
lithium-iron phosphate (LFP) 1160
lithium-metal accumulator 1160
lithium-metal polymer
– cell 1160
– technology 1160
live line work (LLW) 743
live-line maintenance 698
load 186, 188, 190, 230
– bus 286
– capacitance 575
– case 722
– consumption 334
– control device (LCD) 699
– flow calculation 310
– model 1097
– shed application (LSA) 1110
load estimation
– algorithm 1115
– model 1111
loaded cable, magnetic field from
824

load-flow
– calculation 298
– problem 295
local
– area network (LAN) 1016
– energy community (LEC) 363
localized effect 11
lockout system performance 800
logical
– device (LD) 1031
– node (LN) 1031
logically combined 1009
long
– interruption 1190
– line faults (LLF) 572
– transmission line 587
long-distance transmission using an
overhead line 937

longitudinal
– armor 813
– impedance 279
– profile of the line route 734

– reactance 297
longrod 680
– insulator 673
loop
– bridge measurement 847
– impedance 1006
loss
– dielectric 200
– eddy current 200
– encapsulation 201
– factor 152, 160, 180
– of load probability (LOLP) 1217
losses and energy 26
lossless
– line 281, 345
– overhead line 281
low
– molecular weight (LMW) 690
– voltage (LV) 277, 449, 513, 671,
1093

low-density polyethylene (LDPE)
764

low-impedance
– busbar differential protection
1004

– differential 1003
low-power instrument transformer
(LPIT) 931

low-pressure (LP) 83
– oil-filled (LPOF) 772, 786
– system 51
low-temperature superconducting
(LTS) 852

low-voltage
– AC (LVAC) 883
– bushing 480
low-weight conductor (LWC) 747

M

macroscopic energy 1135
magnetic
– circuit 312, 582
– field (MF) 637, 1180
magnetization 517
– curve 912
magnetizing
– current 987, 989
– effect 312
magnetomotive force (MMF) 375
magnetostriction 461
main



Subject
In
dex

1252 Subject Index

– field voltage 989, 990
– switching duty 606
maintenance 837, 874, 1094
– guideline 843
– management 916
– operation 743
– strategy 740
majority carrier 107
malfunction 976
man–machine interface (MMI)
1021

manufacturing 829
– message specification (MMS)
1025, 1030

market
– benefit 1206
– operator 1211
– opportunity for customers 1210
Marx generator 492
mass-impregnated (MI) 788, 807,
958

– cable 807, 838
– paper cable 807
material
– aging 841
– insulating 674
– property 626
maximum
– available power (MAP) 951
– credible accident (MCA) 90
– design cantilever load (MDCL)
688

– efficiency of solar cells 115
– fault clearing 980
maximum power point (MPP) 111
– tracking (MPPT) 1104
Maxwell’s equations 446
Mayr arc model 596
MCFC (molten carbonate fuel cell)
124

mean time
– between failure (MTBF) 875
– to repair (MTTR) 1062
mean water speed 67
measurement
– accuracy 976
– error 989
– standard of power-quality 1175
measuring technique 171
mechanical
– consideration 814
– property 189
– protection 809
– work 3

medium voltage (MV) 277, 513,
671, 762, 795, 1093

medium-pressure (MP) 83
medium-term planning 286
megajoule (MJ) 410
megavolt ampere (MVA) 950
membrane 1162
Mercedes tower 722
mercury arc valve 936
merging units 931
mesh 879
– voltage 895
meshed underground network 794
metal
– hydride MgH2 1164
– oxide (MO) 516
– oxide semiconductor (MOS) 958
– screen 776
– screen/sheath 824
– wire armor 824
metallic pole
– flange joint 718
– slip joint 718
metallic return
– line 600
– transfer breaker (MRTB) 592,
940

metallic sheath 803
metallurgical creep 646
metal-oxide surge arrester (MOSA)
515

metal-oxide-semiconductor field
effect transistor (MOSFET) 430

metering 924
method of symmetrical components
491

methylhexahydrophthalic anhydride
(MHHPSA) 160

mho 1008
– characteristic 1007
microgrid 363
micromorph solar cell 117
micro-ohmmeter 263, 265
microporous 1158
microscopic energy 1135
microtunnel boring machine
(MTBM) 834

microtunneling 834
microturbine 1105
mid span clearance 633
Mikhail Dolivo-Dobrovolsky 868
Miksa Déri 444
Milliken
– conductor 775

– copper conductor 808
mineral oil 5, 163
minimum
– impedance setting 800
– operational voltage 983
’missing money’ 1213
mixed-technology switchgear (MTS)
574, 881

MMC
– concept 962, 963
– submodule 963
mobile substation 925
mock-up test 494
model of power transmission 564
modern electric power system 278
modular
– manufacturing process 691
– multilevel converter (MMC) 960
– substation 927
modulus of elasticity 647
molded case circuit breaker (MCCB)
594

molten carbonate fuel cell (MCFC)
124, 127

momentary interruption 1191
monitoring
– standard 1175
– system replacement 803
monoblock foundation 718
monopolar
– system 940
– transmission 940
motor generator (MG) 56
motor-driven roller 838
moving wind turbine 96
MPLS-TP 1058
MPP maximum power point 112
multibundle conductor 550
multi-criteria analysis 875
multi-infeed 951
– factor (MIF) 951
multi-machine stability 331
multimode (MM) 1063
multiple
– hydraulic sections 811
– impulse method (MIM) 845
– reignition 557
multiprotocol label switching
(MPLS) 1069

multipurpose tunnel 837
multistage distribution network
planning 1120

mussel diagram 64
mutual
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– admittance 289
– induction 447
MV distribution network 1093

N

N-1 security 875
N-2 security 875
Nagoya, Japan 870
nanomaterial 932
Na–S 1162
natural
– frequency 661
– gas 5, 1163
– power 282
nature of cable failures 846
n-bus system 290
n-conductivity 107
negative
– active mass 1157
– corona 654
negative-sequence 983, 997
Nernst equation 1157
net present value (NPV) 621, 918
– calculation 918
network 768
– capacity increase 745
– connectivity analysis (NCA)
1109

– delay (ND) 1077
– overlay 1074
– parameter 770
– planning 872
– stability 869
– time constant 990
network management
– center (NMC) 1080
– layer (NML) 1080
– system (NMS) 1071
neutral conductor 1180
Newton–Raphson’s method 293
nickel mangan cobalt (NMC) 1161
nickel–cadmium accumulator 1159
Nikola Tesla 868
Ni–MH accumulator 1159
nitrile butadiene rubber (NBR) 712
no busbar 876
Noda model 566
nodal
– analysis 286
– voltage 310
node 868

no-fuse breaker (NFB) 591
noise control 903
no-load
– current 490
– line energization 553
– lines and cables 554
– loss 453, 490
– operation 451
nominal water quantity 67
non soluble deposit density (NSDD)
675

nonaqueous electrolyte 1159
nonceramic insulator (NCI) 671
noncharacteristic harmonics 948
nonconventional instrument
transformer (NCIT) 931

nonelectric criterion 979
nonfault voltages 987
nonlinear programming (NLP)
1100

nonmagnetic core 462
non-renewable energy source 5
nonsalient
– pole (NSP) 384
– pole (NSPL) 411
nonsalient-pole
– generator (NSPG) 394
– machine (NSPM) 388
nonselective 978
non-sinusoidal waveform 906
nonsynchronous AC systems 938
nonunit protection 985
normal
– equation (NE) 1113
– operating conditions 1115
– round-trip efficiency 1139
– switching transient 1193
normalization 1000, 1004
North and South (NS) 375
Norton equivalent circuit 350
not in my backyard (NIMBY) 615
nuclear
– energy 4
– power plant (NPP) 47, 89

O

object
– management group (OMG) 1046
– request broker (ORB) 1046
occupational safety and health (OHS)
886

OECD countries 25
off-line topology 1167
offshore
– high-voltage substation (OHVS)
796

– platform 771
– substation 796, 926
– wind farm 591
off-system current 982
ohmic loss 114, 450
oil
– flow 985
– leak 902
– resin compound 807
– spill containment 902
oil/water separator system 902
oil-blocking system 902
oil-directed (OD) 498
– cooling 477
oil-filled (OF) 762
– breaker 874
– cable 787
oil-forced (OF) 498
oil-impregnated paper (OIP) 481
oil-insulated transformer 445
oil-natural (ON) 498
Onderdonk formula 898
one-dimensional (1-D) 347
on-line
– double conversion topology 1167
– monitoring 842
on-load tap changer (OLTC) 449,
498, 499, 946, 1106

onshore station 501
open
– cut trench 831
– drip-proof (ODP) 416
– system interconnection (OSI)
1050

open-circuit (OC) 388
– characteristic (OCC) 386
– voltage 113
– voltage of the converter 943
operating
– current 979
– temperature 814
operation
– current 979
– day-ahead 1115
– function 1115
operation, administration, and
maintenance (OAM) 1070

operational expenditure (OPEX)
795
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optical
– ground wire (OPGW) 656, 739
– time-domain reflectometry (OTDR)
847

optimal
– DC voltage 619
– load flow (OPF) 299
– span length 619
optimization procedure 617
optimum transmission voltage 616
ordinary transformer 805
oscillating wave system (OWS) 804
Oskar von Miller 613
Ottó Bláthy 444
outage
– management 1117
– management system (OMS)
1107, 1109

outdoor link box 844
outer sheath test 843
out-of-phase
– recovery voltage 563
– switching 560
out-of-phase (OP) 572
overall
– energy efficiency 76
– equipment effectiveness (OEE)
916

– system protection 1013
overcurrent
– criterion 979
– protection 996
– starting 1009
– starting function 1009
overexcitation limiter (OEL) 405
overhead 283
overhead line (OHL) 280, 285, 554,
613, 761, 794, 799, 858, 1096

– corrosion detector (OHLCD) 741
– cost 619
– upgrade 749
overhead transmission line 969
overvoltage
– problem 779
– temporary 134
– transient 134
overvoltage (OV) 134, 405, 515,
841, 893

oxidant 1157

P

packet switched 1063
packetization delay (PD) 1077
PAFC (phosphoric acid fuel cell)
124

paper insulation 807
parallel
– capacitance 597
– contact point 243
– converter 942
– groove clamp 703
– reactance 597
– resonance 1182
parallel-connected transformers
460

Park’s transformation 312
parrot bill 701
partial discharge (PD) 143, 176,
469, 695, 759, 912

– inception voltage (PDIV) 152
– measuring circuit 178
– testing 804
partial factor for
– actions 632
– materials 627
partial vacuum 1152
Paschen curve 148
passive
– distribution network 1106
– filter 1183
– management 1122
path computation element (PCE)
1091

p-conductivity 107
peak
– demand 1166
– energy 53
– rectification 946
– short-circuit current 225
pedestal post insulator 526
Peek’s formula 654
peer to peer trading including
blockchain 1208

PEFC (polymer electrolyte fuel cell)
124

Pelton turbine 57, 1146
penstock 1144
– diameter 59
– model 68, 70
per capita GDP 16
perfluoroalkoxy (PFA) 159
perfluoroketone 933
perfluoronitrile 933

performance
– evaluation 1113
– factor 246, 252
– figure 76
– management (PM) 1080
peripheral speed 96
permanent
– deformation 192
– elongation 646
– fault 1094
– magnet (PM) 415
– magnet generator (PMG) 404
permissible strain 824
permissive
– overreaching transfer trip (POTT)
1056

– underreach transfer tripping
scheme (PUP) 924

– underreach transfer tripping
scheme (PUTT) 924

– under-reaching transfer trip
(PUTT) 1056

Perrine–Baum diagram 284
Petersen coil 557
phase
– angle 948
– voltage 302
phase-angle regulator (PAR) 500
phase-shifting transformer 500
phase-to-ground fault 727
phase-to-phase
– calculation loop 1006
– fault 237
phasor
– diagram 284, 312, 452
– measurement unit (PMU) 1019,
1111

phosphoric acid fuel cell (PAFC)
124

photoconductivity 106
photocurrent 109, 110
photon loss 110
photovoltaic
– geographical information system
(PVGIS) 123

– plant 1134
– system 1103
photovoltaic (PV) 124, 1103, 1134,
1189

photovoltaics 11, 36, 336
phthalic anhydride (PSA) 160
physical
– bioconversion 9
– principle 1144
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pick-up current 979
piece of information for
communication (PICOM) 1041

pilot line 737
pin insulator 671
planning
– criteria 1231
– repair operation 847
– stage 616
plastic
– deformation 230
– elongation 646
plesiochronous 1065
– digital hierarchy (PDH) 1065
plug-in-type connector 248
Poffenberger–Swart formula 668
point of common coupling (PCC)
1186

point-to-point transmission 938
polarization index (PI) 489, 911,
912

pole
– carbon steel 718
– spun concrete 717
political initiative 12
polluter 15
pollution flashover 674
polyamide (PA) 160
polychlorinated biphenyl (PCB)
483

polydimethylsiloxane (PDMS) 689
polyethylene (PE) 772, 788, 816
polygonal tripping 1008
polyimide (PI) 160
polymer
– housing 689
– insulation 159
polymer electrolyte
– fuel cell (PEFC) 124
– membrane (PEM) 1165
polymeric
– anticorrosion 824
– extruded cable 820
polymer-insulated cable 776
polyoxide ethylene (POE) 1160
polypropylene
– laminate, mass impregnated
(PPL-MI) 936

– paper laminate (PPL) 786, 809
polytetrafluoroethylene (PTFE)
159, 535, 689

polyurethane (PU) 162
polyvinyl chloride (PVC) 159, 835
porcelain

– bell type insulator 671
– post insulator 526
Port Augusta 882
portable earthing device (PED) 898
positive
– active mass 1157
– corona 654
positive-sequence 983
– reactance 1007
– system 987
post insulator 525, 527, 673
post-event data 624
potential
– energy 1135, 1145
– transformer (PT) 519
power 1146
– active 964
– angle curve 328
– arc 706
– cable 807
– capability 764
– coefficient 96
– compensation 801
– decoupling 295
– density 1137
– direction 947
– electronics 39
– flashover 671
– flow 292
– flow calculation 332
– fluctuation 1133
– generator output 795
– imbalance 336
– load 1097
– management 949
– network 868
– plant safety 90
– purchase agreement (PPA) 1212
– quality 336, 1171
– range 1136
– reactive 964
– swing 1013
– to gas (PtG) 46
– transformer 307, 484, 1096
power cable 789, 912
– protection 800
power distribution
– network 1115
– network, steady-state analysis
1095

– system 1093
power electronic
– converter 360
– switch 602, 603

power factor (PF) 334, 489
– corrected (PFC) 1168
power frequency (PF) 567, 696
– model 773
power line
– carrier (PLC) 883, 1068
– model 805
power quality
– disturbance 1173
– event 1173
– variation 1173
power station
– chain 49
– run-of-river 50
power system 276
– development 1207
– element 307
– reliability 1190
– stabilizer (PSS) 329
– technical standards and
accountability 1230

power system stability 320, 564
– classification 320
power voltage (PV) 334
– instability 950
power-flow
– analysis 1099
– equation 1100
– problem 1100
power-heat ratio 76, 77
power-node balance 1100
power-on stabilization 997
power-to-weight ratio 1138
precision time
– protocol (PTP) 1039
precision time protocol (PTP) 1056
predictable event 622
preliminary design 890
premolded
– one-piece joint 819
– three-piece joint 819
– two-piece joint 819
prepressurized
– feed tank 810
– fluid tank 810
prequalification test 840
pressure 1146
– coefficient 61
– line (DL) 56
– pipe 54
– tunnel 54
pressure-tunnel model 67
pressure-wave model 70
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pressurized water reactor (PWR)
86, 87

preventative maintenance 842
preventive maintenance 740, 916
price coupling of regions (PCR)
1215

price impact on customer behavior
1227

primary
– and secondary control power
1166

– cell 1156
– control 339
– emission 1182
– energy 4
– energy consumption 22
– equipment layout 874
– terminal 1000
– time 990
prime mover limit 292
primer 692
priority assignment 1070
private
– cellular radio 1068
– mobile radio (PMR) 1068
probabilistic method 626
probability of failure 626
programmable logic controller (PLC)
1108

propagation
– constant 279
– speed 281
– velocity 662
propeller turbine 60
proportional integral (PI) 84, 342,
433

protected connection 818
protection 871
– against corrosion 818
– criterion 979
– equipment 801
– system 799, 977
– zone 977, 1003
protocol
– control information (PCI) 1050
– data unit (PDU) 1050
prototype test 726
pseudowire (PW) 1070, 1072
public hearing 639
pulling machine 833
pulse width
– modulated voltage source inverter
(PWM-VSI) 435

– modulation (PWM) 434, 959

pump turbine (PT) 56
pump/turbine 1144
pumped-storage plant 56
pumping
– mode 1144
– plant schematic 814
pump-storage 1132
purchasing power
– adjusted (PPA) 15
– parity (PPP) 15, 809
PV panel 1166

Q

quadratically constrained
programming (QCP) 1100

quality
– assurance test 250
– control 908
– of service (QoS) 1046
– of supply 1172
quantization noise 1185

R

radial distribution network 333,
1093, 1099

radiation intensity 117
radiative heat transfer 653
radio
– frequency (RF) 906
– interference (RI) 637, 654
– interference voltage (RIV) 695
radioactivity 91
radius of gyration 725
Ragone
– chart 1138
– curve 1142
– plot of a battery 1141
rapid
– direction changes 1012
– spanning tree protocol (RSTP)
1058

raster electron microscope (REM)
697

rate of
– change of the frequency (ROCOF)
338

– decrease of dielectric strength
(RDDS) 577

rate of rise

– in recovery voltage (RRRV) 539
– of dielectric strength (RRDS) 577
– of TRV (RRRV) 547, 558
rated
– accuracy limit current 989
– tensile strength (RTS) 627, 645
reactance 307
reactance-earthed network 1181
reaction
– machine 1146
– turbine 57
– turbine plant 61
reactive
– compensation bus 285
– compensator 805
– decoupling 297
– plant 900
reactive power 284, 295, 924, 948
– control 522
– exchange 949
reactor 285
– safety 88
reaktor bolshoy moshchnosti
kanalnyy (RBMK) 86

real
– normal round-trip efficiency 1139
– power derivative 296
real-time
– monitoring (RTM) 659
– operation 1115
recombination loss 110
recovery voltage (RV) 552
rectifier
– equation 945
– transformer 503
recycled material 850
Redlands, California 868
redox 1157
reducer material 1157
redundancy 872
reference
– bus 286
– conductor (VL) 243
– unified specific creepage distance
(RUSCD) 676

regenerative preheating 83
regulating winding (RW) 475
regulation 1175
regulation of outcomes and service
standards 1225

regulator financial reward and
penalty 1229

regulatory requirement 872
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relative selective protection criterion
985

relay reach 923
release 992
– time 998
reliability 868, 915, 976
– level 626
– requirement 625
reliability-centered maintenance
(RCM) 916

remanence 989, 991
remedial action scheme (RAS)
1020

remote
– procedure call (RPC) 1047
– short-circuit 224
– terminal unit (RTU) 1108
remotely operated vehicle (ROV)
846

renewable energy 4, 360, 869, 1166
– resources (RES) 1106
– source (RES) 277, 360, 635, 692,
770, 1095, 1132, 1134

repair
– execution 848
– joint extension 827
– sleeve 703
– work 845
request for comments (RFC) 1086
required grading 996
reserves and resources 5
reset time 998
residual
– error probability 1059
– flux 586
– phase flux 587
– static load (RSL) 722
resin-bonded paper (RBP) 163, 481
resin-impregnated
– paper (RIP) 163, 481
– synthetics (RIS) 481
resistance
– constriction 238
– contact 238
– impurity film 238
– joint 238
resistive
– end 353
– voltage divider (RVD) 1184
resistive-capacitive voltage divider
(RCVD) 1184

resonance 1013, 1180, 1181
– earthing 557
resource

– description framework (RDF)
1043

– reservation (RSVP) 1071
responsibility-sharing curve 1188
restoration time 1058
restriction voltage 601
reverse breadth-first (RBF) 1102
reversible pump–turbine unit 1148
revolutions per minute (rpm) 1152
right of way (ROW) 616, 632, 845
right-hand rule 223
rigid penstock 68
ring 879
– and mesh layout 879
– main unit (RMU) 1110
rise in wind and solar generation
1210

risk management 621, 915
risk-based maintenance (RBM) 916
Ritter method 723
RMS line-to-line (RMSLL) 313
rms value 997
robot conductor deicing 744
robotic 930, 933
rock 874
– dumping 813
Rogowski coil 518
role of generators to meet demand
1209

role-based access control (RBAC)
1086

rolling sphere method (RSM) 899,
900

room-temperature vulcanized (RTV)
679, 689

root mean square (rms) 132, 377,
636

rotating mass 1152
rotation
– per second (rps) 370
– speed 65
rotational kinetic energy 1144,
1152

rotor angle stability 321
round rotor synchronous machine
323

round-trip
– cycle 1140
– efficiency 1139, 1140
route planning 803
routine
– mechanical load (RML) 686
– test (RT) 486, 841
runner 1147

R–X plane 1009

S

S=N curve 665
sacrificial zinc sleeve 679
safe failure mode 688
safe operating area (SOA) 958
safe operation 798
safety 869
– clearance distance 890
– distance 891
– factor 891
– load 631
– margin 894
– of personnel 767
– requirement 625
– zone 891
sagging 739
– condition 650
– thermometer 739
sag–tension calculation 649
salient-pole
– generator (SPG) 393
– machine (SPM) 388
– synchronous machine 322
sample test 841
sampled value (SV) 1030
saturation 906
– discriminator 999, 1005
– limit 989
Savonius rotor 95, 101
SCADA 905
– system components 1107
Schering bridge 180, 489
Schweppe–Huber generalized-M
(SHGM) 1113

sea/land transition joint 828
sealed lead-acid (SLA) 922
– battery 922
seasonal
– pump storage 56
– storage 1137
second telegrapher’s equation 347
secondary
– battery 1156
– current 1001
– devices 986
– emission 1182
– impulse method (SIM) 845
– system 921
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second-order cone programming
(SOCP) 1100

security 872, 1055, 1084
– factor 979
– load 631
– management (SM) 1080
– requirement 625
seismic consideration 904
select before operate (SBO) 1036
selectivity 975
self-admittance 289, 298
self-contained
– fluid-filled (SCFF) 770, 787, 809
– fluid-filled (SCFF) cable system
807

– fluid-filled (SCFF) cable systems
807

– liquid-filled (SCLF) 787
self-damping 663, 664
– spacer 237
self-discharge 1139
– energy factor 1141
semiconductive layer 776
semiconductor device 956
separate
– design (SD) 816
– semiconductive design (SscD)
817

sequence 307
– network 302
series
– and shunt reactive power
compensation (SSC) 764

– capacitor 524
– compensation 524
– reactor 798
– resonance 1182
service
– access point (SAP) 1049
– data unit (SDU) 1050
– integrity 1058
– level agreement (SLA) 1052,
1053, 1061

– life 831
– management layer (SML) 1080
– restoration 1118
service-oriented architecture (SOA)
1027

SES-CDEGS 896
severely errored second (SES) 1059
SF6
– decomposition 533
– electrical conductivity 534
– property 532

SF6-insulated switchgear 829
shape 1153
shared structure 766
sheath
– damage 805
– overvoltage 779
sheath voltage 805
– limiter (SVL) 830, 843
sheath voltage limiter (SVL) 806
shed profile 677
shell-type core 464
shielding angle 729
short
– interruption 1191
– line fault (SLF) 544, 547
– transmission line 284
short circuit 301, 955, 1094
short-circuit 980, 981
– characteristic (SCC) 388
– current 309, 454, 542, 979
– direction 986
– force 472
– load 631
– loss 453, 469
– operation 501
– power 126, 981
– range 112
– ratio (SCR) 388, 950
– test 841
– voltage 453, 455
short-circuited end 349, 350
short-term load 197
– forecasting (STLF) 1110
short-term planning 286
shunt
– capacitance 1096
– capacitor 522, 553, 1097
– reactance 297
shunt reactor 505, 523, 555
– bank 523
– switching 581, 582
Siemens 868
signal comparison 1011
signaling 1180
SIL (surge impedance loading) 747
silicone rubber (SR) 689
– housing 689
similarity law 664
simple network
– management protocol (SNMP)
1087

– time protocol (SNTP) 1039
simple object access protocol
(SOAP) 1047

simplified plastic elongation (SPE)
649

simplified plastic elongation (SPE)
model 649

single
– area system 345
– converter per pole 941
– core 772
– shear connection 726
single busbar 877
– substation 1003
single-bus power system 299
single-conductor cable 777
single-core cable 774
– design 822
single-line diagram (SLD) 874, 882
single-mode (SM) 1063
single-phase
– autoreclosure (SPAR) 576
– core 456
– fault 308
– transformer 449, 455
single-point bonding 779
– system 806
site
– equivalent salinity (SES) 676
– investigation 729
– pollution severity (SPS) 675
– selection 872
six-jet turbine 59
six-pulse bridge 942
skin effect 199, 774
slack 648
– bus 290
slenderness ratio 725
sliding-pressure control 82
slotted 989
slow voltage variation 1195
small
– inductive switching 556
– line reactance 565
smart
– grid sensor 1109
– meter 1109
– meters and customer behavior
1230

snaked cable installation arrangement
837

snaking design 837
soak
– test 842
– testing 913
societal 915
sodium 1162
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sodium–sulfur (Na–S) battery 1161
SOFC (solid oxide fuel cell) 124
software-defined network (SDN)
1090

soil
– backfill 766
– parameter 732
– resistivity 728, 896
– thermal conductivity 768
solar
– eclipse, impact of 1208
– gas 38
– heating 653
– power 1197
– radiation 10, 203
– thermal power stations 10
solar cell 108
– cadmium telluride CdTe 117
– characteristic curve 108
– copper indium diselenide CuInSe2
117

– type 116
solar energy 7
– balance 8
solid 158
– balanced fault 311
– bonding 780, 806
– conductor 774
– polymer electrolyzer (SPE) 1165
solid oxide
– electrolyte (SOE) 1165
– fuel cell (SOFC) 124, 128
solid-core design 526
solidity ratio 631
sorites paradox 1173
sound level 490
spacer 711
spacer damper 711
– clamp 713
– clamp type 713
– short-circuit 713
span
– factor 631
– length 648
spares management 921
spark gap 524
special test (ST) 486
specific
– communication service mapping
(SCSM) 1038

– hydraulic energy 1145, 1147
– power 1137, 1138
specific energy
– consumption 34

– of a flywheel 1153
specific speed 1146
– of rotation 58
specified
– cantilever load (SCL) 688
– mechanical load (SML) 686
spectral
– efficiency 110
– leakage 1185
– radiation distribution 110
spread foundation 732
spun concrete pole 717
SSC 764
stability limit 292
stabilized
– current differential 1003
– differential 982
– differential protection 981
stabilizing current 981
stakeholder 915
– engagement strategy 639
standard
– design 885
– free enthalpy 1157
– oil test (SOT) 487
standardization 1175
star connection 457, 1002
starting
– element 992
– system 1008
state
– comparison protection 1055
– equilibrium point (SEP) 329
– estimation (SE) 1019, 1110
– of charge (SoC) 1138
state of
– energy (SoE) 1138
– health (SoH) 1143
state-change equation 649
static
– distribution network planning
1120

– frequency converter (SFC) 495
– load model 1097
– synchronous compensator
(STATCOM) 414, 523, 924

static VAR
– compensator (SCV) 900
– compensator (SVC) 414, 523,
900, 924, 1174

stationary dimension factor 988
stationary operational accuracy limit
factor 990

statistical 893

stator overcurrent limiter (SCL)
405

steady-state short-circuit current
224

steam
– extraction 76
– generator 78
– power plant 79, 81
steam turbine 78
– plant 83
steel
– core 641
– tower inspection 743
step voltage 895
step-by-step
– approach 781
– methodology for upgrading a cable
849

step-down substation 869
step-lap 464
step-up transformer 498
Stockbridge damper 667, 707
storage 1144
– as grid component 1166
– forms of energy 1143
store-and-forward 1078
storm damage 740
Stott’s approximation 296
strain tower 722
stranding process 643
stray
– field distribution 472
– flux distribution 469
– resistance 597
– voltage 467
strength 186, 188, 192, 230
– function 626
strength-to-weight ratio 641
stress 186, 188, 190, 230
– time 153
stress–strain test 645
string fittings 704
stringing
– block 739
– method 737
– wheel 738
Strouhal frequency 661
structural
– and civil design 903
– diagram 1148
– resonance factor 630
submarine
– fluid-filled cable 813
– joint design 825
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submarine cable 771, 813
– maintenance guideline 846
– mechanical test 824
– outer protection 825
– pumping plant 814
subnetwork connection protection
(SNCP) 1066

subspan oscillation 669
substation 514, 868
– asset management 914
– automation system (SAS) 1029
– component 871
– configuration language (SCL)
1030

– earth grid 894
– environmental footprint 900
– equipment 511–513, 570
– layout 876
– planning 872
– post insulator 527
– security 920
– transformer 498
– type 869
substructure 231, 234
subsynchronous resonance (SSR)
524

subtransmission network 277
sunlight 110
sunrise (SA) 118
sunset (SU) 118
supercapacitive system 1154
supercapacitor 1154, 1155
super-charge ion battery (SCiB)
1160

superconducting
– cable 772, 852
– magnetic energy storage (SMES)
1105

superconductive
– magnet 1144
– magnet energy storage (SMES)
1136

– magnetic energy storage system
(SMES) 1154

superconductivity 932
superconductor synchronous
– compensator (SSC) 414
– generator (SSG) 413
supervisory control and data
acquisition (SCADA) 903, 1018,
1107

support 226, 233
– insulator 233
– type 716

supraharmonics 1179, 1181, 1194
surface
– coating 243
– preparation 246
– state coefficient 654
surge arrester 172, 515, 830, 894
– selection 894
surge chamber 54
– model 68
surge impedance 282, 283, 348,
572

– load (SIL) 655
– loading (SIL) 617
surge wave reflection 349
survivability 1060
survival time 922
susceptance matrix 298
suspension clamp 698
– contact length 698
– metacentric 699
sustainability 12, 19, 886
sweep method 1102
sweep step
– backward 1102
– forward 1102
swept frequency response analysis
(SFRA) 911

swing equation 327
switched
– capacitor 1098
– distance protection schema 1007
– reluctance (SR) 415
switchgear 192, 193
switching 868, 869
– action 802
– arrangement 939
– equipment 513
– overvoltages 798
– phenomenon 542
– program 913
– station 872
– transient 523
switching impulse (SI) 492
– level (SIL) 883
– protection level (SIPL) 570
– withstand voltage (SIWV) 570
symmetrical
– component 1182
– monopole 968
synchronization 1065
synchronized data acquisition 1005
synchronous
– digital hierarchy (SDH) 1065
– Ethernet 1063

– generator 292, 311
– impedance 312
– machine 327, 1144
– reactance 312
synthetic rope 738
system
– application 1166
– arrangement 1166
– based on physics 1144
– operator 1211
– planning 773
– protection scheme (SPS) 1023
– rating 1136
– short circuit MVA 950
– state classification 320
– support 1103
– voltage distribution 522
system average interruption
– duration index (SAIDI) 1190
– frequency index (SAIFI) 1190

T

tailwater (UW) 56
tailwater reservoir 1144
– level 1144
technical
– brochure (TB) 763, 864
– lifetime 803
technology, impact of new 1207
teleprotection signaling 1054
television interference (TVI) 654
temperature distribution 199
temperature-rise
– limit 193
– test 491
temple core 445
temple-type core 463
tennis racket tower 693
tensile strength 1153
tension method 737
tension-induced compression 664
terminal fault 547
termination 819
– design 819
ternary pump–turbine unit 1147
terrain factor 630
tertiary voltage (TV) 475
test
– equipment 494
– on-site 494
– technique 163
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– transformer 479, 505
testing
– AC voltage 164
– after installation 801
– connector 839
– DC voltage 165
– extruded cable 843
– procedure 838
– transition joint 820
tetrafluoroethylen-
hexafluoropropylene (FEP)
159

theoretical wind power 93
theory of Ragone plot 1141
thermal
– balance 194
– capacity factor (TCAP) 898
– condition 799
– conductivity 195
– current 197
– energy 36
– expansion 219, 647
– load 196
– local constant 199
– network method 210
– radiation 195
– reactor 85
– reignition 550
– storage 195, 204
– time constant 197
– transfer 195
thermal interrupting
– capability 566
– process 538
– region 538
thermal power
– plant 299
– station 78
thermal rating 660
– calculation 652
thermally stable cable 807
thermochemical bioconversion 9
thermographic inspection 914
thermogravimetric analysis (TGA)
697, 841

thermoplastic insulating material
850

Thévenin
– circuit 310
– equivalent impedance 311
– network 301
Thévenin’s theorem 310, 349
thin-film solar cell 116
third party access 1209

third-pole-to-clear 557
three-bus power network 288
three-core
– cable 774, 777
– cable design 822
– transformer 583
three-dimensional (3-D) 468
three-leg core 456
three-limb core 464
three-phase
– (alternating) current 445
– energization 587
– fault 237, 308
– high-speed reclosure (TPHSR)
576

– line 279
– network 302
– system 444
– transformer 455
three-phase distribution line 1099
– model 1101
three-pole short circuit 229
three-stage turbine 83
three-winding transformer 308
threshold 979
thyristor 956
– valve 606, 956, 957
thyristor-controlled series capacitor
(TCSC) 524

thyristor-protected series
compensation (TPSC) 524

tidal energy 7
tie-off tower 722
tilting method 736
time
– autonomy 1136
– duration for repair works 848
– latency 1057
– multiplier setting (TMS) 997, 998
– slot (TS) 1064
time-based maintenance (TBM)
916

time-dependent characteristic 997
time-division multiplexing (TDM)
1058, 1063

time-domain
– method 1181
– reflectometry (TDR) 844, 847
time-graded protection 923
timing 976
top
– deflection 719
– power station 56
torsional

– control device (TCD) 670
– damper and detuner (TDD) 670
total
– cost of ownership (TCO) 1048
– demand distortion (TDD) 1186
– energy module (TOTEM) 76
– harmonic distortion (THD) 437,
1168, 1176, 1186

– loss 1139
– productive maintenance (TPM)
916

totally-enclosed
– fan-cooled (TEFC) 416
– nonventilated (TENV) 416
touch
– and step voltage 897
– voltage 301, 895
tower
– cooling 80
– earthing resistance 728
– erection 735
– member, bending of 726
– shape 720
– spotting 734
– teststation 726
– type 721
traction transformer 503
trade off between open market and
central control 1212

traffic engineering (TE) 1069, 1071
transadmittance 298
transfer
– bus 878
– function 68
transferred voltage 895
transformer 285, 443, 444, 802,
871, 1180

– equation 448
– failure 459
– inrush 997
– model 560
– secondary fault (TSF) 557
– supply 795
transformer limited
– fault (TLF) 557, 572
– fault interruption 544
transformer-fed fault (TFF) 557
transient 894, 1193
– analysis 345
– dimension factor 988
– internal voltage 332
– interruption 1193
– overvoltage (TOV) 476, 802, 805
– recovery voltage (TRV) 523
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transition joint 820
transmission
– between nonsynchronous AC
systems 938

– capacity 564, 798
– loss 639
– network 277, 285, 297, 513
– ratio 499
– substation 870
– time 1055
– via cables 937
transmission line 308, 345, 522,
589, 937

– robotics 744
– switching 552
– tower 722
transmission system
– cost 132
– impedance 546
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