Chapter 8
Reactive Power Compensation
in AC Power Systems

Ersan Kabalci

Abstract This chapter introduces most widely used reactive power compensators
considering the recent advances seen in industrial applications. In order to provide
better and deeper knowledge for authors, the basic principles of reactive power
compensation and symmetrical systems are presented primarily. The theoretical
backgrounds are discussed by comparing each approach and application types in
detail. The remainder of the chapter is organized by considering the comprehensive
figure that is illustrated in the third section. Thereby, the first generation conven-
tional compensators and lately improved FACTS are introduced in the following
sections. Furthermore, the compensation devices are also listed according to their
integration to transmission line as shunt, series, and shunt-series devices. The cir-
cuit diagrams and control characteristics of each compensation device are presented
with its analytical expressions. The power flow control, voltage and current mod-
ifications, and stability issues are illustrated with phasor diagrams in order to create
further knowledge on operation principles for each device. The comparisons are
associated with similar devices and emerging technologies.

8.1 Introduction

This chapter deals with reactive power definition, analytical background, and
compensation methods applied for reactive power. The reactive power compensa-
tion is also known as VAR compensation in several textbooks. The VAR com-
pensation implies the volt-ampere-reactive that is unit of the reactive power. The
demands of lower power losses, faster response to parameter change of the system,
and higher system stability have stimulated the development of the flexible ac
transmission systems (FACTS) that stands for compensation systems connected to
the transmission line in series or shunt. Besides the series and shunt connections of
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controllers, the most comprehensive compensators are implemented with semi-
conductor converters based on multilevel topologies.

The static synchronous compensator (STATCOM) that is usually defined as
self-commutated or static VAR compensator is a voltage source converter (VSC)
based on controllable switches to control the reactive power Q continuously.
Furthermore, STATCOM is shunt connected to the utility grid or system at the
point of common coupling (PCC). The maximum value of Q is adjusted relatively
to the voltage, and the maximum available Q is slightly decreased when the voltage
is decreased. Thus, the instability of the voltage causes imbalances on Q. The load
current consists of three components as active power (P), reactive power (Q), and
harmonic contents where the demanded current should be purely sinusoidal and in
phase with the line voltage. The STATCOM also eliminates harmonic contents of
the generated voltage and current waveforms by using several control methods and
topological configurations.

The multipulse converters are developed using the most widely known six-pulse
configurations. The variations of multipulse converters are built by combining
six-pulse converters via phase-shifting isolation transformers. On the other hand,
multilevel converters were developed as an alternative to the multipulse configu-
rations owing to their multi MV A switching capability that is inherited from series
or parallel connection of modular cells. The most widely known topologies of
multilevel converters are diode clamped, flying capacitor, and cascaded H-bridge
configurations that are also introduced in this chapter. The multilevel converter
topologies provide several advantages such as harmonic elimination, lower elec-
tromagnetic interference, better output waveforms, and increased power factor
correction capabilities together. Furthermore, each switch can be controlled indi-
vidually to robustly tackle the unbalanced load operations even in higher switching
frequencies relatively to the multipulse configuration. The following sections
introduce the basic principles of reactive power compensation, the state-of-art in
compensator devices, conventional and FACTS compensators. The control and
operation characteristics of converters are also surveyed in terms of the main
topological issues.

8.2 Basic Principles of Photovoltaic Energy Conversion

8.2.1 Background

The increased energy demand of the power industry has caused several require-
ments since past a few decades. The distributed generation (DG) and microgrid
opportunities that are additionally promoted by renewable energy source (RES)
integration have accelerated the growth of conventional grid. Therefore, the number
of power plants types and substations, and the length of transmission and distri-
bution lines are increased rapidly than ever before. The most widely installed
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Fig. 8.1 The power triangle
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devices to control the conventional grid are mechanic circuit breakers where the
response times are quite long to interact rapidly against the frequently changing
loads. The loads require electrical or magnetic field to generate the reactive power.
The reactive power consumers using inductive power are electrical motors, gen-
erators with lagging power factor, transformers, and transmission lines with heavy
current loads. The transmission lines without any load or with low-level loads,
rectifiers with capacitor filters, capacitors, generators operating at lagging power
factor generate reactive power to meet the electrical field requirement where these
kinds of loads presents capacitive power.

The electrical power is defined in three types as apparent power S, active power
P, and reactive power Q in ac where the apparent power consist of real part P and
imaginary part Q as seen in Fig. 8.1.

The equations seen in Fig. 8.1 are depended to impedances where apparent
resistance and reactance compose it as follows;

Z = R+jX (8.1)

where the reactance is depended on the particular frequency under consideration
and can be calculated for capacitances or inductances as given in Eq. (8.2),
respectively [1-3];

1
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The equations given above prove that the reactive power is depended on the
reactance where the voltage and frequency are effective parameters. The ac power
systems are expected to present constant voltage and frequency at any node under
ideal conditions. Furthermore, the total harmonic distortion (THD) ratio should be
zero and power factor (PF) should be unity in an ideal ac power system. The
constant frequency is provided by sustaining the balance between generated and
consumed power rates that is completely irrespective of voltage.

On the other hand, the voltage plays a vital role on system stability where it can
be easily affected by varying reactive power. Thus, it clearly depicts that the focus
of reactive power compensation is related to pursuing the system stability for all
players in a transmission system, for both of generators and loads. The reactive
power compensation is handled in two aspects as load compensation to improve the
power quality for individual or particular loads, and transmission compensation that
deals with long-distance and high voltage transmission lines [4].



278 E. Kabalci

The load compensation is expected to manage three main objectives that are
listed as power factor correction, load balancing, and voltage regulation. The
power factor correction minimizes the required reactive power that is met by central
power stations. A great part of industrial loads operates at lagging PF that causes
reactive power demand to consume. The power factor correction is used to provide
the required reactive power locally instead of consuming from utility grid.
Therefore, the PF of loads are increased up to unity value by decreasing the reactive
power demand from utility, and the efficiency and capacity of generating stations
are improved that support to sustain voltage stability on the transmission lines.

The load balancing is also performed in a similar way to power factor correction
in order to decrease the required load current that tends to be higher than required
active power rates. Since the higher load current increases joule losses in trans-
mission and distribution lines, the load balancing allows minimizing line losses by
this way. The voltage regulation is related to maintain utility supply at the allowed
limits against rapidly and heavily changing load situations, that cause to voltage
dips and flickers. It is based on installing a robust power system including high
sized and number of generating units, and interconnecting to construct an intensive
network. Since this approach seems high-cost and open to severe faults, the
appropriate sizing and reactive power compensation of transmission and distribu-
tion lines can carry out another solution. The effect of PF on the transmission line
losses can be expressed analytically as seen in Eq. (8.3) where the losses are
quadratically increased against decreasing PF.

1P?

P = —
‘ KAV? (cos ¢)*

(8.3)

The parameters given in the equation are;

length of the conductor,
carried active power,
electrical conductivity,
cross-section of the conductor,
line voltage,

cos ¢ = fundamental frequency PF.
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The transmission line losses can be decreased to kp; factor by improving the
cos¢@ fundamental frequency PF to cos ¢q;

kpp =1 — (COS"’>2 (8.4)

Cos @,

where the reactive power compensation in power systems provides to increase
system stability by managing the PF. The reactive power compensation helps to
increase available maximum load of any transmission line to the thermal limits
under stability ranges without complex sizing requirements. This is obtained by
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using traditional reactive power compensations such as series or shunt capacitors,
and variable compensators. On the other hand, the most recent compensation
technologies under FACTS group enables to manage system stability relevant to
voltage control, power demand control, and transient controls [1, 4].

8.2.2 The Theory of Reactive Power Compensation

The basic relations across the source and load should be realized to comprehend
reactive power compensation theory. A pure resistive load as seen in Fig. 8.2a
generates a phase difference J between load voltage V and source voltage E while
consuming power. The PF angle ¢ in a resistive loaded system is zero since that is
between V and I. The voltage difference between source and load is expressed with
JXslI that is orthogonal to terminal voltage as shown in Fig. 8.2b.

The pure inductive loaded system and phasor diagram are illustrated in Fig. 8.3
referring to aforementioned approach. The pure inductive loads, i.e. shunt reactors
used in tap-changing transformers and generation stations, do not draw power and o
between load voltage V and source voltage E is zero. Since the voltage drop jX/ is
in phase between V and E, the load voltage is easily affected by the inductive load
current. This situation is the main reason of the shunt reactors usage to reduce the
voltage.

The phasor diagram of the pure capacitive loaded system seen in Fig. 8.4a is
opposite to pure inductive load. It also do not draw power and § between load
voltage V and source voltage E is zero as similar to pure inductive loaded system.

The capacitive loads, i.e. shunt capacitors, are used to increase the line voltage in
the transmission and distribution lines, and this type of applications are used to
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Fig. 8.3 Pure inductive loaded system, a circuit diagram, b phasor diagram
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Fig. 8.4 Pure capacitive loaded system, a circuit diagram, b phasor diagram
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Fig. 8.5 PF analyses in an AC system, a circuit diagram, b resistive load phasor diagram,
¢ inductive load phasor diagram, d capacitive load phasor diagram

tolerate the tendency to reduce the line voltage under heavy loads [4—6]. The load
type defines that the current phasor to be in phase, lagging, or leading to the voltage
phasor in an AC system. If we assume a power system installed as seen in Fig. 8.5a
with terminal voltage E and transmission line impedance with jXs, the PF is defined
by load type.

In a resistive loaded application of this system, the current and terminal voltage
will remain in same phase as seen in Fig. 8.5b where the system operates at unity
PF. In an inductively loaded system, the current phasor is moved to clockwise as
shown in Fig. 8.5c. In this case, the phase angle between current and terminal
voltage ¢ is negative, and the power system operates at lagging PF that requires
higher source voltage E for an exact load comparing to unity PF operation. In the
third option, the leading PF occurs depending on the capacitive impedance of load
where the phase angle between current and terminal voltage ¢ is positive as seen in
Fig. 8.5d. At this operation, the source voltage E required for an exact load is lower
than unity PF operation.
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Fig. 8.6 Symmetrical system with source and receptor sections, a circuit diagram, b phasor
diagram

The symmetrical systems where both sides of transmission line are comprised of
generators or sources instead of source-load system are one of the most important
application area of reactive power compensation. The most basic structure of such a
system is illustrated in Fig. 8.6 similarly to pure resistive, inductive, and capacitive
loaded systems.

The symmetrical system includes two sources at each side of transmission line
where the basic definitions are done as source voltage Eg and receptor voltage Ex.
However, this simple model can be assumed as generation stations connected over a
line with jX impedance. Although the system may include several industrial loads,
they are not considered in this power system since the main concern is directed to
power exchange between generators. The bi-directional power flow is analyzed
regarding to source voltage Eg, receptor voltage Ex, impedance X, and phase angle
among voltage phasors J as follows;

_ EsEg
X

P

sin 6 (8.3)

Besides the phase angle o, there are two PF angles for each terminal voltages
where @g denotes the phase angle between source voltage Eg and I phasor while ¢
depicts the phase angle between receptor voltage Ex and I phasor [4, 6-8].

The basic idea of compensation is based on ideal shunt or ideal series com-
pensators that constitute a lossless power system among the generators and loads
connected over a transmission line as expressed in symmetrical system. The
operation of an ideal shunt compensator consisting of capacitors compensates the
power system by conditioning the PF angle where its operating principle is
explained referring to Fig. 8.7. A symmetrical system and a shunt compensator
integrated to the system at the middle of the transmission line is illustrated in the
figure where source and receptor impedances (Zs, Zg), line parameters (jXs),
voltages at PCC with phase angles (Es, Eg, 01, 0,) are indicated. The shunt com-
pensator connected in the middle of the transmission line is a voltage source that is
continuously controlled where Eg and Ey sources supply same magnitude and phase
angles are defined by the degrees of d; and J,. Furthermore, voltage and phase
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Fig. 8.7 Ideal shunt compensator connection to the symmetrical system
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Fig. 8.8 Phasor diagrams of ideal shunt compensator, a reactive power compensation, b reactive
and active power compensation

angles of the shunt compensator are expressed with Vg and J, as seen in the
middle of the circuit diagram. The voltage and its phase angle at the node con-
nection are depicted with Vy and J.

The phasor diagrams of the symmetrical system with shunt compensation is
depicted in Fig. 8.8 where the phase angles of Eg and Ey are assumed as (+0/2) and
(—9/2), respectively. The phase angles indicate that I¢ current flows from first
source to the line while Iz flows from line to second source, namely receptor. The
Isc phasor that is orthogonal to the Ve as seen in Fig. 8.8a shows the obtained
current along the shunt compensator where it means the compensator does not
consider the active power P for generation or consuming. In this case, the com-
pensator only draws reactive power Q at the terminal connections. The power
transferred from Eg to Ey is calculated as seen in Eq. (8.6) by assuming that there is
not any P exchange between line and shunt compensator,

2E%
Py = X—Ssm(é/Z) (8.6)

where the P, is the active power flowing from Eg source while E is the vector sum
of Eg and Ej sources. The drawn power would be at the rate of calculated value of
Eq. (8.7), if there is not any compensation is performed in the power system.
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Fig. 8.9 Ideal series compensator connection to the symmetrical system

P = X—Lsin(é) (8.7)

Since [2 sin(d/2)] is ever greater than sind, that is in the range of [0, 2], the
control capability of line is increased by the compensator. When the phase angles of
Eg and Ey, differ from 6/2, active and reactive power components are generated in
the power exchange through sources as shown in Fig. 8.8b. In this situation, the
shunt compensator should be operated to adjust any of P or Q owing to its power
electronics based structure. Furthermore, the device structure also varies according
to requirement of P or Q compensation since they have opposite phasor charac-
teristic caused by the stored energy type [6-9].

The ideal series compensator that is connected to the transmission line in series
is constituted by a voltage source V¢ as shown in Fig. 8.9. The current value that is
delivered from source to receptor over transmission line is calculated as follows;

(Esg — Esc)
JXs

1= ., Esg = Es — Eg (8.8)

The series compensator utilizes capacitor banks to minimize the overall reac-
tance of a transmission line at the line frequency where the reactance balance is
arranged by the reactive power of capacitors. The reactive voltage that is generated
by capacitors provides to improve phase angle and voltage stability in addition to
load sharing optimization.

The phasor diagrams of the symmetrical system with ideal series compensation
is depicted in Fig. 8.10 where the phase angles of Eg and E are assumed as (+6/2)
and (—0/2), respectively. The series compensator does not generate or consume any
active power when the compensator voltage V¢ is generated orthogonal to the line
current /. The power type of the series compensator is just reactive power and the
reactance is balanced by using capacitive or inductive impedances. The equivalent
impedance X,, is calculated by

Xog = Xs(1+k) (8.9)



284 E. Kabalci

(a) (b)
Vo V,
A| A
A v,
»Re ‘ > He
V,2
(c) VL V.
A A
V2
> e > e
A
: V,/2
E,=Ve'*" -

Fig. 8.10 Phasor diagram of ideal series reactive compensator; a capacitive operation without
compensation, b capacitive operation with compensation, ¢ reactive operation without compen-
sation, d reactive operation with compensation

0< k<1 (8.10)

where X is the series compensation reactance. The compensation factor k is
positive at the inductive reactance and negative at the capacitive reactance. The
compensation voltage Vgc and the delivered power are calculated as follows

Vse = IXeq (8.11)

V2
Py =—————sind 12
3 Xs(l—k)sm (8.12)

where the equation depicts that the delivered power can be adjusted by selecting the
proper k factor. Similarly, the reactive power delivered by series compensator to
receptor is determined as seen in Eq. 8.13;

2
0s=— 2K (1 coss) (8.13)

- Xs(1—k)



8 Reactive Power Compensation in AC Power Systems 285

The phasor diagram of the symmetrical system seen in Fig. 8.9 is illustrated in
Fig. 8.10a without any series compensation. The voltage phasor Vg corresponding
to the line reactance X, and the compensation voltage phasor V¢ are expressed on
the right of Fig. 8.10b for an exact compensation value. The phasor of line current
I leads to the compensation voltage V- by 90° at this situation. In this case, the
voltage drop occurred on the line V, = E- — Eg — V- is greater than the regular
voltage drop V;. The compensation process increases the current flowing on the line
according to the situation before compensation that proves the series compensation
is essential to increase the delivered power.

The same symmetrical system without compensation is shown in Fig. 8.10c
where the series inductive compensation is given in Fig. 8.10d. The phase differ-
ence of compensation voltage phasor V¢ and drop voltage phasor V; are 0° that
provides generating lower equivalent voltage drop V comparing to capacitive
compensation seen in Fig. 8.10b in this case. This process causes to generating
lower current to flow on the transmission line where the delivered power level is
decreased. In any application of series compensation, capacitive or inductive, there
is not any active power is generated or drawn.

The active power transfer characteristic according to power angle 9 is illustrated
in Fig. 8.11 in a transmission line where the cases are surveyed to compare the line
without any compensation, with shunt compensation, with series compensation, and
phase-shift compensation. The assumptions are performed regarding to Figs. 8.7
and 8.9, where the compensation factor of series compensator k is adjusted to 50%
(0.5) regarding to Eq. (8.9).

The shunt compensator is not used to increase the power transfer capability in its
regular operation angle that is originally lower than 90° and is usually around 30°.
In case increasing the power is required the series compensation is the most
appropriate selection as Fig. 8.11 depicts.

P (pu) Series

A compensation, k=0.5

Shunt
compensation
2 4
Without
compensation
14 = Phase-sihfting
compensation
T T T T T » O(rad)
0 /2 T nta 3a/2 2r

Fig. 8.11 Power transfer characteristics for several compensation cases
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The most important supplement of shunt compensator is to increase the power
stability of the system. The phase-shifting compensator has a great potential for
symmetrical systems under exceeding or unpredictable phase differences. It is
preferred to stabilize the phase fluctuations instead of increasing the power [6, 9—
11].

8.2.3 Devices Used in Reactive Power Compensation

The FACTS originated from several reactive power compensators propose exten-
sive use of power electronic devices and systems in ac power control. There are
several FACTS devices are proposed and being studied since 1990. The first
generation conventional compensators were constituted of inductive and capacitive
reactive elements to build shunt, series, and shunt-series compensators as illustrated
in Fig. 8.12. The improvements of power semiconductors promoted new device
types and synthesizes of circuit topologies depending the capabilities of semicon-
ductors. The aggregated terms of FACTS include several device types as seen on
the right hand side of Fig. 8.12 where the commutation style is one of the most

Conventional Compensators Flexible AC Transmission Systems (FACTS)
' ' '
First Generation COnIpenEalons Thyristor Based Voltage Source Converters
btk S PeNSH DS (Line Commutated) (Force Commutated)
l l Y
Switched Shunt Compensators = DY | Static Synchronous
Shunt Switched Shunt Comp Ko :‘u““ Static Synch
. - snsator , e )
Devices (L,C) : {i‘;,“ ! Compensator (STATCOM)
Series Switched Series Compensators EUICHCE oioled Static Synchronous Series
: . Series Compensator ; R
Devices (L.C) (TCSC) Compensator (SS5C)
Shunt Phase Shifting/Tap Changing Dynamic Power Flow Unified Power Flow
d Transformers Controller (DPFC) Controller (UPFC)
an
Serles VDG s HVDC Voltage Source
Devices ompenTer Converter

| | Shunt Devices: Reactive power compensation, power quality improvement, voltage control, stability improvement
Series Devices: Reactive power compensation, power quality improvement, short circuit limitation, stability improvement

Shunt and Series Devices: Power flow control

Fig. 8.12 A comprehensive list of FACTS devices
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widely accepted indicator to classify device topologies. The connection type to the
transmission line is another significant indicator to detect the usage of FACTS.

The essential application areas of FACTS are power flow control, voltage
control, VAR compensation, stability improvement in terms of phase and voltage,
power conditioning, and interconnection of several sources in distributed genera-
tion. The connection type to the transmission line and semiconductors of com-
pensators involve several different operating characteristics. The conventional
compensators are constructed with static components such as diodes, inductances,
capacitances, and mechanic controllable devices such as tap-changing transformers.

The modern FACTS devices are installed by using more sophisticated compo-
nents as thyristors or bi-directional semiconductors such as gate turn-off thyristors
(GTOs), insulated gate bipolar transistors (IGBTs) or insulated gate commutated
thyristors (IGCTs). The thyristor-based topologies are known as line commutated
due to unidirectional switching property of the device is depended to the half-cycle
polarity of the line. However, the advanced technology of bi-directional switches
allow commutating the FACTS at the desired period of entire cycle [4, 6, 7, 12]. In
this case, voltage source converters (VSCs) generate completely controllable output
in terms of magnitude and phase angle owing to pulse width modulation (PWM)
methods used to control IGBTs or IGCTs. The PWM frequency is freely adjusted to
decrease THD ratio of the generated output voltage and compensate the power
quality of the transmission line. Therefore, particular designs can be carried out in
terms of device topology and commutation methods [6, 11-14].

The line commutated FACTS devices can be listed as thyristor-switched ca-
pacitor (TSC), thyristor-controlled reactor (TCR), static VAR compensator (SVC),
thyristor-controlled series compensator (TCSC) that all are based on aforemen-
tioned ideal shunt or series compensator methodology as shown in Fig. 8.12. The
right hand side of FACTS listed in Fig. 8.12 includes VSCs with advanced tech-
nologies of STATCOM, static synchronous series compensator (SSSC), unified
power flow controller (UPFC)), dynamic power flow controller (DPFC) and HVDC
VSCs. The FACTS improve the stability and power quality by adapting to rapidly
changing line situations and dynamically responding even at the voltage dip and
flicker cases.

The illustration given in the figure is also coloured in order to express appli-
cation aims of compensators regarding to particular requests. The reactive power
compensation and voltage control is primarily performed by selecting shunt devices
that are shown in the first line of the figure. The SVCs are capable to present more
accurate and smoother control comparing to mechanically switched shunt com-
pensators. In this case, the STATCOM is the most recent and the most robust shunt
compensator device comparing to others. The series devices shown in green box are
preferred to compensate the line stability and reactive power depending to its
adaptive impedance feature. These devices are implemented according to TSC,
TCR, and SVCs where the main difference is their series connection to the trans-
mission line. In the most cases, the series compensators are used a thyristor by-pass
in order to protect the compensator.
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The TCSC provides a controllable capacitance to perform power flow control
and oscillation damping among the sources and loads. The TCSC is a quite effective
device against the damping problems occurred during the integration of large power
systems, and they can more accurately overcome similar problems than SSSC
device that is not contemporarily being used in the transmission lines since their
higher costs.

Furthermore, the TCSC prevents the of sub-synchronous resonance (SSR)
problem that is seen as an interaction between heat based generating systems and
series compensated systems. One of the most significant application areas of series
compensators is seen in distribution lines of industrial plants against voltage dips
and flickers. These special devices are known as dynamic voltage restorer (DVR)
or static voltage restorer (SVR) [6, 11, 13—18].

The most extensively researched and improving compensation devices designed
in shunt and series connection to perform power flow control. These are shown in
red box of Fig. 8.12 as a new line. The increased energy demand requires dynamic
and balanced power flow control between overloaded units and spare power sys-
tems of transmission line. The phase shifting or tap changing transformers
(PST) are the first generation devices of shunt-series compensators.

As it is easily realized, the lower response speed, lower control ability, and
periodic maintenance requirements of these devices are their drawbacks comparing
to semiconductors. The unified power flow controller (UPFC) is a more sophisti-
cated and convenient compensator owing to its fast and dynamic structure. It can be
assumed as a composition of a STATCOM and an SSSC using common dc link for
power flow control. The dc link is generated by a small capacitor connected
between STATCOM and SSSC where the STATCOM draws active power and
SSSC generates power at the same ratio to balance the transmission line.

The main drawback of this installation is its high cost caused by power semi-
conductors used in both devices. The dynamic power flow controller (DPFC) that is
a combination of one traditional PST and a SSSC/thyristor switched series reactor
(TSSR) is improved to tackle this situation by providing a simpler device to per-
form the same issue with low cost. The DPFC provides more dynamic performance
than a traditional PST where it controls the reactance by a set of thyristors inte-
grated to the transmission line serially. It is capable to control the active and
reactive power delivered through the transmission line. Depending on the reactive
power requirements of the system, the DPFC configuration is implemented by using
a mechanically switched shunt capacitor (MSC) [6, 7, 11, 14].

The high voltage direct current (HVDC) compensators are associated with
FACTS in industrial applications as shown in Fig. 8.12. HVDC and FACTS
experienced researches and improvements primarily based on thyristors and
recently based on bi-directionally controlled semiconductors. The power converters
defined as back-to-back (B2B) systems can be built up with thyristors or
bi-directional semiconductors such as IGBT, IGCT where they allow to the com-
plete control of power flow while the thyristor based topologies controls only the
active power. Although the drawbacks of thyristor devices, the VSCs based on
HVDC B2B systems are capable to decouple frequency at the both sides of
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symmetrical systems. Furthermore, many PWM control methods decreasing THD
and electromagnetic interference (EMI) are implemented owing to advantages of
recent power semiconductors.

The HVDC and FACTS are fully or are partially integrated in many applications.
It is noted that there are more than a hundred HVDC power plants are installed in
worldwide, delivering more than 80 GW power. The current source converters
(CSCs) alternatively to VSCs find application areas in power systems especially at
1000 MW and over. However, they are assumed as a mature technology since
thyristor based configurations. The CSCs are naturally resistant against short cir-
cuits since the series inductor helps to limit inrush currents appearing at faulty
operations while VSCs are weaker at line faults. The dc circuit breakers and cable
are more attractive for VSC HVDCs in this case [7, 13-16].

8.3 Conventional Equipment for Reactive Power
Compensation

The VAR compensators based on generating are classified into two groups as
rotating and static generators. The antecedent applications of shunt capacitor and
shunt inductor as power flow controllers (PFCs) are dated to 1914. The power
semiconductors have attracted the improvement of static VAR compensators
starting from last half of previous century. Then, the thyristor switched capacitors
and reactors are improved to utilize rapid and dynamic response of power electronic
devices. Afterwards, they are associated with tap-changing and PSTs that is the
most reliable way to control the delivered power on the parallel transmission lines.
The PFCs such as PSTs and series compensators were widely used in steady-state
operation of transmission line that the technique is implemented by observing the
effect of compensator on the power flow. The technique lying behind PST com-
pensation is its unique and different design criteria comparing to regular power
transformers. It can be produced as two-core or single-core symmetrical/
asymmetrical constructions.

The power flow control based on PST can be performed by adjusting the
phase-shift angle d. between source and receptor sides of symmetrical system as
seen in power controller plane in Fig. 8.13. This method is used to determine
steady-state conditions of the transmission line where the delivered active power is
compensated by PFC [11, 19, 20-25].

The power controller plane is used to detect the power limits of the transmission
line and the compensator. The bounded area is called the “operating area” depicting
all operating points of the PFC to ensure operation is limited in the steady-state. The
first generation compensators based on capacitor or inductors were arranged
regarding to steady-state assumptions. However, the widely fluctuating loads
expose the power system to large reactive power variations. In this case, the fixed
capacitor banks lack to compensate the reactive power leading to
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Fig. 8.13 Operating area of a power flow controller (PFC) in the power controller plane

over-compensation or under-compensation. The switched capacitor and reactors are
proposed to tackle this drawback by providing variable compensation owing to
variable switching angle. The primary switching applications were being performed
using mechanical switches such as relays and circuit breakers that are replaced with
power semiconductors lately [6, 9, 11].

8.3.1 Thyristor Switched Capacitor (TSC)

The TSC is shown in Fig. 8.14a that is constructed with a line transformer,
bi-directional thyristor valve, and a capacitor where a small inductance can be
added in series to limit the current. Either the SVCs are defined with switched or
control as previously expresses TSC and TCR. The switching term is used to
emphasize that the thyristors are turned on at the exact angles only when
zero-voltage switching (ZVS) condition is achieved for TSC. The voltages at the
thyristor terminals are kept at zero in ideal conditions. However, the required
positive amplitude across anode to cathode for switching thyristors is provided in
practice, and thyristor valve provides connection and disconnection of capacitors to
the line. In the case of a small reactor is preferred to use, it should be located among
the transformer and thyristor valve to prevent inrush currents under critical
conditions.
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Fig. 8.14 Thyristor switched capacitor, a circuit diagram, b control characteristic of SVC

The thyristor valve is closed in case of steady-state conditions and TSC is
connected to the transmission line where it is imposed to handle sinusoidal ac line
voltage. The TSC current at this interval is

2

Is s =V

nzn le cos wt (8.14)

where V is the terminal voltage of TSC and rn is given by

- 1 - Xc
"= Joe VX (8.15)

The current flowing across the capacitor at a given interval ¢ is determined by the
following where it is assumed that the equivalent resistance of the TSC is nearly
zero comparing to the transmission system;

i(t) = XC—_'"XLcos(wt +o) — r_mXLcos(oc) cos(w,t) e
XV, sin(a) Veol . (8.16)
— sin(w;t)
er(XC - XL) er
1
0 = ——= 8.17
VIC (8.17)
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where V,, is the instantaneous maximum voltage of the source, X and X; are
capacitive and inductive reactance of the compensator, o is the phase-shift angle of
voltage when the capacitor is connected to the line, w, is the resonance frequency,
and Vy is the capacitor voltage at t = 0

Since the capacitor voltage V is equal to source voltage, the current component
of the TSC will be zero when the capacitor is connected at the peak value of source
voltage V,,,, (o« = £90°). When the TSC is disconnected from line, the capacitor will
be charged to the source voltage and remains at this value. In case the capacitor
voltage is protected at the maximum peak value, the TSC can be switched again
without any fluctuation. Furthermore, the reconnection of capacitor to the line may
be done between zero and peak V [6, 11, 15].

The steady-state control characteristic of SVC seen in Fig. 8.14b represents the
control area on the line of ADB. The OA line depicts the maximum limit of
capacitor while BC line shows the maximum inductor limit in terms of voltage and
current values. It should be noted that the SVC current is positive while the sus-
ceptance is inductive. Thus,

Is_s = —BsycVsve (8.18)

The slope of OA line is determined by the susceptance of the capacitor B¢, while
the slope of OBC line depends on susceptance of the reactor B;. A positive slope in
the range between 1-5% is presented to allow shunt operation of several SVCs
connected to the same transmission line, and to prevent the operating at the lower
and higher limits.

The steady-state degree of SVC line voltage is detected regarding to the system
parameters and control features. The system characteristic seen in Fig. 8.14b with a
negative slope is given by

Vsve = Vi, — Xmuls—s (8.19)

where V7, and X, are the Thevenin voltage and reactance calculated from the SVC
side to line as follows;

~ Vcos(9/2)

Vi = 8.20
Th cos(6/2) (8:20)
Zy
Xm = Etan(Q/Z) (821)
where Z, is the surge impedance given by [26]
L
Z,=1\/= (8.22)

C
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8.3.2 Thyristor Controlled Reactor (TCR)

The TCR is the most widely used compensator with thyristor that is constituted of a
line transformer, a bi-directional thyristor valve, and an inductor as seen in
Fig. 8.15a. In many cases, the compensator includes LC passive filter configured
with fixed values to eliminate particular harmonic orders. The TCR provides fre-
quently variable inductive reactance to the line owing to its shunt connection and
controlled phase-angle. The voltage and current waveforms of the compensator are
shown in Fig. 8.15b where it is controlled at switching angle «, which increases or
decreases the fundamental magnitude of reactor current I;. The switching angle «,
can be adjusted to any degree from 90° to 180° starting from zero crossing interval
of voltage. The reactor is completely connected to the line at 90° and is completely
disconnected from line at 180° while the partial value connection is available
between both cases. The equivalent admittance of a TCR as a function of the
switching angle o is shown in Fig. 8.15¢ where it is depended on the partial
connection and disconnection cases.

When the switching angle is increased, the reactor current is decreased and
provides to reduce the absorbed reactive power by increasing the equivalent

(b)
Voltage on TCR
(a) 'y
14 Reactor Current Iy
Transmission Line
0 / = & (rad)
AANY !
Y'Y Y :
- - -
=14 o 1
T, T,
(c)
Yila) (pu)
A
L o
0 T T - (dl_‘ ﬂ. .
90 135 180 grees)

Fig. 8.15 Thyristor controlled reactor, a circuit diagram, b voltage and current waveforms,
¢ equivalent admittance of a TCR as a function of the switching angle o
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inductance. The reactor current is calculated depending on inductor and switching
angle as given by

Vrm;f .
Ircg = oL (2 — 200+ sin(2a)) (8.23)

The TCR compensators provide continuous control, maximum delay limited to
one cycle at most, and very low transients during connection and disconnection.
However, the significant drawback of the compensator is higher losses in inductive
operation areas, and low ordered harmonics of current. The magnitude of current
harmonics are defined as shown in Eq. (8.24)

sin(ko)
k

_ AV s Sll’l(k—|— 1)0( n Sil’l(k — I)O(

I
Xy | 2kt 1) 2(k — 1)

— cos(o) (8.24)

where k is harmonic orders; k = 3, 5, 7,... [6, 11, 15, 27, 28].

8.3.3 Thyristor Controlled Series Compensator (TCSC)

The thyristor-controlled series compensator (TCSC) is shown in Fig. 8.16. This
compensator is implemented regarding to series connection of a TCR to the
transmission line. In the series connection case, a capacitor should be shunt con-
nected to TCR in order to control the current. The most significant advantage of
TCSC is balance the damping occurred while integrating large power systems, and
to overcome SSR. The circuit diagram seen in figure is identical to regular SVC that
is shunt connected to the line.

The TCSC presents two particular principles that are variable capacitive reac-
tance and variable inductance. Both of these principles are managed by TCSC
switching methods that are used to control the thyristor valve. Consequently, this
configuration provides a continuously controlled series capacitor. The equivalent

E 20,

—
1

Fig. 8.16 Thyristor controlled series compensator
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Fig. 8.17 Equivalent resistance of TCSC as a function of the switching angle «

resistance of TCSC is depicted in Fig. 8.17 as a function of the switching angle «
where it is operated in two different areas as inductive and capacitive. The transition
between operation ranges appears at around 145° in this case. The regular operation
of TCSC is performed in capacitive area up to 180° that the minimum impedance is
obtained around this angle. The maximum impedance Z,,,, is presented at 150°
switching angle where the resonance around this area is not considered safe for
operating.

The TCSC can also be operated in inductive region that is performed by limiting
the switching angle between 90° and 140°, where the o lower than 90° causes to
decrease the amount of the delivered power [6, 11].

8.4 Flexible AC Transmission System (FACTS)

The force-commutated or self-commutated compensators are implemented by using
VSC in order to provide more flexible and robust compensation comparing to
conventional line-commutated compensators. The FACTS are integrated to sym-
metrical systems in shunt, series, or shunt-series connections as conventional
compensators and SVCs. The most widely used FACTS are STATCOM and SSSCs
where the each compensator is based on VSC to generate compensating voltage and
increase the system stability. The most significant contribution of FACTS is har-
monic elimination capability that is provided by the sophisticated device configu-
rations and control algorithms.

The improvement of high-power VSCs is promoted by the development of
force-commutated semiconductors such as GTOs, IGBTs, and IGCTs. The primary
applications of VSCs are shown in Fig. 8.18 where two-level six-pulse VSC is
illustrated in Fig. 8.18a and three-level diode clamped topology is shown in
Fig. 8.18b. The VSCs are configured with GTOs and antiparallel diodes in order to
provide bi-directional current flow where the switches could be IGBT or IGCT. The
voltage blocking capability of the VSCs given in the figure is unidirectional. In case
of CSCs used, the voltage blocking capability is shifted to bi-directional while the
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Fig. 8.18 VSC topologies (a)
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current flow is performed in unidirectional mode. The regular operation of VSC is
performed with a voltage source connected to the dc side that allows only reactive
power compensation in a compensator application by replacing the dc source with a
capacitor [6, 9, 11, 14].

However, in case that active power management is also required, then the circuit
involves a small reactor on the ac side of compensator to limit the inrush currents
and current spikes during the transients. The first installation of high-power VSC
configured in six-pulse topology with 10 MW rated power is done in Japan, in 1991
[6, 11, 29]. The switching frequency was in the line frequency to ensure the stability
of the compensator, and eight sets of six VSCs were building a 48-pulse VSC
compensator with 80 MVA compensation capability. The ensuing applications of
force-commutated VSCs have presented effective compensations and the researches
on VSC accelerated their integration to industrial plants.

The emerging power systems and FACTS require more effective controllers such
as STATCOMs, (SSSC, UPFC), the inter-phase power controller (IPC), the
thyristor-controlled braking resistor (TCBR), the thyristor-controlled voltage limiter
(TCVL), the battery energy storage system (BESS), and the superconducting
magnetic energy storage (SMES) systems [30].
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8.4.1 Static Synchronous Compensator (STATCOM)

A STATCOM is a VSC based compensating device that is shunt connected to the
transmission line. A STATCOM integrated to the line and shunt to generators and
load operates by generating or absorbing reactive load to compensate the trans-
mission line. The operation principle of STATCOM makes it either a source or a
load for the transmission line by replacing widely known series or shunt FACTS.
The STATCOM increases the power quality by performing several compensations
such as dynamic voltage control, oscillation damping of power line, pursuing the
stability during transients, flicker and sag-swell controls, and active and reactive
power (PQ) control in transmission systems. Furthermore, STATCOM:s substitute
SVC devices in the distribution systems [4, 6, 30].

Figure 8.19a shows the basic connection of STATCOM to transmission line
where the reactive power control is performed by controlling the terminal voltages.

Fig. 8.19 STATCOM, (a)
a circuit diagram of line .
integration, b control Es 26

Eo 285,
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The transmission line is configured in symmetrical system that Eg denotes the source
voltage, while the line impedance X, line voltage V;, line current I, and receptor
voltage Ey are indicated. The reactive power is controlled depending on the com-
pensator voltage V; control by assuming that is in phase with the source voltage E.
There are three options to determine the reactive power of STATCOM according to
correspondence among the source and STATCOM voltages. In case of equality,
there is not any active or reactive power generated or absorbed in STATCOM. When
the source voltage exceeds, than the reactive power of STATCOM is shifted to
inductive. In the case of the source voltage is lower than STATCOM voltage, this
causes to capacitive reactive power.

A typical V-I characteristic of STATCOM as shown in Fig. 8.19b, illustrates this
situation where the STATCOM can perform inductive or capacitive compensation
regarding to its line current. Besides, the V-I characteristics show that STATCOM
provides fully capacitive or inductive power starting from lower voltages even from
0.15 p.u.

Thus, the main case that should be handled in reactive power compensation by
using STATCOM is to control the magnitude of compensator voltage V;. This
operation is performed based on two basic principles where one is used in multi-
pulse converters and the other one for PWM controlled multilevel converters. The
capacitor voltage building the dc line can be fixed to a stable magnitude in PWM
control of multipulse converter based STATCOM where the compensator voltage is
controlled by the modulator. This is managed by adjusting the switching angle
owing to PWM modulator. The second STATCOM configuration based on mul-
tilevel converters should control the capacitor voltage only to sustain its constant
value. The control methods can be either scalar or vector based in this configura-
tion. Furthermore, the multilevel configuration allows switching with high fre-
quency PWM to decrease THD of reactive components [6, 9, 14]. The following
sections are dedicated VSC topologies used in STATCOMs where multipulse
configurations are indicated by 12-pulse and 24-pulse converters. Afterwards,
multilevel topologies and controller structures are analysed to compare to multi-
pulse STATCOMs at a glance.

8.4.1.1 Multi-pulse Converter Based STATCOM

The first VSC based STATCOM applications are developed with multi-pulse con-
verters owing to their lower losses and lower harmonic contents comparing to con-
ventional compensators. The multi-pulse converter topologies consist of several
six-pulse VSC circuits where a basic VSC STATCOM in the configuration of
six-pulse two-level was illustrated in Fig. 8.18a. The switching devices of the system
were GTOs that the converter could generate balanced three-phase ac output voltages
by using a dc capacitor as the voltage source. The frequency of the output voltage is
adjusted by the modulating frequency of GTO switches and the phase voltages are
coupled to ac grid over an interconnection reactor [9, 31, 32].
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Fig. 8.20 Circuit diagram of two-level 12-pulse STATCOM

The 12-pulse converters are constituted of six-pulse converters connected in
parallel as shown in Fig. 8.20. The expressed configuration is improved regarding
to two-level topology shown in Fig. 8.18a while another configuration is in
three-level structure as illustrated in Fig. 8.18b. The two-level topology requires
non-identical winding types for each six pulse VSC that one is A-Y connected
while other is Y-Y connected to ac grid. The A connected secondary of the
transformer with three times higher turns according to Y connected secondary
provides 30° phase shift comparing to other. Therefore, the lower ordered har-
monics are easily eliminated.

The output phase voltage of STATCOM can be calculated by using Eq. (7.25)
where n; and n, are the voltage ratios of the corresponding VSC transformers while
vy and v,_ 4 are the output voltages of the Y-Y and A-Y connected converters,
respectively [9].

Va,A

V3

The voltage magnitude of VSC output depends on modulation index m; of
control signal that allows obtaining the output voltage at m;V,;. where V. is the
voltage across the capacitor. The control signal that is based on some variation of
PWM generates switching angle o that generates the STATCOM bus voltage at
Vs/ s form. The Eq. (8.26) expresses the admittance of transformer

Va = N1V y +ny (825)

- _G+jB 8.26
R+ jXs / (8.26)
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that manages the active or reactive power injection to the transmission line. The
reactive power generation or absorption ability of STATCOM depends on the
control voltage of PWM modulator. The injected reactive power to utility grid is
presented as follows

Q = ViB — m;V4:VsB cos(ds — o) +m;Vy.VsG sin(3s — o) (8.27)

In case of Vg > m;V,., O will be positive that causes STATCOM to absorb
reactive power or vice versa [9]. The active power generated by the source to charge
the capacitor is expressed as follows,

|Vs|m; Ve
s

P= sin(ds — o) (8.28)

The 24-pulse converter topology of STATCOM consists of six-pulse converters
where it eliminates the 6n = 1 ordered harmonics. The 23rd, 25th, 47th, and 49th
harmonics in the ac output waveform are naturally eliminated since the n = 4 for
24-pulse converter. The 24-pulse STATCOM constituting two-level VSCs is
illustrated in Fig. 8.21 where this topology is also known as quasi 24-pulse [9, 33].
Each VSC and transformer connection configures a stage that each one is connected
to the transmission line by Y-Y and A-Y connections of transformers. The trans-
formers may connected in zigzag that generates 15° phase shift according to each
other with —7.5°, 7.5°, 22.5°, and 37.5° angles [9, 33, 34].

Another topology of quasi 24-pulse STATCOM is presented in Fig. 8.22 [35]
where the VSCs are constituted according to neutral point clamping
(NPC) topology that is previously shown in Fig. 8.18b.

The conduction angle o defines the negative and positive cycles of intervals
where o = 180 — 23, where 28 stands for the dead-band angle. The on-off spectral
transitions are ensured by the dead-band angle where the output voltages of a
six-pulse three-level VSC is given by Eq. (8.29).
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Fig. 8.21 Circuit diagram of a quasi two-level 24-pulse STATCOM
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Vi (8.29)

~ 2V6vs . (180 —2p
=3 sm( 5 >

On the other hand, output voltages of a 24-pulse three-level VSC is given as
follows while the active and reactive powers are calculated as given below by
considering X as the reactance along with STATCOM and the transmission line by
using Egs. (8.31) and (8.32) [9, 35]

2v6vg . (180 -2
Vel = np%%sm <%> COSZ_Z (8.30)

V. Vs sin d
p_ ViVssinds

;e (8.31)
Q =V (M) (832)
Xs

where the phase angle 0 between the ac bus voltage Vg and STATCOM output
voltage V; sustains the dc line voltage V. at a constant value.
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8.4.1.2 Multilevel Converter Based STATCOM

In addition to their power conversion applications, the multilevel converters
(MLC) are widely used in active filters, and FACTS. Although the primary
applications are improved for medium power ranges, the recent applications have
been increased the power range from a few kWs to multi MWs owing to their
cascaded topologies. Almost all the three-level STATCOM topologies are imple-
mented with conventional diode clamped (DC) topology where the switching
devices were GTOs. This approach indicates that the control strategy of DC is the
simplest one among other three-level MLCs in medium and high power application.

The flying capacitor MLC (FC-MLI) that is one of the outstanding topology
allows constructing low cost systems, particularly in high power applications,
comparing to the DC. However, it involves pre-charge arrangement for the
capacitors that are connected through the upper and lower arms. The cascaded
H-bridge (CHB) topology is the most recent topology among others that extended
its operation area since it provides higher power conversion and lower cost for a
given output magnitude level. The CHB consists of several H-bridge cells con-
nected in series to generate multilevel output voltage. One of the most significant
features of this topology is higher switching frequency comparing the previous
topologies, and increased power rate handled by the total device and equally shared
to the each cell. Furthermore, the CHB based STATCOM is capable to eliminate
harmonics and to compensate reactive power in superior comparing others.

The main requirement of this configuration is its separated dc sources. However,
CHB can be easily integrated to various type of energy sources to obtain higher
output levels and energy storage applications [9, 36-39].

Figure 8.23 shows the circuit diagram of STACOM configured by using
three-phase five-level CHB including series connection of three-level H-bridge cells
at each phase leg. The output voltage synthesis of H-bridges generate a combined
phase voltage in staircase waveform oscillating in the ranges of +V,., 0, =V

Where V,; and V,, voltages of series connected H-bridge cells synthesize the
phase voltage V,,, in a stepped waveform as seen in Fig. 8.24. The positive levels of
output voltage are indicated with P; and P, while the negatives are Pi and P..
Equation (8.33) expresses the Fourier series expansion of the general multilevel
stepped output voltage while the transform applied to the STATCOM in Fig. 8.23
is shown in Eq. (8.34), where n represents harmonic order of the output voltage.

AV & i !
Vo () = —2 [cos(noy) + cos(noy) + . .. + cos(nos)) sin(neor) (8.33)
T 15s.
The switching angles o, o3,..., o5 in Eq. (7.33) are selected for the minimum

voltage harmonics [36, 40].
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Fig. 8.23 Circuit diagram of a five-level CHB STATCOM

4V & sin(nwt
Vans (1) = nd [cos(noy) + cos(noy)] sin(nor)
n=135,...

(8.34)

Researchers have proposed novel MLCs based on hybrid topologies that are
based on the existing devices [36, 40].

8.4.2 Static Synchronous Series Compensator (SSSC)

The series capacitor based compensation that brings some capabilities such as
increasing the transient stability, reactance control, and load sharing is a conven-
tional technique that was introduced in Sect. 8.3.3. Even though the series com-
pensation is assumed to be used to decrease the reactive impedance of the
transmission line, it is actually operated by increasing the line voltage, current, and
thereby the delivered power from source to load. Although the mentioned advan-
tages, series compensation has several drawbacks on SSR issues that large energy
exchange is done by several sources under synchronous system frequency.
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Fig. 8.24 Phase voltage generation of a five-level CHB STATCOM

There are several studies are performed to overcome SSR problem. The robust
control methods and configurations of FACTS stand out of other methods proposed
by researchers. The SSSC has been developed as an alternative to the TCSC devices
where the SSR immunity is inherited from TCSC. In addition to regular advantages
of series compensators, SSSC presents numerous capabilities to increase the reac-
tive power control and stability issues. Furthermore, there are several studies are
noted that SSSCs effectively damps the SSR comparing regular series compensators
[6, 11, 14, 41-46].

Figure 8.25 illustrates basic circuit diagram of a SSSC based on VSC similar to
STATCOM that is serially connected to the transmission line, and a capacitor on
the dc side. The SSSC controller considers the line current and line voltage to
compensate the transmission line by adjusting the reactance in steady-state opera-
tion. It should be noted that in case the current is flowing in the line, then SSSC
generates compensation voltage V¢ that is quadrature to the current and regulates
the reactive power demand. The compensation characteristic of the device is same
with the one shown in Fig. 8.11 for 0 < § < 180° during series compensation that
yields positive magnitude power delivered.
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Fig. 8.25 Static synchronous series compensator (SSSC)

The fundamental operating principles of SSSC is compared to conventional
series capacitive compensator as shown in Fig. 8.26 where the circuit diagrams for
only series compensation with only capacitive compensator (Fig. 8.26a) and with
SSSC (Fig. 8.26¢c), and respective phasor diagrams are analyzed. Despite it is
assumed to decrease the line impedance, a series capacitor increases the line
voltage, line current, and consequently the power through the line impedance. This
approach may be considered irrelevant. However, the voltage along the transmis-
sion line is the significant parameter while the capacitor is cared to increase the
voltage in order to provide the required current level. The steady-state power
transmission can be realized when a synchronous voltage source follows the series
compensation as shown in Fig. 8.26¢ that is analytically presented as follows

V, = Ve =—jXcl (8.35)

It should be noted that there are particular differences between series capacitive
compensator and synchronous voltage source type compensator. The operational
characteristic of a series capacitor can be illustrated with an ideal voltage source.
However, SSSC is significantly different from the series capacitor in terms of
delivered power and angle characteristics, active power exchange, and immunity to
resonance and SSR, and control ranges.

Capacitor provides reactive impedance that causes proportional voltage to the
line current when it is series connected to the line. The compensation voltage is
changed regarding to the transmission angle ¢ and line current. The delivered power
Pg is a function of the series compensation degree s where it is given by

2

P =
4 XL(I 7S)

sin 0 (8.36)

where V=V, =V, and 6 = d; — J,. The delivered power Pg regarding to trans-
mission angle 6 is shown in Fig. 8.27a as a function of s (s =0, s = 1/3, and
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Fig. 8.26 Symmetrical system under series compensating, a circuit diagram of series compen-
sating capacitor, b phasor diagram of capacitor, ¢ circuit diagram of SSSC, d phasor diagram of
SSSC

s = 1/5). Additionally, SSSC is independent from line current while compensating
the voltage. The delivered power P, is a parametric function of injected voltage
V, = |V,| series to line where V, = V,[I/[1[]e¥*"" that is also given by

2
P, :)‘;—Lsiné—f— XZLchosg (8.37)
The delivered power P, is shown in Fig. 8.27b as a parametric function of
injected voltage V, against transmission angle 6. The normalized V, voltage is
selected to provide same maximum power with series capacitor configuration. The
comparison of Fig. 8.27a, b expresses that the series capacitor increases the
delivered power by a fixed rate of the delivered by the uncompensated line at a
given transmission angle J. On the other hand, the SSSC increases the delivered
power by a fixed fraction of the maximum power available by uncompensated line
independent from ¢ in the angle range of 0 < 6 < 90° [41, 45-47].

8.4.3 Unified Power Flow Controller (UPFC)

The UPFC is a VSC based shunt-series compensator that is constituted of
STATCOM and SSSC combination with a common dc link as shown in Fig. 8.28.
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Fig. 8.28 The block diagram of UPFC

Separate observers of each compensator perform the control of UPFC. The shunt
and series compensators of UPFC exchange reactive power at the terminals while
they are operating as independent FACTS compensators. In this case, SSSC injects
a voltage quadrature to the line current, and imitates a series inductive or capacitive
reactance to the transmission line. On the other hand, STATCOM injects reactive
current in order to imitate shunt reactance to the line while operating stand-alone. In
case of the combination as a UPFC), the series compensator voltage can be at any
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phase corresponding to the predominant line current. Thereby, the exchanged
power can be reactive as well as active power at the terminals of compensators. The
active power exchanged by any of the compensators is transmitted to the other
compensator across the common dc-link. However, exchanged reactive power is
independent from each other compensator.

The controller of STATCOM dynamically adjusts the phase angle between the
VSC output voltage and line voltage to get the STATCOM generated or absorbed
desired reactive power at the compensation connection. The SSSC can be operated
in several modes such as voltage injection, regulation of phase angle, emulation of
the line impedance, and automatic power flow control. In any of these applications,
SSSC injects a voltage over its series connection to the line. The SSSC can be
operated in the same way as examined in the previous section to control active and
reactive current. The active power control would fluctuate capacitor voltage that
should be observed by STATCOM [6, 11, 14, 26, 47].

The controller of STATCOM dynamically adjusts the phase angle between the
VSC output voltage and line voltage to get the STATCOM generated or absorbed
desired reactive power at the compensation connection. The maximum value of
series voltage V¢ is limited by SSSC that is the most significant advantage com-
paring to thyristor-based compensators. In the case reactive power exchange, the
UPFC increases the source voltage Vs while generating reactive power, and
decreases while absorbing the reactive power. The power flow of UPFC through the
transmission line is analyzed as follows;

Ps = Py, + R(VsI}) (8.38)
05 = Oy + S(Vrly) (8.39)
Pr = —R(Vil}) (8.40)
Or = —S(Vrlp) (8.41)

where sg, = 1/3/8 - rg,. The powers Py, and Qg absorbed by shunt compensator,
and common dc voltages are given by

Psh = VgGsh — SsthCVSGJh COS(@S — OC) — SsthcVSBsh sin(@s — OC) (842)
Qsh = V§BS/1 - s‘thchSBsh COS(BS - O() - SsthcVSGsh Sin(eS - OC) (843)

Py R(Vsl) Vi Ra(Pi+Q%) R.I}

Vie = el
“TCVa ' CVae ReC CVgV2 CVie

(8.44)

where Gy, is the conductance, and By, is the susceptance of STATCOM while 0 is
phase angle of the transmission line and « is the phase angle of the compensator
[47].
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8.5 State-of-the-Art Equipment for Reactive Power
Compensation

8.5.1 Dynamic Power Flow Controller (DPFC)

The DPFC is one of the emerging compensators configured with a standard PST for
tap-changing, and several series TSC and TCRs as shown in Fig. 8.29. All the
compensators connected in the DPFC are introduced in the previous sections of this
chapter. The resulting stepped reactance of DPFC is obtained owing to binary
arrangement of reactor and capacitor reactance. The PST controls the phase of
transmission line voltage in order to control the power flow across the line.
Although the system response of PST is slower since its mechanical configuration,
this issue is regulated by rapid structure of TSC and TCR. The series compensators
are operated at zero current in order to eliminate harmonic contents. The most
significant advantage of DPFC is its lower cost comparing other FACTS.

Furthermore, DPFC has several significant advantages according to PST that are
related to the speed of power flow control, and reactive power compensation. The
dynamic response of DPFC is quite effective on power oscillation damping
(POD) and transient stability in addition to steady-state stability. Furthermore,
DPFC is more appropriate in corrective compensation, thereby the system stability
and voltage stability is improved owing to its TSC and TCR configuration. This is
particularly efficient during overload situations by supporting the transmission line
with rapid voltage response. The reactive power consumption of PST is a serious
problem in weak grids. DPFC overcomes this issue by compensating the
tap-dependency of series inductance, and improves voltage stability [48—50].

The reactance, impedance, and admittance of the transmission line starting from
shunt connection of PST a to end of the TCR b are given by;

Xab = kLXL + k2XE +XB +XLiﬂ€ - kCXC (845)

Zay, = Ry +anb (846)

T T

| L e L/ Ve aat
sC TCR, TCR: TCR:
Tap Changer
Control

PST

At

Fig. 8.29 The block diagram of DPFC
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1
— = Gs+jBs (8.47)
Zah
where k;X; and kcXc represent the reactive and capacitive modules by ignoring
ohmic losses, and k is the PST voltage ratio which is between —1 and 1, Xz, X3, Xp
and R, are PST internal parameters [51].

8.5.2 VSC-Based HVDC Transmission

The HVDC is an appropriate method used in dc transmission systems. The block
diagram of HVDC system is illustrated in Fig. 8.30 that is constituted with VSCs
connected B2B. The dc side of converters are coupled with capacitors to regulate
the dc line voltage. One of the most significant advantages of VSC based HVDC
system 1is its capability to control active and reactive power separately at each
terminal sides that make this system convenient for weak power systems.
Furthermore, VSC based HVDC is more effective than CSC on the improvement of
system stability and power flow control, and isolation under transients owing to its
rapid dynamic response.

The VSC based HVDC can also be used in the interline power flow controller
IPFC that is utilized to transfer active power among dc link buses. HVDC system
can be seen as an extension of UPFCas well as IPFC in some cases. The main
difference between both systems is segmentation of transmission line while HVDC
system does, UPFC does not divide.

The HVDC systems with thyristor-based converters control the dc-line current
while the most widely used VSC-based configuration controls the dc-line voltage.
This difference in the device topology allows using HVDC system in the integration
of asynchronous sources. The increased power demand and high rate integration of
large distributed sources are handled owing to modular multilevel converter
(MMC) based HVDC that is installed by series and parallel connection of VSC
cells as shown in Fig. 8.31 [6, 40, 52].

The HVDC systems with thyristor-based converters control the dc-line current
while the most widely used VSC-based configuration controls the dc-line voltage.
This difference in the device topology allows using HVDC system in the integration

RS ]

System 1 System 2

Fig. 8.30 The block diagram of HVDC transmission system



8 Reactive Power Compensation in AC Power Systems

311

| P . )+
Modular Modular Modular
Cell Cell Cell
Modular Modular Moxdular
Cell Cell Cell
| 1 |
| I I
| I |
Modular Modular Moddular
Cell Cell Cell
g Modular Cell
V—t a :
Vi b Vi At
\A ¢ Si
g Di
Modular Moduar Modular
Cell Cell Cell My —— (el Vel
| — LI i Vie S
Modular Modular Modular : <
cell cell cel D2
[ ' T /_
| I [}
| I i - \fe
| I I
Modular Modutar Moular
Cell Cell Cell
) ) el

Fig. 8.31 The block diagram of MMC based HVDC system

of asynchronous sources. The increased power demand and high rate integration of
large distributed sources are handled owing to MMC based HVDC that is installed
by series and parallel connection of VSC cells. The most recent applications are
performed by MMC topology since its footprint requirements are lower, and cap-
able to control active and reactive power independently. Furthermore, it brings the
advantages of lower switching losses, lower dv/dt ratio, modular structure, recon-
figurable topology, and direct connection to the power systems without power
transformer requirement that decreases the substation area. Besides, MMC con-
figuration provides to use several types of energy storage systems [6, 40, 52].

8.6 Conclusion

The most widely used reactive power compensators in transmission line compen-
sation are introduced in this chapter. The theoretical backgrounds, applications, and
compensation methods are discussed in a comprehensive approach by listing the
compensator according to their improvements. The shunt devices among others are
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being widely used for reactive power compensation and thereby for voltage control.
The first improvement seen in compensators is SVCs that are replaced with
mechanically switched devices in order to provide more accurate and precise control.
The primary contribution of SVC was its rapid and dynamic response to the line
fluctuations. However, it was not efficient enough against fast changing power quality
problems such as voltage dips and flickers that required the implementation of more
robust compensators. The FACTS are improved to overcome this kind of stability
problems where the first one was STATCOM listed in the shunt compensator
group. In addition to shunt devices, the series compensation devices that are capable
to improve line impedance and stability are also considered in FACTS family.

Although the SSSC is a mature technology in series compensation, the TCSC is
based on a device that is efficient on damping the SSR and improvement of system
stability. However, series VSC based compensators are mostly used in distribution
lines instead of transmission lines. The most extensively researched compensators
are in shunt-series configurations that are more convenient in power flow control
comparing to previous configurations.

The PST are the most common compensators used in power flow control. The
drawbacks of this device such as higher footprint and maintenance requirement
have promoted the alternative compensators as UPFC), IPFC, and DPFC. Although
the UPFC was known for a long time, it is installed for testing and improvement
applications. The gap between PST and UPFC) has been fulfilled by DPFC that was
meeting the dynamic power flow control requirement with its simpler configuration
by overcoming drawbacks of both systems. The most recent compensator
responding the industry requirements is VSC-based HVDC compensator. The VSC
and MMC configurations brought numerous advantages such as fully independent
power control, modular structure, improved voltage and stability control and
dynamic power flow control comparing the previous devices.

Although the FACTS are generally recognized as a new technology, there are
lots of FACTS are being operated in the industry. The most widely used device is
SVC first installed in 1970s and it is known that the total installed SVC compen-
sator capacity is over than 100.000 MVA. It is also noted by literature that over
than 700 conventional series compensation plants are installed worldwide that are
capable to compensate around 350.000 MVA total power. The successor tech-
nologies as VSC-based and MMC HVDC B2B compensators, STATCOM, TSCS,
and DPFC present quick improvements in their application areas.
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