Wide-Area Measurement Systems )
and Phasor Measurement Units e

M. Maheswari, N. Suthanthira Vanitha, and N. Loganathan

Abstract Wide Area Measurement Systems (WAMS) is a collective technology
to monitor power system dynamics in real time, identify system stability related
weakness and helps to design and implement counter measures. It uses a global posi-
tioning system(GPS) satellite signal to time synchronize from phasor measurement
units (PMUs) at important nodes in the power system, sends real-time phasor (angle
and magnitude) data to a Control Centre. The acquired phasor data provide dynamic
information on power systems, which help operators to initiate corrective actions to
enhance the power system reliability. The goals of WAMS are real time monitoring,
post disturbance analysis, adaptive protection and power system restoration. The
major components of WAMS are Phasor Measurement Unit (PMU), Phasor Data
Concentrator (PDC), Global Positioning System (GPS for Time Synchronization of
the phasors), Communication channel (Preferably optical fiber cable), Visualization
and analysis tools, Wide area situational awareness system and Wide area protection
and control. This chapter is going to discuss about the goals and benefits of using
PMUs, comparison between PMUs and SCADA system, Detailed description of
WAMS components, synchronized PMUS, different kind of applications of WAMS
in power sector, Components and operation of PMUS, real time examples of WAMS
in power system operation and control.
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1 Introduction

The objectives of the power sector are good quality, high stability and cheap. In
conventional power system, there are lot of possibilities to switch to instability
mode. It’s mainly due to the occurrence faults and the outages [1]. The stability
of the conventional power system is improved by means of interconnection. Hence
the modern power system interconnects the regional electric networks such as inter-
connection of Europe networks (UCTE) [2, 3], the japan power grid to improve
the stability of the power system [4, 5]. Interconnected power system effectively
utilize the distributed resources from different locations and accomplish the optimal
scheduling of energy sources. In addition to this, it provides support during fault
conditions which improves the reliability of the whole power system [6]. But low
frequency oscillations (LFOs) are excited quickly when the faults or disturbance
exists in the interconnected systems. There is no predefined characteristics for these
oscillations in each system.

2 Stability Problems of Interconnected Systems

The conventional power systems are interconnected to optimize the generation
of distributed energy sources from different areas, to augment the global optimal
scheduling for power utilization, also to elevate the power economic dispatch. Apart
from this, it provides the mutual power support from one area to another area which
improves reliable and security of large scale power systems. But the developments
happened in the grid structure and operating mode of interconnected systems creates
stability problems due to its complexity. The stability of power system can be clas-
sified into three classifications as mentioned by IEEE guide [7], namely rotor angle
stability, frequency stability and voltage stability as shown in Fig. 1. The ability of
the power system to sustain steady frequency followed by a severe system upset due
to the imbalance between generation and load is known as frequency stability. It
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Fig. 1 Classification of power system stability
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is determined by the ability to restore the equilibrium between the generation and
load without much affecting the load. The constant frequency swings leading to the
instability of the system by tripping of generating units and loads. Voltage stability
refers the ability of the power system to maintain the constant voltage at all buses
even after it is subjected to a disturbance. It is influenced by the ability to maintain
the equilibrium between the demand and the supply.

The continuous voltage fall or raise in buses will lead to instability of the system.
The ability of the synchronous machines of an interconnected power system to main-
tain in synchronism after it is subjected to a disturbance is called as rotor angle
stability. It is governed by the capability of maintaining equilibrium between elec-
tromagnetic torque and mechanical torque of synchronous machine in the system.
When there is an increase in the angular swings of few generators will lead to the
loss of synchronism with other generators, it leads to the instability of the system
[8]. The rotor angle stability is reduced by means of proper damping arrangements.
In case of insufficient damping, these oscillations will start to spread to the trans-
mission facilities and to the tie lines also. The frequency of power oscillations in the
interconnected systems lies between 0.2 and 3 Hz and it is called as low frequency
oscillations (LFO) [9]. It may be represented as fast dynamics with the duration of a
few seconds in the absence of effective oscillation damping control.

In interconnected systems, LFO is an existing rotor angle stability problem. In
case of IAO, the oscillation frequency lies between 0.2 and 0.8 Hz and it leads
to the threatening to the reliability operation, reduction in the transmission power
capacity and limiting the ability of interconnection between large electric networks.
The voltage swings may also be created by the undamped oscillations in some buses
and also leads to the frequency stability.

3 WAMS Technology

The concept of wide area measurement has been introduced by Bonneville Power
Administration in the late 1980s. WAMS has made up of advanced measurement tech-
nology, information tools and operational infrastructure to manage the complexity
in the behavior of large power system. It can be used as standalone infrastructure or
as a complementary system. The first one will replace the function of conventional
SCADA system and the later one designed to improve the operator’s real time situ-
ational awareness to improve the performance of the grid operation. WAMS is the
combination of synchronized phasor measurement unit, communication engineering
and information technology in electric power systems. The objective of WAMS is
to realize dynamic monitoring, analysis and control for the stability and the efficient
operation of the global power system. WAMS is mainly applied in the two fields
namely, smart grid construction and stability analysis and control based on wide
area measurements. The major components of WAMS are
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Fig. 2 WAM:s elementary process

e Phasor Measurement Units (PMUs) placed at different areas for measuring local
variables like voltage and current

® A monitoring and control system located in the power system dispatch center

e A digital communication network for information exchange

The application of WAMS in the power system, used to implement online moni-
toring of remote operating variables. These variables are used to disclose the dynamic
behavior of the power systems for energy management and decision making of trans-
mission system operators (TSOs). The concept of wide area measurement has been
introduced by Bonneville Power Administration in the late 1980s. WAMS has made
up of advanced measurement technology, information tools and operational infras-
tructure to manage the complexity in the behavior of large power system. It can be
used as standalone infrastructure or as a complementary system. The first one will
replace the function of conventional SCADA system and the later one designed to
improve the operator’s real time situational awareness to improve the performance
of the grid operation. There are three sub processes which are interconnected in
the WAMS, namely, data acquisition, data transmission and data processing. Each
process is performed by measurement systems, communication systems and energy
management systems respectively [10, 11]. It accumulates the data from the conven-
tional or advanced measurement devices and transmit it through proper communi-
cation systems to the control centers. The WAMS elementary process is shown in
Fig. 2.

3.1 Data Resources

The data resources are classified into two categories based on its nature such as
operational data and non-operational data. The data which is transmitted by the
installed device continuously to the control centers such as voltage, current and
breaker status. If the data is transmitted once in a while during the events then it
is called as nonoperational data like faults, lightning strokes and power fluctuations
etc., The data resource in the power system can be classified into operational and non-
operational similar to WAMSs. The operational data includes supervisory control and
data acquisition, synchronized phasor measurement system. Circuit breaker monitor,
digital fault recorder and digital protective relays are coming under non-operational
data resources [12].
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3.1.1 Supervisory Control and Data Acquisition (SCADA)

SCADA is used to collect and process the data over a long distance through the appli-
cation of operational controls and it is completely assisted by the computer. There
are three major functions are executed by SCADA viz, data acquisition, supervi-
sory control and alarm display and control. These functions are carried out by the
hardware devices namely, Master terminal unit (MTU), remote terminal unit (RTU)
and communication channel. MTU is located in the control centers, whereas RTU is
located in the remote field site and it may be programmable logic controllers (PLC)
or intelligent electronic devices (IED) and the communication channel connecting
both remote site and the control center.

MTU acts as the heart of the SCADA system and installed at the control centers.
The major roles played by MTU are,

Manage all communications

Gathers data of RTU

Stores obtained data and information

Send information to other systems

Commands the actuators connected with the RTU and
Interfaces with operators.

RTU is used for monitors and controls the equipment through the data acqui-
sition and control at the remote sites and send the collected data to MTU. It may
be microprocessor based devices and can be used as a relay. The size of RTU is
named as small, medium and large, based on the number of analog/digital inputs.
PLC can be used to realize the operations of electrical equipment such as relays,
drum switches and mechanical timer/counters at the remote sites. PLC is a small
computer which is suitable for industries because it is more economical, versatile,
flexible and compact than RTU. The communication system provides the channel
between the master station and the remote sites through fiber optic or wireless or
satellite. SCADA employ the physical communication architectures such as point to
point, multi point and relay station architecture. The structure of SCADA architecture
is shown in Fig. 3.
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Control Server
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Fig. 3 Structure of SCADA architecture
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3.1.2 Synchronized Phasor Measurement System (SPMS)

SPMS is an advanced device employs sample clock of common time source like
GPS and is used to measure currents, voltage and angle between them. Apart from
these, it can be customized to measure the parameters like local frequency, rates
of frequency changes, harmonics measurements, negative and zero sequence quan-
tities [13]. Phasor measurement unit (PMU), phasor data concentrator (PDC) and
communication system are the three main parts of SPMS. PMU is used to collect
the electrical signals like voltage and current at the rate of 48 samples per cycle.
PMU is a kind of microprocessor based device. The output of PMU is a time-tagged
phasors also called as synchro phasor. Synchro phasor is transmitted to the local or
remote receiver at the rate of 60 samples per second. PMU plays the role of RTU in
a SCADA system.

PDC plays a very significant role in SPMS. It collects the synchro phasors from
several PMU or PDC and fed out them as a single stream of data after several checks
on data consistency. Rejection of bad data, aligning the time stamps and creating
the coherent record of continuous recorded data. There are two major distinguish
between the SCADA and WAMs in case of streamed data. Synchro phasor data
is continuous and streaming in nature whenever it transmits the data to the master
station either in specified time intervals or required by master station and synchro
phasor data has more sensible than the data provided by RTU which requires high
bandwidth, low latency communication systems. The structure of SPMS is shown in
Fig. 4.

3.1.3 Digital Fault Recorder

Digital fault recorder is used to record the waveforms accurately during fault condi-
tions. It collects huge amount of data such as analog or status data in the different
stages of faults like pre fault, fault and post fault conditions [14]. Maximum current,
fault sequence, type of faults and the circuit breaker operation sequence are some
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Fig. 5 Digital fault recorder software modules

examples of data collected. These collected data are sampled at the very high rate of
64 to 356 samples per cycle and it cannot be used in real time applications, hence it
is stored as samples for offline processing. The above said task is achieved by using
SPMS directly. The software module for digital fault recorder is shown in Fig. 5 [15].

3.1.4 Digital Protective Relay

The most important thing in power system is to isolate the faulty area from the healthy
one to minimize the impact. This kind of functions are taken care by protective
relays, these are controlled by digital signal recently and are known as digital protec-
tive relays (DPRs). It is a microprocessor based device and is capable of detecting
faults by means of current and voltage waveforms. It is also enabled to measure and
record analog and status data which is communicated to the centralized location. The
sampling rates of DPR is quite low and varies from 64 to 128 samples per cycle.
Obviously this sampling rate reports lower accuracy of DPR data compared with the
other data resources. The digital fault relay software module is shown in Fig. 6 [15].

3.1.5 Circuit Breaker Monitor (CBM)

CBM is an electronic device used to monitor the status of circuit breakers. It is
designed in such a way that it works in real time and capturing information about
each breaker for its proper operation either by manually or automatically. The Circuit
Breaker Monitor Analysis Software Module is shown in Fig. 7 [15].

3.2 WAMS Communication Systems

Communication system perform a vital role in power system operation and control
because it enhances the security of the system. Ensuring the data delivery both from
data resources to the control centers and from the control center to the system actu-
ators are the two major task performed by the communication system in WAMS.
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A new developing model in communication system is open system interconnection
(OSI) layer. It deals about the comprehensive architecture for explanation, designing,
implementation, standardization and use of communication networks. There are
seven layers are present in the OSI reference model namely physical, data link,
network, transport, session, presentation and application layer as shown in Fig. 8. It
also emphasis the link between the OSI layers and data resources, applications and
communication systems.

The performance of WAMS communication systems are based on the charac-
teristics of the transmission media such as the cost, bandwidth, propagation delay,
security and reliability. Transmission data can be classified into two kinds such as
guided and unguided [16]. If the information is transferred through a solid medium
such as optical fiber, twisted cable pair, coaxial cable and power transmission lines
then it is known as guided transmission media. The transmission of information is
done by electromagnetic waves like atmosphere and outer space then it is called as
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unguided transmission media. The comparison between the characteristics of most
common media used in WAMS both in guided and unguided media is listed in
Tables 1 and 2 [17].

Table 1 Parameters comparison between different types of guided media

Type of Media

Description

Bandwidth

Latency Security

Optical fiber

It is a flexible, transparent
fiber made by glass or plastic
of thickness smaller than
human hair. It transmits the
light between two ends with
wider bandwidth for long
distance. It employs visible
light or infra-red rays for
transmission. Optical power
ground wire and all dielectric
self-supporting types are
mostly used in industries

High

Low High

Power line carrier

Power lines are used for
transmission medium and may
cause issues while the line
outages. It is classified into
two types as narrow band and
broad band as per data rate
values

Medium

Low High

Leased line

LL means using some other
communication lines for
transmitting wide area signals

Medium

Low - Medium | High
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Table 2 Parameters comparison between different types of unguided media

Type of Media

Description

Bandwidth

Latency

Security

WPAN

Wireless Personal Area Network
connects the device around a person
over a very short distance i.e., 10 m
through wireless mode. One such
frequently used technology is
Bluetooth

Low-Medium

Low-Medium

Low

WLAN

Wireless Local Area Network
connects the devices around through
wireless distribution method. The
most frequently adopted WLAN is
Wi-Fi

Low-Medium

Medium

Low

WMAN

WiMAX, GPRS, GSM, CDMA and
3G mobile carrier services are the
frequently used techniques in
Wireless Metropolitan area Network

Medium

Medium

Low

WWAN

It is Wireless Wide Area Network
using satellite communications. It is
employed under two situations like,
when a guided medium is not
possible between the remote site and
the control center and there is no
line of sight between the remote site
and pre-installed communication
network

Low-Medium

High

Low

3.3 WAMS Applications

The software based tools which are used to process the raw data from data resources
to extract the useful information for the power system operators are called as WAMS
Applications. In general, the WAMS applications are specific as generation, trans-
mission and distribution. In case of generation applications, it is used to control the
generator operation in real time and also monitoring the stability condition of the
generators. The group of computer aided tools which is used to control and monitor
transmission and sub transmission system is called as EMS. State estimation, load
flow, optimal power flow, load forecast and economical dispatch are the few conven-
tional EMS applications. Apart from this, the application of WAMS is extended

to

Integrated phasor data platform

Wide area dynamic monitoring and analysis
Power stability prediction and alarming
Fault analysis support

Comprehensive system load monitoring
Power system restoration support tool.
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In distribution side, systems that enable a distribution company to monitor, coor-
dinate and operate distribution components from the remote area in real time. It is
termed as automation applications as per IEEE community. The major objective of
this idea is to reduce the cost, enhance the service availability and better services to
the customers. It is again sub divided into substation automation, feeder automation
and consumer side automation.

WAMS applications also categorized further into two kinds in general. The appli-
cation of WAMS in measurement of quantities on only their own, area, region or
specific TSO becomes the first category. WAMS is used to measure the quantities
from neighboring national WAMS becomes the second kind. All these applications
may use online or off line to collect the information about the power system.

4 Phasor Measurement Units (PMUs)

4.1 Historical Development of PMUs

Power system engineers are interested to find the phase angles of voltage phasors of
power network buses because the real power flow in the power line is proportional to
the sine of the angle between voltages at the two terminals of the line. The real power
and the phasor angle between the voltages are the two parameters which takes major
role in power system planning and operation. The use of modern application in the
measurement of phase angle difference [18, 19]. They have used LORAN-C, GOES
satellite transmissions and the HBG radio transmissions to obtain synchronization
of reference time at different locations in power system. In general, the immediate
next positive going zero crossing of a phase voltage was used to determine the local
phase angle with respect to the time reference. By finding the difference between
the measured phase angles of voltages on a common reference at two locations was
determined. The accuracy of the measured values were achieved in the order of 40 ps.
These measurement techniques are not suitable for the implementation of wide area
measurement system in power system.

The origin of present era of phasor measurement technology has started when
the research on computer relaying of transmission lines has started. Before these
works, the above said research was conducted by microprocessor and its capacity
was not sufficient to carry out the calculations. In early days, the fault in the trans-
mission lines were identified by solving six fault loop equations at each instant. The
research was carried out to eliminate the solving of six loop equations for finding the
fault and derived a new technique based on symmetrical component analysis of line
voltages and currents. In the above said method, it is possible to identify the types
of fault and all types of fault calculation from the single equation. A new symmet-
rical component based algorithm for finding symmetrical components of three phase
voltage and currents [20]. This paper played a vital role in defining the algorithm
and methods to calculate symmetrical components and positive sequence voltages
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Fig.9 The first phasor measurement units (PMUs) built at the Power Systems Research Laboratory
at Virginia Tech [13]

and currents. Later the research was recognized that the measurement of positive
sequence components in power system is of great value and it is the fundamental
importance. The importance of positive sequence voltages and currents and its uses
and it acts as starting point of synchronized phasor measurement technology [21].

The Global Positioning system (GPS) has been used to synchronize power system
measurements over a long distance. The first prototype model of PMU using GPS
was built by Virginia Tech in the year 1980 and the prototype has shown in Fig. 9.
The first commercial product of PMU was started by Macrodyne in association
with Virginia Tech [22]. Nowadays there are lot of manufacturer producing PMUs
worldwide. IEEE recommended the standards for format of data files created and
transmitted by PMUs in the year 1991 and also the same was reviewed in the year
2005 [23, 24]. There are lot of research works are carried in the worldwide regarding
the applications of PMUs.

4.2 Introduction

The PMU historical development has been discussed in Sect. 4.1 in detail. This
section aims to cover the aspects of the PMUs regarding its architecture and manage-
ment system in practical implementation. The measurements made by PMUs are
timestamped at the source and there is no issues of transmission speed. The PMU
measurements are used to identify the state of the power system at each instant
because of its time stamp. The data from PMUs will reach the central location based
on the delay in the communication channel used. But the time tags associated with
each measurement will help the operators to get the clear picture of the power system
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operation. This section address about the GPS method suitable for PMU measure-
ments, PDCs, Communication systems and the file structures for PMUS to ensure
the interoperability of the power system.

4.3 Block Diagram of PMU

The basic block diagram of PMU based on the first module developed by Virginia
Tech is shown in Fig. 10. The basic difference between the first model and the new
ones are the symmetrical component relays are replaced by computer relays. The
analog inputs like voltages and currents are obtained from the secondary of the
potential and current transformers respectively. In general, three phase voltages and
currents are measured so that it is easy to determine the positive sequence measure-
ments. PMU collects the currents from the several feeders and voltages of the various
buses in the substation. The measured values of currents and voltages are converted
into voltages usually in the range of =10 V so as to match with the requirement of the
analog to digital converters. The frequency response of the anti-aliasing filters are
decided by the sampling rate chosen. The cut-off frequency of analog filters always
chosen less than the sampling frequency to satisfy the Nyquist criterion. In relay
design process, the sampling rate is chosen high than its high cut off frequency of
the analog anti-aliasing filters. This stage is followed by a digital decimation filter.
It converts the sampled data to a lower sampling rate and this combination provides
the concatenation of digital anti aliasing filter with the analog anti-aliasing filters.
This will enhance the stable operation of the filters under aging and temperature
variation conditions. This guarantees that all analog signals have the same phase
shift and attenuation, hence the phase angle differences and relative magnitudes of
the different signals are unchanged. If the raw data from samples of analog signal
are stored, then it will be very much useful as high bandwidth digital fault recorders.
It is an added advantage of using oversampling technique.

One pulse per
% Second
GPS Receiver J/
l

Analo Phase Locked
g Oscillator
‘ ‘ ‘ ‘ I Modem
Anti — Aliasing A/D converter Phasor
. B [~ | Microprocessor
Filters

Fig. 10 Block diagram of PMU
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The sampling clock is synchronized with the GPS clock pulse through phase
locked loop. The sampling rates are started with 12 samples per cycle of the nominal
frequency in the early days and it has improved to 96 or 128 samples per cycle due to
faster analog to digital converters and processors in the modern PMUs. The sampling
rate will improve in the future so as to improve the estimation accuracy further [13].
The positive sequence estimates are calculated by microprocessors for all currents
and voltages using the frequency detection techniques. The other techniques are
determination of frequency and rate of change of frequency measured locally and
included in the output of PMU. Then the time stamp signal is formed from the two
of the signals derived from the GPS receiver and it will help to identify the universal
time coordinated (UTC) second and the instant defining the boundary of the power
frequency as prescribed by IEEE standard. The output of PMU will be time stamped
and it is transferred to the suitable modems in proper file structure through proper
communication channels.

4.4 Global Positioning System (GPS)

In the year 1978, US department of defense originated the GPS by using the launch
of first Block I satellites. There were 24 modern satellites was put in place in the year
1994. These are arranged in six orbital planes displaced from each other by 60° and
inclined about 55° with respect to equatorial plane as shown in Fig. 11. The orbital
radius of the satellites are 16,500 miles and they go around the earth twice per day.
It is arranged in such a way that at least six satellites has to be visible from the earth
at a time but there are 10 satellites are visible as of now. The major function of the
GPS is to find out the coordinates of the receiver and finding the time of pulse per
second in PMUs. The pulse received from the receiver will coincide with all other

Fig. 11 GPS satellite
disposition
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received pulses in the earth within 1 microsecond. Nowadays the synchronization is
achieved within few hundred nano seconds.

The accurate clocks available in the GPS will provide one pulse per second signal.
The time they use is known as GPS time and it will not account the earth’s rotation.
The corrections in the received signal is done at the receivers to provide UTC clock
time. PMU standard uses UNIX time base with a second of century (SOC) counter
which began to count at midnight on January 1, 1970. Nowadays there are lot of GPS
systems are deployed by other nations also for the same objective. GPS system will
play a major role in the synchronization for PMUs in the future also.

4.5 Hierarchy for Phasor Measurement Systems

In power system, the PMUs are installed in the substations and it depends on the
provisions made for measurements in that location. The measured phasor data is
used in the remote locations from the PMUs. Hence there should be some predefined
architecture has to be followed to realize the full benefit of the PMU measurement
system. The most commonly used architecture of the PMU measurement system is
shownin Fig. 12. PMUs are used to measure time stamped positive sequence voltages,
currents, frequency and rate of change of frequency of all buses and feeders in the
substation. The measured data are stored in the local storage devices and can be
retrieved from remote locations for diagnostic purpose. The storage capacity of the
local storage is always limited and the data belongs to important events needs to be
stored in the permanent storage to avoid overwritten. The measured phasor data will
be immediately available for real time applications either in locally or higher level
operations.

In the hierarchy of PMUs measurement, the next device is Phasor Data Concen-
trator (PDCs). The major function of the PDCs is to collect data from many PMUs,
discard bad data, line up the time stamps and make a record of data from wider part of

Applications

C]

PMU [ PMU pmu | [ pmu ) ( pmu PMU ]

R 5 e

PMUs Located in Substations

Fig. 12 Hierarchy of Phasor Measurement System
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power system. The local storage facilities are also available in the PDCs along with
the application functions which made PDCs exists for the real time applications. In
the next level of hierarchy, the device available is called as super data concentrator
as shown in Fig. 12. Its function is also similar to PDCs but in large scale for the
entire power system. From the Fig. 12, it is clear that the communication between
each level should be bidirectional. In most of the cases, the data flow required is
only upward except few instants. There is a standard format available for upward
and downstream communications among the hierarchy.

4.6 Functional Requirements of PMUs and PDCs

4.6.1 Synchro Phasor Evolution

PMUs are manufactured by different manufacturers in the various parts of the World.
But it should be ensured that the interoperability among PMUs of different manufac-
turers should perform a common standard. The standard for synchro phasor is first
developed by IEEE in the year 1995 [23]. The early models of PMUs were tested
for interoperability based on this standard and it was found that the performance
is not identical at off—nominal frequencies [25]. Hence it was realized that the
existing standard was not enough to define the performance of PMUs at off-nominal
frequencies. It was resolved by IEEE team in the year 2005.

The phasor of a single is independent of the signal frequency. If any pure sinusoid
with any frequency is applied at the input of PMU then it is represented as a phasor of
magnitude equal to its rms value of the signal and its phase angle (6), which is the angle
between the reporting instant and the peak of the sinusoid as shown in Fig. 13. There
are many filters are employed at the input of the PMUs and the phase delays produced
by these should be compensated before it estimates the phasor. The positive sequence
produced by the PMU must be correct at all frequencies irrespective of the balanced
or unbalanced input signal. PMU standard provides the specification for frequency

0 PMU

Filters

Xl’TnS .
B B Y e e Input Wires

Sampled Data

Phasor

Xr+j Xi = ers Eje

Phasor Estimator|

94— Phasor Time — Tag (Reporting
Instant)

Fig. 13 PMU input signal and output Phasor estimate
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deviation of 5 Hz from the nominal frequency. The other accuracy specifications
provided by PMU standards are standardized reporting time for phasors which is
phase locked to the GPs is 1 pps and is at intervals are multiples of nominal power
frequency.

4.7 File Structure of ‘Synchro Phasor’ Standard

Synchro phasor file structure is similar to that of COMTRADE, which describes
about the files for transient data collection and dissemination. Initially COMTRADE
standard has been modified by International Electro Technical Commission (IEC) and
now it has been followed by computer relays, digital fault recorders, other producers
and users of power system transient data. There are four types of files are defined
by synchro phasor standard for data transmission to and from PMUs. In which three
files are created by PMUs and the other one is produced by PDC. Header files,
Configuration files and Data files are the files created by PMUs and Command file is
created by PDC. The common structure of all files are shown in Fig. 14. The two bytes
of first word is for synchronization of the data transfer. The second word describes
the size of the total record, data originator is identified by third word, Second of
Century (SOC) and fraction of a second (FRACSEC) is delivered by the next two
words. The FRACSEC data word length is specified by the configuration file. The
check sum is the last word used to find any errors in data transmission.

Header file contains the information need to be conveyed to the user from the
producer of the data and it is in human readable format. The configuration and data
files are in machine readable format. The Configuration file delivers the information
about the explanation of the data contained in the data file. PMU will send the
Header and configuration files once the nature of data to be transmitted is defined.
The data file comprises the phasor data which is the output of the PMU and it may
be in rectangular or polar form. The performance of the PMUs are controlled by the
Command files from the higher level hierarchy. There are several commands have
been defined and are available for current usage.

First transmitted

| SYNC | | FRAME SIZE | | IDCODE | | SoC |
MSB 2 LSB 2 2 4
| FRACSEC | | DATA 1 | | DATA 2 | | DATAN | | CHK |
4 2 Last transmitted

Fig. 14 Common structure of files transmitted from and to PMUs
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Table 3 Comparison between SCADA and PMUs
S.No | Parameters SCADA PMUs
Resolution 1 sample at every 2—4 s It can be done 10-60 samples
and used for only steady | per second and can be used for
state observability transient and steady state
observability
Measurement It measures only It measures both magnitude

magnitudes of the
quantities

and phase angles of the
quantities

Time synchronization

There is no possibility for

Synchronization is done with

monitoring and control

synchronization the help of GPS
Number of Input/Output | There are more than 100 | There are 10 channels for
channels analog and digital inputs | phasors, more than 16

and output channels are channels for each digital and

available analog signals are available
Focus It is designed to do local | Itis designed to carry out wide

area monitoring and control

4.8 Comparison between SCADA and PMUs

PMUs stands at the top while comparing with its counterparts like SCADA. There
are few added advantages of PMUs compared to SCADA as described in the Table
3.

4.9 PMU scenario in Indian Power Grid

Indian power grid is one among the largest power grids in the World. The opera-
tion and monitoring of Grids in Indian power grid is carried out by National Load
Dispatch Centre (NLDC), five Regional Load Dispatch Centers (RLDC) and State
Load Dispatch Centers (SLDC). The entire grid has subdivided into five regions such
as Northern region, Southern region, Eastern region, North East region and Western
region. To enhance the advanced technologies in the power network to improve the
service and reliability of the supply to the customers, Synchro Phasor measurements
are deployed in the Indian Power Grid. The first pilot project on PMU was installed
in Northern region in the year 2010. The said project consists of PMUs along with
GPS connected at 9 selected substations in the grid. A PDC and other accessories
were located at NRLDC at New Delhi as published in an article of electrical India.
The present scenario of PMUs in India as there is one PDCis installed at the NLDC
and it is integrated with other five PDCs connected at the RLDC [15]. There are 60
number of PMUs are installed as of now in various regions respectively 12 PMUs in
Eastern region, 8 in North —east region, 14 in Norther region, 10 in Southern region
and 16 in Western region. In most of the locations, the PMUs are used to measure the
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voltages in 220 kV and 400 kV buses. There are other pilot projects are also carried
out throughout the grid to enhance the power system reliability and security.

4.10 Applications of PMU in Power System

The implementation of PMUs in the power system and collecting the magnitude and
phase angle of voltages and currents of various buses in the substation will help us
to undergo the following applications,

Post disturbance analysis
Stability monitoring

Thermal overload monitoring
Power system restoration
State estimation

Real time control

Adaptive protection

4.11 Challenges in PMU implementation

Wide area measurement and controlling leads for robust control of power system
from remote area and also it enhances the power system stability and reliability.
There are lot of benefits behind the invention of new technologies as well as the
challenges are also existing everywhere. The challenges in the implementation of
PMUs in the power system are as follows,

Selecting suitable location for PMU placement

Integration of synchro phasor technology with SCADA
Communication delays

Low frequency oscillation monitoring

Distorted power system waveforms make prediction difficult
High computational requirement

Developing tools for in depth post facto analysis.

wn

Challenges of Wide Area Dynamic Monitoring
and Control

There are many theoretical research works are still going on regarding WAMS and it
should be carried forward to the practical application of wide area stability control in
the large interconnected system. The challenges available in front of the researchers
are summarized as below,



124 M. Maheswari et al.

® Problem of interconnection between local controllers and wide area controllers:
Large interconnected power systems in practice employs lot of conventional
stability control devices such as PSS devices. PSS devices are using lot of local
controllers and these are designed to damp the local oscillation modes. If the
wide area damping control is employed in power system then it may reduce the
damping capability of local controllers. Hence, it is important to maintain the
overall stability of the power system by simultaneously optimizing the local and
wide are controllers. The new techniques are proposed to tune large number of
local PSSs as but only few works are carried out for the tuning on both local and
wide area controllers [26-28].

® Problem of control coordination among multiple wide-area damping controllers:
The wide area stability control employs devices such as HVDC and FACTS for
power system control and control signals with multi-channel. It is the recent trends
used in the smart transmission grids. There are lot of LFO modes are inbuilt in
the control devices to provide multiple damping on dominant modes and improve
the overall stability of the interconnected systems.

But the interaction between the different control loops may exists if the coordination
designs are not taken care in multiple wide area controllers. These interactions may
reduce the damping performance of multiple controllers or leads to instability of the
power system. Hence it is noted that the coordination of wide area control is must
for the practical application of wide area stability control.

® Problem of how to choose optimal control-input for multiple wide-area damping
controllers: The performance of the controllers depends on the selection on the
feedback signal. Some methods are proposed for the selection of feedback signals
for local controllers [29-34]. But in WAMS application, it is possible to select the
control signals in both local and wide area range. On comparing with the local
controllers there are more local and wide area signals are existing to select as a
feedback control input. But the research work related to these selections are only
few.

® Problem of design and implementation for practical application of online wide
area monitoring and control: Many of the research works related to wide area
stability control stays only at the theoretical stage. To implement in the practical
case, there are lot of problems encountered still such as design of advanced control
algorithm to reduce the delay effect of wide area control, embedding the wide area
control in the power system [35-37].

6 Conclusion

WAMS is a collective technology to monitor power system dynamics in real time,
identify system stability related weakness and helps to design and implement counter
measures. This chapter has described about the need for WAMS in the present
scenario power grid to manage LFO and enhance the stability of the power system.



Wide-Area Measurement Systems and Phasor Measurement Units 125

It also illustrates the major components of WAMS and its operation in brief. It also
emphasis on the application of WAMS in the power system generation, transmission
and distribution. The most important part of WAMS is PMU devices which are located
at the remote locations to measure the physical quantities. This chapter covered the
importance of PMU in smart grid, its components, application and limitations in
detail.
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