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I CHAPTER 1

Introduction

1.1 BACKGROUND

This chapter briefly discusses the growth of complex electrical power networks.
It introduces the lack of controllability of the active- and reactive-power flows
in energized networks. (These flows tend to diffuse in the network, depend-
ing primarily on the impedance of power lines.) This chapter also describes the
conventional controlled systems, such as automatic governor control and excita-
tion control employed at generating stations. Transformer tap-changer control
is another control feature generally available in transmission networks. Aris-
ing from the transformer combinations and the use of on-load tap changers,
phase-shifting transformers are realized, which are primarily used to mitigate
circulating power on network tie-lines.

This introduction and the recognition of limited controllability provide
the basis for introducing the concept of the flexible ac transmission system
(FACTS). Since newly developed FACTS devices rely on the advances made
in semiconductor components and the resulting power-electronic devices, these,
too, are introduced.

This chapter also introduces the basic operating principles of new FACTS
devices. (These principles are fully discussed in later chapters of this book.)
Finally, the chapter presents a brief commentary on emerging deregulation,
competition, and open access in power utilities. In that context, the value of
FACTS devices for emerging transmission companies is identified.

1.2 ELECTRICAL TRANSMISSION NETWORKS

The rapid growth in electrical energy use, combined with the demand for low-
cost energy, has gradually led to the development of generation sites remotely
located from the load centers. In particular, the remote generating stations
include hydroelectric stations, which exploit sites with higher heads and signif-
icant water flows; fossil fuel stations, located close to coal mines; geothermal
stations and tidal-power plants, which are sitebound; and, sometimes, nuclear
power plants purposely built distant from urban centers. The generation of bulk
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2 INTRODUCTION

power at remote locations necessitates the use of transmission lines to connect
generation sites to load centers. Furthermore, to enhance system reliability, mul-
tiple lines that connect load centers to several sources, interlink neighboring
utilities, and build the needed levels of redundancy have gradually led to the
evolution of complex interconnected electrical transmission networks. These
networks now exist on all continents.

An electrical power transmission network comprises mostly 3-phase
alternating-current (ac) transmission lines operating at different transmission
voltages (generally at 230 kV and higher). With increasing requirement of
power-transmission capacity and/or longer transmission distances, the trans-
mission voltages continue to increase; indeed, increases in transmission volt-
ages are linked closely to decreasing transmission losses. Transmission voltages
have gradually increased to 765 kV in North America, with power transmission
reaching 1500 MVA on a line limited largely by the risk that a power utility
may be willing to accept because of losing a line.

An ac power transmission network comprises 3-phase overhead lines, which,
although cheaper to build and maintain, require expensive right-of-ways. How-
ever, in densely populated areas where right-of-ways incur a premium price,
underground cable transmission is used. Increasing pressures arising from eco-
logical and aesthetic considerations, as well as improved reliability, favor under-
ground transmission for future expansion.

In a complex interconnected ac transmission network, the source-to-a-load
power flow finds multiple transmission paths. For a system comprising multiple
sources and numerous loads, a load-flow study must be performed to determine
the levels of active- and reactive-power flows on all lines. Its impedance and
the voltages at its terminals determine the flow of active and reactive powers
on a line. The result is that whereas interconnected ac transmission networks
provide reliability of power supply, no control exists on line loading except to
modify them by changing line impedances by adding series and/or shunt-circuit
elements (capacitors and reactors).

The long-distance separation of a generating station from a load center
requiring long transmission lines of high capacity and, in some cases in which
a transmission line must cross a body of water, the use of ac/dc and dc/ac
converters at the terminals of an HVDC line, became a viable alternative many
years ago. Consequently, beginning in 1954, HVDC transmission has grown
steadily to the current £600 kV lines with about 4000 A capacity. Also, direct
current (dc) transmission networks, including multiterminal configurations, are
already embedded in ac transmission networks. The most significant feature of
an HVDC transmission network is its full controllability with respect to power
transmission [1]-[5].

Until recently, active- and reactive-power control in ac transmission networks
was exercised by carefully adjusting transmission line impedances, as well as
regulating terminal voltages by generator excitation control and by transformer
tap changers. At times, series and shunt impedances were employed to effec-
tively change line impedances.
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1.3 CONVENTIONAL CONTROL MECHANISMS

In the foregoing discussion, a lack of control on active- and reactive-power flow
on a given line, embedded in an interconnected ac transmission network, was
stated. Also, to maintain steady-state voltages and, in selected cases, to alter
the power-transmission capacity of lines, traditional use of shunt and series
impedances was hinted.

In a conventional ac power system, however, most of the controllability
exists at generating stations. For example, generators called spinning reserves
maintain an instantaneous balance between power demand and power supply.
These generators, in fact, are purposely operated at reduced power. Also, to reg-
ulate the system frequency and for maintaining the system at the rated voltage,
controls are exercised on selected generators.

1.3.1 Automatic Generation Control (AGC)

The megawatt (MW) output of a generator is regulated by controlling the driv-
ing torque, T,,, provided by a prime-mover turbine. In a conventional elec-
tromechanical system, it could be a steam or a hydraulic turbine. The needed
change in the turbine-output torque is achieved by controlling the steam/water
input into the turbine. Therefore, in situations where the output exceeds or falls
below the input, a speed-governing system senses the deviation in the generator
speed because of the load-generation mismatch, adjusts the mechanical driving
torque to restore the power balance, and returns the operating speed to its rated
value. The speed-governor output is invariably taken through several stages of
mechanical amplification for controlling the inlet (steam/water) valve/gate of
the driving turbine. Figure 1.1 shows the basic speed-governing system of a
generator supplying an isolated load. The operation of this basic feedback-con-
trol system is enhanced by adding further control inputs to help control the
frequency of a large interconnection. In that role, the control system becomes
an automatic generation control (AGC) with supplementary signals.

Valve/Gate T p Active Power,
m
- o NmoN P
Turbine oV G
Steam/Water
T. Generator

Speed-Governor

Electrical
Load, P,

where

T, = the mechanical driving torque
T, = the mechanical load torque from the generator electrical output
P,,=the mechanical power input to the generator

Figure 1.1 A speed-governor system.
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Figure 1.2 An AGC with supplementary control on the principal generating unit.

To avoid competing control actions, in a multigenerator unit station each
speed-governor system is provided with droop (R) characteristics through a pro-
portional feedback loop (R, Hz/MW). Figure 1.2 shows an AGC on the prin-
cipal generating unit with supplementary control. In contrast, the second, third,
and remaining generating units in a multiunit station operate with their basic
AGCs. In a complex interconnected system, the supplementary control signal
may be determined by a load-dispatch center.

1.3.2 Excitation Control

The basic function of an exciter is to provide a dc source for field excitation
of a synchronous generator. A control on exciter voltage results in control-
ling the field current, which, in turn, controls the generated voltage. When a
synchronous generator is connected to a large system where the operating fre-
quency and the terminal voltages are largely unaffected by a generator, its exci-
tation control causes its reactive power output to change.

In older power plants, a dc generator, also called an exciter, was mounted
on the main generator shaft. A control of the field excitation of the dc genera-
tor provided a controlled excitation source for the main generator. In contrast,
modern stations employ either a brushless exciter (an inverted 3-phase alterna-
tor with a solid-state rectifier connecting the resulting dc source directly through
the shaft to the field windings of the main generator) or a static exciter (the use
of a station supply with static rectifiers).

An excitation-control system employs a voltage controller to control
the excitation voltage. This operation is typically recognized as an auto-
matic voltage regulator (AVR). However, because an excitation control
operates quickly, several stabilizing and protective signals are invariably
added to the basic voltage regulator. A power-system stabilizer (PSS) is
implemented by adding auxiliary damping signals derived from the shaft
speed, or the terminal frequency, or the power—an effective and fre-
quently used technique for enhancing small-signal stability of the con-
nected system. Figure 1.3 shows the functionality of an excitation-control
system.
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Figure 1.3 A conceptual block diagram of a modern excitation controller.

1.3.3 Transformer Tap-Changer Control

Next to the generating units, transformers constitute the second family of major
power-transmission-system apparatuses. In addition to increasing and decreas-
ing nominal voltages, many transformers are equipped with tap-changers to
realize a limited range of voltage control. This tap control can be carried out
manually or automatically. Two types of tap changers are usually available: off-
load tap changers, which perform adjustments when deenergized, and on-load
tap changers, which are equipped with current-commutation capacity and are
operated under load. Tap changers may be provided on one of the two trans-
former windings as well as on autotransformers.

Because tap-changing transformers vary voltages and, therefore, the reactive-
power flow, these transformers may be used as reactive-power-control devices.
On-load tap-changing transformers are usually employed to correct voltage pro-
files on an hourly or daily basis to accommodate load variations. Their speed
of operation is generally slow, and frequent operations result in electrical and
mechanical wear and tear.

1.3.4 Phase-Shifting Transformers

A special form of a 3-phase-regulating transformer is realized by combining
a transformer that is connected in series with a line to a voltage transformer
equipped with a tap changer. The windings of the voltage transformer are so con-
nected that on its secondary side, phase-quadrature voltages are generated and
fed into the secondary windings of the series transformer. Thus the addition of
small, phase-quadrature voltage components to the phase voltages of the line cre-
ates phase-shifted output voltages without any appreciable change in magnitude.
A phase-shifting transformer is therefore able to introduce a phase shift in a line.

Figure 1.4 shows such an arrangement together with a phasor diagram. The
phasor diagram shows the phase shift realized without an appreciable change in
magnitude by the injection of phase-quadrature voltage components in a 3-phase
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Figure 1.4 A phase-shifting transformer: (a) a schematic diagram and (b) a phasor
diagram.

system. When a phase-shifting transformer employs an on-load tap changer,
controllable phase-shifting is achieved. The interesting aspect of such phase
shifters is that despite their low MVA capacity, by controlling the phase shift
they exercise a significant real-power control. Therefore, they are used to mit-
igate circulating power flows in interconnected utilities. A promising applica-
tion of these devices is in creating active-power regulation on selected lines and
securing active-power damping through the incorporation of auxiliary signals
in their feedback controllers. From this description, it is easy to visualize that
an incremental in-phase component can also be added in lines to alter only their
voltage magnitudes, not their phase.

The modification of voltage magnitudes and/or their phase by adding
a control voltage is an important concept. It forms the basis of some of
the new FACTS devices discussed in this book. The injected voltage need
not be realized through electromagnetic transformer—winding arrangements;
instead, by using high-speed semiconductor switches such as gate turn-off
(GTO) thyristors, voltage source inverters (VSIs)—synchronized with the sys-
tem frequency—are produced. The application of a VSI to compensate the line-
voltage drop yields a new, fast, controllable reactive-power compensator: the
static synchronous series compensator (SSSC). The application of a VSI to
inject a phase-quadrature voltage in lines yields a new, fast, controllable phase
shifter for active- power control. Once a synchronized VSI is produced, it is
indeed easy to regulate both the magnitude and the phase angle of the injected
voltages to yield a new, unified power-flow controller (UPFC).

1.4 FLEXIBLE AC TRANSMISSION SYSTEM (FACTS)

The FACTS is a concept based on power-electronic controllers, which enhance
the value of transmission networks by increasing the use of their capacity.
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[6]-[15]. As these controllers operate very fast, they enlarge the safe operating
limits of a transmission system without risking stability. Needless to say, the era of
the FACTS was triggered by the development of new solid-state electrical switch-
ing devices. Gradually, the use of the FACTS has given rise to new controllable
systems. It is these systems that form the subject matter of this book.

Today, it is expected that within the operating constraints of the current-carry-
ing thermal limits of conductors, the voltage limits of electrical insulating devices,
and the structural limits of the supporting infrastructure, an operator should be
able to control power flows on lines to secure the highest safety margin as well
as transmit electrical power at a minimum of operating cost. Doing so constitutes
the increased value of transmission assets.

The search for enhanced controllability of power on ac transmission networks
was initiated by newly acquired current and power controllability in HVDC trans-
mission. Replacement of mercury-arc valves by thyristors yielded robust ac/dc
converters, minimized conversion losses, and yielded fast control on transmitted
power—so much so that line-to-ground fault clearing became possible without
the use of circuit breakers. Instead, by rapidly attaining current zero through the
use of current controllers and, in addition, by rapidly recovering the electromag-
netic energy stored in the energized line, the faulted dc line could be isolated by
low interruption-rating isolators.

The very fast power controllability in HVDC systems made them candi-
dates for special applications in back-to-back configurations to control the power
exchange between the networks they linked. The rapid control of power led to the
added use of HVDC links for enhancing transient stability of connected systems
through active-power damping. The enhancement in stability was accomplished
by adding auxiliary signals in the current controllers of the converters [16], [17].

1.4.1 Advances in Power-Electronics Switching Devices

As mentioned previously, the full potential of ac/dc converter technology was
better realized once mercury-arc valves were replaced by solid-state switch-
ing devices called thyristors. Thyristors offered controlled turn-on of currents
but not their interruption. The rapid growth in thyristor voltage and current
ratings accelerated their application, and the inclusion of internal light trigger-
ing simplified the converter controls and their configurations even more. Most
applications, however, were based on the natural commutation of currents. In
special cases where forced commutation was required, elaborate circuitry using
discharging capacitors to create temporary current zeroes were employed.
Thyristors are now available in large sizes, eliminating the need for parallel-
ing them for high-current applications. Their voltage ratings have also increased
so that relatively few are required to be connected in series to yield switches
or converters for power-transmission applications. Actually, the present trend
is to produce high-power electronic building blocks (HPEBBs) to configure
high-power switches and converters, thus eliminating the custom-design needs
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at the device level. Availability of HPEBBs should accelerate development of
new FACTS devices. The HPEBB thyristors are available in compact packag-
ing and in sufficiently large sizes (e.g., 125-mm thyristors: 5.5 kV, 4 kA or
4.5 kV, 5.8 kA) for most applications. For switching applications, such as that
for tap changers or static phase shifters, anti-parallel-connected thyristor mod-
ules, complete with snubber circuits, are available. These switches provide suf-
ficiently high transient-current capacity to endure fault currents.

The GTO semiconductor devices facilitate current turn-on as well as turn-
off by using control signals. This technology has grown very rapidly; conse-
quently, high-power GTOs are now available (100 mm, 6 kV or 150 mm, 9
kV). Full on—off control offered by GTOs has made pulse width-modulated
(PWM) inverters easy to realize [18].

Advances in semiconductor technology are yielding new efficient, simple-
to-operate devices. The insulated gate bipolar transistor (IGBT) and the metal-
oxide semiconductor (MOS)—controlled thyristor (MCT) control electric power
using low levels of energy from their high-impedance MOS gates, as compared
to high-current pulses needed for thyristors or GTOs. Unfortunately, the avail-
able voltage ratings of these devices are still limited.

The MOS turn-off (MTO) thyristor combines the advantages of both thyris-
tors and MOS devices by using a current-controlled turn-on (thyristor) and
a voltage-controlled turn-off having a high-impedance MOS structure [19].
Hybrid MTOs are being proposed that show substantially low device losses
relative to GTOs. Because MTOs use nearly half the parts of GTOs, their appli-
cation promises significant reliability improvement.

The availability of new and significantly improved switching devices in con-
venient packages (HPEBB) will aid the development of new, more versatile
FACTS devices. The symbolic representation and equivalent circuits of a thyris-
tor, GTO, and MCT are shown in Fig. 1.5.

1.4.2 Principles and Applications of Semiconductor Switches

In high-power applications, semiconductor devices are used primarily as
switches. To accommodate switching in an ac system, two unidirectional con-
ducting devices are connected in an antiparallel configuration, as shown in Fig.
1.6. Such a switch may be employed per phase to connect or disconnect a
shunt-circuit element, such as a capacitor or reactor, or to short-circuit a series-
connected—circuit element, such as a capacitor. A reverse-biased thyristor auto-
matically turns off at current zero, for which reason an antiparallel thyristor
connection is used to control the current through a reactor by delaying its turn-
on instant, as shown in Fig. 1.6(b). It is easy to see that the current through a
connected reactor may be controlled from full value to zero by adjusting the
delay angle, o, of the gate’s firing signal from 90° to 180°.

Thus a thyristor switch offers current control in a reactor, rendering it a con-
trolled reactor. However, because a capacitor current leads the applied voltage
by approximately 90°, the capacitor switching always causes transient in-rush
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Figure 1.5 Semiconductor switching devices for power-electronics applications: (a)
a thyristor (silicon-controlled rectifier); (b) a gate turn-off (GTO) thyristor; and (c) a
P-MCT equivalent circuit.
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(a)

Figure 1.6 A thyristor switch for ac applications: (a) a switch and (b) a controlled
reactor current.

currents that must be minimized by switching charged capacitors at instants
when the voltage across the switch is near zero. Therefore, a thyristor switch is
used only to turn on or turn off a capacitor, thereby implementing a switched
capacitor.

Parallel combination of switched capacitors and controlled reactors provides
a smooth current-control range from capacitive to inductive values by switching
the capacitor and controlling the current in the reactor. Shunt combinations of
thyristor-controlled reactors (TCRs) and thyristor-switched capacitors (TSCs)
yield static var compensators (SVCs), which are described in detail in Chapters
3-6.

Thyristor switches may be used for shorting capacitors; hence they find appli-
cation in step changes of series compensation of transmission lines. A blocked
thyristor switch connected across a series capacitor introduces the capacitor in
line, whereas a fully conducting thyristor switch removes it. In reality, this step
control can be smoothed by connecting an appropriately dimensioned reactor
in series with the thyristor switch—as shown in Fig. 1.7—to yield vernier con-

| {

U
o— W —o

Equivalent

Figure 1.7 A thyristor-controlled series capacitor (TCSC).
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Figure 1.8 A GTO-based static synchronous compensator (STATCOM).

trol. This application of thyristor switches creates the thyristor-controlled series
capacitor (TCSC) FACTS controller. A detailed discussion of this controller is
presented in Chapters 7-9.

In the foregoing applications, thyristor switches were used to control the
current through circuit elements, such as capacitors and reactors. The switches
are also used to perform switching actions in on-load tap changers, which may
be employed as thyristor-controlled phase-shifting transformers (TCPSTs).

Generally, the use of fully rated circuit elements is expensive, so to perform
similar functions, another important class of FACTS controllers is realized by
dc/ac converters. The application of GTO devices makes forced commutation
possible, and therefore PWM converters offer a more elegant solution. The out-
put voltages of PWM converters contain low-harmonic content. The voltage-
source converters (VSCs) form the basic element of this new class of FACTS
controllers, and numerous applications of this technology exist.

An alternative to a thyristor-controlled SVC is a GTO-based VSC that uses
charged capacitors as the input dc source and produces a 3-phase ac voltage
output in synchronism and in phase with the ac system. The converter is con-
nected in shunt to a bus by means of the impedance of a coupling transformer.
A control on the output voltage of this converter—lower or higher than the
connecting bus voltage—controls the reactive power drawn from or supplied
to the connected bus. This FACTS controller is known as a static compensator
(STATCOM) [20] and is shown symbolically in Fig. 1.8. (This subject is dis-
cussed in Chapter 10.)

The use of voltage-source converters to inject a voltage by way of series-con-
nected transformers leads to another interesting group of FACTS controllers:
the SSSCs, which inject voltages to compensate for the line-reactance voltage
drops [6]-[8]. It is easy to visualize that if the reactive drop of a line is partly
compensated by an SSSC, it amounts to reducing the line reactance (X), or
in other words, it is akin to controlled series compensation. The injected voltage
in the line is independent of the line current. Figure 1.9 shows a 1-line diagram
of an SSSC, which controls the active-power flow on a line.
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Figure 1.9 A 1-line diagram of a static synchronous series compensator (SSSC).

The functions of an SSSC and a STATCOM, in fact, may be combined to
produce a unified power-flow controller (UPFC) [6]-[8], [21] A 1-line diagram
of a UPFC is shown in Fig. 1.10. In the UPFC shown, a dc energy source is
shared between the STATCOM and SSSC. Normally, no net energy is drawn
from this source, but to compensate for the controller losses, the STATCOM
can operate so that it draws the compensating active power from the connected
ac bus. Thus a UPFC offers a fast, controllable FACTS device for the flow of
combined active-reactive power in a line.

Finally, there are FACTS controllers classified as power-conditioning equip-
ment. These controllers are employed as battery-energy—storage systems
(BESSs) or superconducting magnetic-energy—storage (SMES) systems [6]—[8],
[10]-[13]. These controllers also use GTO-based converters, which operate in
dual roles as rectifiers for energy storage and inverters for energy return.

1.5 EMERGING TRANSMISSION NETWORKS

A historic change is overtaking electrical power utility businesses. Customers
are demanding their right to choose electrical energy suppliers from competing
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Figure 1.10 A I-line diagram of a unified power-flow controller (UPFC).
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vendors—a movement that has arisen from the benefits of lower costs of such
services as long-distance telephone calls, natural-gas purchases, and air travel.
The industries embracing these activities have been recently deregulated, and in
these sectors, competition has been introduced. The basic belief is that compe-
tition leads to enhanced efficiency and thus lower costs and improved services.

For nearly 100 years, electrical power utilities worldwide have been verti-
cally integrated, combining generation, transmission, distribution, and servic-
ing loads. Also, most such utilities have operated as monopolies within their
geographic regions. Their method of operation has been “power at cost,” and
their principal financers have been governments. Therefore, to many people the
pressure of electrical power utilities to operate efficiently has been missing.

Operating the electrical energy sector competitively requires the unbundling
of generation, transmission, and distribution. Competition is expected to exist
among generators as well as retailers. The transmission and distribution (i.e., the
controlling wires) must, out of necessity, be regulated. The new order requires
new agencies taking the responsibility to link customers (loads) with generators
(market operators) and, at the same time, to clearly understand the limitations
and capabilities of power-transmission and -distribution networks [22], [23].

On becoming responsible for its own business, a power-transmission com-
pany must make the best use of its transmission capacity and ensure that trans-
mission losses are reduced to their lowest values. Also, any loss of transmission
capacity means loss of income for the company; therefore, all actions must be
taken to ensure that unwanted circulating power is not clogging the available
transmission capacity. In addition, energy congestion in critical transmission
corridors must be avoided to eliminate the risk of missed business opportuni-
ties. Finally, to offer the greatest flexibility to market operators, a transmission
company must create the maximum safe operating limits to allow power injec-
tion and tapping from its buses without risking stable operation. The success
of a transmission company depends on offering the maximum available trans-
mission capacity (ATC) on its lines.

From the foregoing discussion, it is evident that in the emerging electri-
cal energy business, transmission companies have a greater need to make their
networks more flexible. Fortunately, advances in power-electronics technology
now offer new fast, controllable FACTS controllers to secure the needed flexi-
bility [15], [22], [23]

The subject matter contained in this book is intended to assist engineers seek-
ing FACTS knowledge and help utilities meet the energy challenge.
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I CHAPTER 2

Reactive-Power Control in Electrical
Power Transmission Systems

2.1 REACTIVE POWER

In this chapter, an understanding of reactive power associated with power-
transmission networks is developed. To make transmission networks operate
within desired voltage limits, methods of making up or taking away reactive-
power—hereafter called reactive-power control—are discussed. Before pro-
ceeding further, however, a thorough understanding of the reactive power in
ac systems is necessary.

Upon energization, the ac networks and the devices connected to them create
associated time-varying electrical fields related to the applied voltage, as well
as magnetic fields dependent on the current flow. As they build up, these fields
store energy that is released when they collapse. Apart from the energy dissipa-
tion in resistive components, all energy-coupling devices, including transform-
ers and energy-conversion devices (e.g., motors and generators), operate based
on their capacity to store and release energy.

For the ac circuit shown in Fig. 2.1(a), instantaneous power from the voltage
source to the load Z/ ¢, in terms of the instantaneous voltage v and current i,
is given as

p="Ui 2.1
In the steady state, where v = Viax cos(w?) and i = Ijyax cos(wt — ¢@):

V maxd max
p= % [cos ¢ + cosRuwt — ¢)]

= VIcos ¢(1 + cos 2wt) + VIsin ¢sin 2wt 2.2)

where V and [ are the respective root mean square (rms) values of v and i.
Equations (2.1) and (2.2) are pictorially represented in Fig. 2.1(b). Equation
(2.2) comprises two double-frequency (2w) components. The first term has an
average value as well as a peak magnitude of VIcos ¢. This average value is
the active power, P, flowing from the source to the load. The second term has

16
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Figure 2.1 The electrical parameters in an ac network.

a zero average value, but its peak value is VIsin ¢. Written in phasor domain,
the complex power in the network in Fig. 2.1(a) is given by

S=V-T*
=P+jQ=Vlicos ¢+jVIsin ¢ (2.3)

where P is called the active power, which is measured in watts (W), and Q is
called the reactive power, which is measured in volt-ampere reactives (var).
Comparing Egs. (2.3) and (2.2), the peak value of the second component of
instantaneous power in Eq. (2.2) is identified as the reactive power.

The reactive power is essential for creating the needed coupling fields for
energy devices. It constitutes voltage and current loading of circuits but does
not result in an average (active) power consumption and is, in fact, an impor-
tant component in all ac power networks. In high-power networks, active and
reactive powers are measured in megawatts (MW) and MVAR, respectively.
Figure 2.1(c) shows a commonly used power triangle.
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Electromagnetic devices store energy in their magnetic fields. These devices
draw lagging currents, thereby resulting in positive values of Q; therefore,
they are frequently referred to as the absorbers of reactive power. Electrostatic
devices, on the other hand, store electric energy in fields. These devices draw
leading currents and result in a negative value of Q; thus they are seen to be sup-
pliers of reactive power. The convention for assigning signs to reactive power
is different for sources and loads, for which reason readers are urged to use a
consistent notation of voltage and current, to rely on the resulting sign of Q,
and to not be confused by absorbers or suppliers of reactive power.

2.2 UNCOMPENSATED TRANSMISSION LINES
2.2.1 A Simple Case

To develop a good, qualitative understanding of the need for reactive-power
control, let us consider a simple case of a lossless short-transmission line con-
necting a source V to a load ZL ¢. (For simplicity, the line is represented only
by its inductive reactance X;.) Figure 2.2 shows such a network with its param-
eters, as well as a phasor diagram showing the relationship between voltages
and currents. From Fig. 2.2(b), it is clear that between the sending- and the
receiving-end voltages, a magnitude variation, as well as a phase difference,
is created. The most significant part of the voltage drop in the line reactance
(AV, =j1.X;) is due to the reactive component of the load current, I,. To keep
the voltages in the network at nearly the rated value, two control actions seem
possible:

1. load compensation, and
2. system compensation.

2.2.1.1 Load Compensation 1t is possible to compensate for the reactive
current [, of the load by adding a parallel capacitive load so that I, = —1I,. Doing
so causes the effective power factor of the combination to become unity. The
absence of I, eliminates the voltage drop AV, bringing V, closer in magnitude
to V; this condition is called load compensation. Actually, by charging extra for

LAV,

1
(a) (b)

Figure 2.2 A short, lossless transmission line feeding a load.
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Figure 2.3 The reactive-power control for voltage regulations.

supplying the reactive power, a power utility company makes it advantageous
for customers to use load compensation on their premises. Loads compensated
to the unity power factor reduce the line drop but do not eliminate it; they still
experience a drop of AV, from jI,.X;.

2.2.1.2 System Compensation To regulate the receiving-end voltage at
the rated value, a power utility may install a reactive-power compensator as
shown in Fig. 2.3. This compensator draws a reactive current to overcome both
components of the voltage drop AV, and AV, as a consequence of the load
current /; through the line reactance X;. To compensate for AV;, an additional
capacitive current, Al., over and above /. that compensates for /,, is drawn by
the compensator. When AI.X; = AV, the receiving-end voltage, V,, equals the
sending-end voltage, V. Such compensators are employed by power utilities
to ensure the quality of supply to their customers [1].

2.2.2 Lossless Distributed Parameter Lines

Most power-transmission lines are characterized by distributed parameters:
series resistance, r; series inductance, /; shunt conductance, g; and shunt capac-
itance, c—all per-unit (pu) length. These parameters all depend on the conduc-
tors’ size, spacing, clearance above the ground, and frequency and temperature
of operation. In addition, these parameters depend on the bundling arrangement
of the line conductors and the nearness to other parallel lines.

The characteristic behavior of a transmission line is dominated by its / and
¢ parameters. Parameters r and g account for the transmission losses. The fun-
damental equations governing the propagation of energy along a line are the
following wave equations:

d’v —

14 (2.4a)
d*1 -

—— =gl (2.4b)

dx?
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where zy = (r + jwl)(g +jwc).
For a lossless line, the general solutions are given as

V(x) =V, cos Bx — jZol, sin Bx (2.52)

_ B vV, .
I(x)=1I,cosf3x —j oA sin Bx (2.5b)
0

These equations are used to calculate voltage and current anywhere on line,
at a distance x from the sending end, in terms of the sending-end voltage and
current and the line parameters. In Eqgs. (2.4) and (2.5),

l . s
Zy= \/7 Q0 =the surge impedance or characteristic impedance
c

B=w Vie rad/km = the wave number

Ba = wV lca rad = the electrical length of an a-km line

where [ is the line inductance in henries per kilometer (H/km), c is the line-
shunt capacitance in farads per kilometer (F/km), and 1/ Ve is the propagation
velocity of electromagnetic effects on the transmission line. (It is less than the
velocity of light.)

From Eq. (2.5), we get

- Vscos Ba-V,
= n =T

JjZysin Ba

If Vi =V, 0°and V, = V,L — & = V,(cos 6 — jsin §), then

7 - V,sin 6 +j(V,cos 6 — V cos Ba)

2.6
y Zo sin Ba (2.6)
Therefore, the power at the sending end is given as
Sy =P; +jQS :Vsrsk
AL sind . V2cos Ba— ViV, cos & 27

+
Zy sin Ba I Zy sin Ba

Likewise, power at the receiving end is given as
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Figure 2.4 The power on a lossless distributed line.

V,V,sin 6 Y V2 cos Ba— V,V,cos 6
Zy sin Ba J Zo sin Ba

Sr:Pr +jQr:7 (28)

Comparing Egs. (2.7) and (2.8) and taking the directional notation of Fig. 2.4
into account, it is concluded that for a lossless line, P, = —P,, as expected.
However, Q; # Q, because of the reactive-power absorption/generation in the
line.

From Egs. (2.7) and (2.8), the power flow from the sending end to the receiv-
ing end is expressed as

~ VyV,sin 6
- Zysin Ba

In electrically short power lines, where 3a is very small, it is possible to make
a simplifying assumption that sin Sa = Ba or Zysin Ba = ZyfBa = wla, where
wla = X, is the total series reactance of a line. This substitution results in the
following well-recognized power equation:

Az
=%

P sin 6 (2.9)

Accordingly, the maximum power transfer is seen to depend on the line length.
When the power-transfer requirement for a given length of a line increases,
higher transmission voltages of V and V, must be selected.

This chapter is not intended to provide a comprehensive analysis of trans-
mission lines. Rather, its objective is to examine those aspects that enhance the
understanding of the interplay between voltages on the line and the resulting
reactive-power flows.

2.2.2.1 Symmetrical Lines When the voltage magnitudes at the two ends
of a line are equal, that is, V; = V, = V, the line is said to be symmetrical.
Because power networks operate as voltage sources, attempts are made to hold
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almost all node voltages at nearly rated values. A symmetrical line, therefore,
presents a realistic situation. From Egs. (2.7) and (2.8) the following relation-
ships are derived:

VZ
Py=-P, =

= ———— si 2.1
Zosin fa sin 6 (2.10)

and

V2 cos Ba — V?cos &
0.-0, - . @.11)
Zo sin Ba

Active and reactive powers of a transmission line are frequently normalized
by choosing the surge-impedance load (SIL) as the base. The SIL is defined as
Py = Vﬁom /Zo, where Vo is the rated voltage. When V, =V, = Vg,

P P, siné
LI - 2.12)
Py Py sin Bl

and

Oy Oy cosfa B cos 6 (2.13)

Qo Qo sinBa  sinfa

2.2.2.2 Midpoint Conditions of a Symmetrical Line The magnitude of
the midpoint voltage depends on the power transfer. This voltage influences the
line insulation and therefore needs to be well understood. For a symmetrical
line where the end voltages are held at nominal values, the midpoint voltage
shows the highest magnitude variation. In terms of the midpoint voltage V,,,
the receiving-end voltage of a symmetrical line, from Eq. (2.4), is given as

V, =V, cos % —jZoI,, sin % (2.14)

For simplification, define V,, = V,,L.0° as the reference phasor. Because the line
is symmetrical and lossless, that is, Py = —P, = P,, = P and Q,, = 0, the midpoint
current [, is given by I,, = P/V,,. Under these conditions, Eq. (2.14) can be
rewritten as

— Ba . P . fa
V= Vucos — —jZy —— sin -
Ccos ) J4o - S )

or
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pa P Ba
V2 =V2 cos? - + 7} V2 sin’ -

Setting V, = Vyom and Vﬁom/Zo = Py, we get

2 2 2
v, (Lm cos? Pa + N P? Yoom. sin’ fPa
%8 Viom 2 % Vin 2

nom nom

If welet V,,/Viom = Vi (per-unit voltage at the midpoint), then considerng that
(Vr/vnom) =1, we have

V2 P\?
V4 n +<) tan’ &:O
cos? pa Po 2
2
Therefore
1/2

. 1 1 P\ Ba
V= + - < tan? —— (2.15)

2 cos? 6—a 4 cos? @ Po 2

2 2

Equation (2.15) determines the midpoint voltage of a symmetrical line as a
function of the power flow P on it.

Practical Considerations 1In general, the values of line parameters / and ¢
remain reasonably independent of the transmission voltage. For example, typi-
cal values of / and ¢ may lie in the following ranges:

[ = the line inductance/km = 0.78-0.98 mH/km
¢ = the line capacitance/km = 12.1-15.3 nF/km

On the basis of these parameters, the surge impedance, Zy = \/I/c, lies in the
range of 225 to 285.

2.2.2.3 Case Study To illustrate a number of important considerations,
let us choose a 735-kV symmetrical lossless transmission line with / = 0.932
mH/km, ¢ = 12.2 nF/km, and a line length of 800 km. From the foregoing
parameters,
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Vs V,Z-6
| £ Q
[ -

Q

r

Py +jQy

Figure 2.5 The reactive-power balance at the receiving end.

I 0.932
Zo=4]— =4 —— 10° =276.4 Q
0 c V122

Therefore, the SIL is

Vi (735x10%)?

Py — - =1954.5 MW
°" "7 276.4

For this line to operate as a symmetrical line, that is, V, = V, = 735 kV, we
have from Eq. (2.10):

V2 . 7352 .
Py=————— sin6= sin 6
Zysin Ba 276.4 sin[(w/1c) 800]
—2298.5sin 6 MW = 1.176P, sin & MW (2.16)

It is important to calculate the required additional reactive power to hold the
receiving-end voltage to 1 pu (735 kV). Let us assume that connected at the
receiving end is a load of fixed power factor 0.9 lagging. For any load condition,
the reactive-power balance at the receiving-end bus shown in Fig. 2.5 is Q. =
Q, + O, where Q, is the reactive-power flow from the receiving end into the
line, Q; is the reactive-power component of the load, and Q. is the reactive
power needed from the system to hold V, to the rated value (1 pu).

Figure 2.6 shows Q,/Py, Q;/Py and Q./Py as functions of P/Py. It should
be observed that at no load (P = 0), nearly 1090-MVAR or 0.557-pu reactive
power must be absorbed to hold the receiving-end voltage to 1 pu. To avoid
overinsulating the line so that it might withstand overvoltages under no-load or
light conditions, a common practice is to permanently connect shunt reactors at
both ends to allow line energization from either end. Unfortunately, this natural
protection becomes a liability under increased load conditions, for extra reactive
power, Q., is needed to hold the terminal bus voltages at the desired level. The
midpoint voltage of this line is calculated using Eq. (2.15), and typical voltage
distribution on a distributed line is shown in Fig. 2.7.

Alternatively, consider the receiving half of the line. From Eq. (2.7), the
power flow on the line is given as
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Figure 2.6 The reactive-power flows at the receiving end.

VaV ) 1%
P():mi%a sin E:ﬁsinﬁ
Zosin — 0sih pa
2
Because V, =V, = Viom,
. Pa
~ Vi S5 sind
Vm = .
Vioom sin Ba sin 2
2
in 6
—0.5724 1 : 2.17)
sin 2
PIPy =0
2
N 0.3
1 1
1.3
Sending End Receiving End

Figure 2.7 The typical voltage distribution on a distributed line.
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Figure 2.8 The midpoint voltage, ‘7, and load angle, 6, as functions of P/Py.

Figure 2.8 shows the load angle 6 and the midpoint-normalized per-unit volt-
age (V,,) as functions of P/P per-unit power transfer on the line. For this line, it
is observed that for light loading below the surge-impedance load, the midpoint
voltage exceeds Vo and reaches its highest value at no load. Furthermore, for
stability considerations should an operating load angle of, say, 30° be chosen
to define the full-load rating of the line (0.588P), the midpoint voltage of the
line will be 1.1058 pu. These expected overvoltages in the range 0.1-0.2 pu
from full load to no load are not within acceptable limits. Therefore, special
techniques must be used to control these overvoltages.

It is possible to control the overall voltage profile of such a line as the one
described in this case study by creating a midpoint voltage bus and connecting
a controllable reactive-power source, called a var compensator, to it so that
below the surge-impedance loading Py, the var compensator absorbs reactive
power, and above Py, it supplies reactive power.

Figure 2.9 shows a midpoint var compensator employed as a voltage con-
troller and the expected voltage profile along the line. Of course, it is not impor-
tant to hold the midpoint voltage V,,. at 1-pu voltage, especially if there is no
load connected to it. Also, it is not necessary to have a controllable var source
at the midpoint; instead, an adequately sized fixed- or switched-shunt reactor
could be used to keep the overvoltage within limits.

To continue this discussion with the aid of the case study, let us hold the
midpoint voltage to V,,. under all load conditions by employing a continuous
var controller of unlimited capacity. Using Eq. (2.7), we have

anc cos B—a —ViVyecos —
O = 2 2 2.18)
. fBa
Zysin —

2



UNCOMPENSATED TRANSMISSION LINES 27

Vs =1,0 Vmc £-6/2 Vr =1/-6
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Continuous Var Controller
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S

P> Py

1
(b)

Figure 2.9 The midpoint-overvoltage control: V. = 1 pu.

Therefore, the var requirement from the midpoint var controller is
Qv =20n (2.19)

In terms of the midpoint voltage, we can rewrite the power transfer of the line
given by Eq. (2.7) as

ViVie . 6
Peomp = 7’”6 sin (2.20)

Zosin =2
sin —
0>

For the 735-kV, 800-km line with 8 = 1.27 x 1073 rad/km, and assuming
Vy=V,=1puand V,, = 1.05 pu, we get

3 % — % 400 = 0.508 rad
p 735% x 1.05 gin &
M 276.4 % sin(0.508) 2

=4215.28 sin %:2.157P0 sin %
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Figure 2.10 The relationship between active power, P, and reactive power, Q, with
load angle 6 in the 735-kV midpoint-compensated line.

0
(735 x 1.05)% c0s(0.508) — 7352 x 1.05 cos 7

Oy =20, =2X 276.4 5in(0.508)

=7740.98 — 8437.91 cos % = (3.96 —4.32cos g) Py

Figure 2.10 depicts the following relations:

P, =2298.5 sin 6 MW = the uncompensated line

Peomp = 4215.28 sin (6/2) MW = the unlimited midpoint compensation to
hold V,,,. = 1.05 pu

Q, = 7740.98 — 8437.91 cos (6/2) MVAR = the reactive power injected by
the compensator SIL of the line

Py =1954 - 5 MW
The results of Fig. 2.10 need careful interpretation. Note the following:
1. If the nominal rating of a line might correspond to § = 30°, the 735-kV,

800-km symmetric line in this case study will be rated at Ppom = 2298.5
sin(30°) = 1149.25 MW, which is only 58.8% of the SIL.
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2. If the preceding 735-kV symmetric line is provided with unlimited mid-
point reactive-power compensation, O, to hold the midpoint voltage, V.,
at 1.05 pu, then the maximum transferable power increases from 2298.5
MW (P; in the uncompensated case) to 4215.28 MW (Pcomp in the com-
pensated case), implying a £83.39% increase. The nominal rating for this
line could be 2107.64 MW (or 108% of SIL) for 6 = 60°.

3. To maintain the midpoint voltage, V., of the 735-kV symmetric line
at 1.05 pu, the midpoint compensator’s var supply would range from
-696.93 MVAR to 7740.98 MVAR. This is a very large operating range
for a line with 1954.5 MW SIL.

Therefore, let us search for a workable solution.

1. Assume that the midpoint-compensated line is rated at 6 = 60° for stable
operation, that is, Peomp = 2107.64 MW, with a nominal rating (1.08P).

2. The midpoint-compensator power for § = 60° is Q, = 433.54 MVAR.

3. On the basis of entries 1 and 2, select a realistic midpoint var compensator
rated to operate from —600 to +400 MVAR.

The performance of the 735-kV, 800-km symmetric line, with a midpoint var
compensator designed to operate at 1.05 pu terminal voltage in a controllable
range, can be analyzed as follows: Beyond the limit Q, > 400 MV AR, the var
compensator behaves like a fixed capacitor of rating

V2 (1.05x 735)°

X
o 400

=1489 Q

In the uncontrollable range, from Eq. (2.18) the corresponding value of Q,, in
each half of the line is

V2 V2 cos 3761 ~ V.V, cos —
Qm = 2 =
2X. Zo sin Pa

2

or
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30
V —
,o 5 COS 5
" cos Ba Zo sin Ba
22X, 2
0
735 —
) cos 3
276.4

c0s(0.508) — 7% 1489 sin(0.508)

1) 1)
—886.778 cos 5= 1.2065V ,om COS >

From this value of V,, (beyond the controllable capacitor range), the power
flow on the line is given as
0
VV,, sin 5

P=—=
Zp sin Ba
R

735 x 886.778 sin g cos g
276.4 sin(0.508)

=2423.9sin 6

The start of uncontrollable range on the capacitive side of the var compensator
corresponds to Q, > 400 MVAR at a value of 6 calculated from

0
0, =400 =7740.98 — 8437.91 cos >

or
6=59°

Likewise, below Q, < —600 MVAR, the inductive limit of the var compensator
is reached at a value of 6 calculated from

0
0, =400 =7740.98 — 8437.91 cos 5

or
6 =17.38°
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Thus

P =4215.285in(8.69°) = 637.1 MW

The value of the fixed inductor below 6 = 17.38° is calculated as

7V7;7 (735 x 1.05)?

X =992.66 Q2
"o, 600
since
2 V2m cos 6761 VsV cos —
Qm: 2X] B . Ba
Zysin —
2
or
V, -
,o 4 COS 5
: cos @7 Zo sin @
22X, 2
0
735 —
) cos 5
0.508) + ———————— sin(0.508
cos(0-508) + 5= 507 66 S1(0-308)

=780.72 cos % =1.0622V ,om COS %

Using the foregoing value of V,,, power in the inductive uncontrollable range
of the midpoint var compensator is given as

VsV, sin 0
B N mS 2
. Ba
Zo sin >
6 1)
735 x 780.72sin — -
sin 2cos >
276.4 sin(0.508)

=2134sin 6



32 REACTIVE-POWER CONTROL IN ELECTRICAL POWER TRANSMISSION SYSTEMS

400 1.0622 )
4000 | | Vin 1
: : Vnom
I I
3500~ | !
| | —0.8
I I
3000~ | I Peomp
| | 3
S 2500~ ! ! P 0.6
= 1 | S
-~ I
& 2000~ Ps 35
| | >
I [ —0.4
1500~ 1 !
| |
I I
1000 | I
' : —0.2
I
500 i !
117.38 159
0 N | ) | | | | |

20 40 60 80 100 120 140 160 180
Load angle 6, (deg.)

Figure 2.11 The relationship between power P, midpoint voltage V,,, and load angle
6 of a 735-kV symmetric line compensated by a —600/4+400 MVAR range—controlled
var compensator.

Figure 2.11 depicts following relations:

Py =2298.5 sin 6 MW = the uncompensated line

Pcomp = 4215.28 sin (6/2) MW = the unlimited midpoint compensation to
hold V,,. = 1.05 pu

Vi = 1.0622V o cos(6/2) pu, for 0 < 6 < 17.38°
P =2134 sin 6 MW

Vi = 1.05Vom pu, for 17.38° <6 < 59°

P =4215.28 sin(6/2) MW

Vi = 1.2065V 1om c0s(6/2) pu, for 59° <6 < 180°
P =2423.9 sin 6 MW

Figure 2.11 shows the results of a symmetric 735-kV, 800-km lossless line
where, at its midpoint, a controllable var compensator is installed that holds the
midpoint voltage at 1.05-pu value. The var compensator has a fully controllable
range of —600 MVAR to +400 MV AR. Beyond the +400-MV AR limit, the com-
pensator behaves like a fixed capacitor (X, = 1489 Q); below —600 MVAR, it
acts like a fixed inductor (X; = 992.66 Q). It should be observed that under these
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circumstances, the maximum power transfer of the line is modified to 2423.9
MW, and the maximum overvoltage of the midpoint is limited to 1.062 pu.
The conclusions are as follows:

1. As the length of the line increases on account of the line-charging capac-
itances, the line experiences significant overvoltages at light-load condi-
tions.

2. Overvoltages can be limited by using fixed- or switched-shunt reactors at
the line ends as well as at intermediate buses where needed.

3. The application of midpoint or intermediate bus-voltage controllers (var
compensators) enhances the power-transmission capacity of a long line.

4. In practical cases, var controllers are sized by carefully selecting their
continuous-operating range to hold the connecting-bus voltage within an
acceptable range of values in the normal line-loading range.

Active and Passive Var Control When fixed inductors and/or capacitors are
employed to absorb or generate reactive power, they constitute passive control.
An active var control, on the other hand, is produced when its reactive power
is changed irrespective of the terminal voltage to which the var controller is
connected.

2.3 PASSIVE COMPENSATION

In the foregoing discussion, a lossless line was analyzed, and the case study
presented in Section 2.2 provided many numerical results and highlighted the
problems of voltage control and the need to exercise reactive-power control
to make a system workable. Reactive-power control for a line is often called
reactive-power compensation. External devices or subsystems that control reac-
tive power on transmission lines are known as compensators. Truly speaking,
a compensator mitigates the undesirable effects of the circuit parameters of a
given line. The objectives of line compensation are invariably

1. to increase the power-transmission capacity of the line, and/or

2. to keep the voltage profile of the line along its length within acceptable
bounds to ensure the quality of supply to the connected customers as well
as to minimize the line-insulation costs.

Because reactive-power compensation influences the power-transmission
capacity of the connected line, controlled compensation can be used to improve
the system stability (by changing the maximum power-transmission capacity),
as well as to provide it with positive damping. Like other system components,
reactive-power compensators are dimensioned, and their types are selected on
the basis of both their technical and cost effectiveness.
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Figure 2.12 The two sections of a double-circuit high-voltage ac line for long-distance
transmission.

2.3.1 Shunt Compensation

Passive reactive-power compensators include series capacitors and shunt-con-
nected inductors and capacitors. Shunt devices may be connected permanently
or through a switch. Shunt reactors compensate for the line capacitance, and
because they control overvoltages at no loads and light loads, they are often con-
nected permanently to the line, not to the bus. Figure 2.12 shows the arrange-
ments of shunt reactors on a long-distance, high-voltage ac line. Many power
utilities connect shunt reactors via breakers, thereby acquiring the flexibility
to turn them off under heavier load conditions. Shunt reactors are generally
gapped-core reactors and, sometimes, air-cored.

Shunt capacitors are used to increase the power-transfer capacity and to
compensate for the reactive-voltage drop in the line. The application of shunt
capacitors requires careful system design. The circuit breakers connecting shunt
capacitors should withstand high-charging in-rush currents and also, upon dis-
connection, should withstand more than 2-pu voltages, because the capacitors
are then left charged for a significant period until they are discharged through
a large time-constant discharge circuit. Also, the addition of shunt capacitors
creates higher-frequency-resonant circuits and can therefore lead to harmonic
overvoltages on some system buses.

2.3.2 Series Compensation

Series capacitors are used to partially offset the effects of the series induc-
tances of lines. Series compensation results in the improvement of the maximum
power-transmission capacity of the line. The net effect is a lower load angle
for a given power-transmission level and, therefore, a higher-stability margin.
The reactive-power absorption of a line depends on the transmission current, so
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when series capacitors are employed, automatically the resulting reactive-power
compensation is adjusted proportionately. Also, because the series compensa-
tion effectively reduces the overall line reactance, it is expected that the net
line-voltage drop would become less susceptible to the loading conditions.

In an interconnected network of power lines that provides several parallel
paths, for power flow between two locations, it is the series compensation of
a selected line that makes it the principal power carrier. Series compensation
is defined by the degree of compensation; for example, a 1-pu compensation
means that the effective series reactance of a line will be zero. A practical upper
limit of series compensation, on the other hand, may be as high as 0.75 pu.

One impact of the passive compensation of lines is that whereas the
shunt-inductive compensation makes the line electrically resonant at a super-
synchronous frequency, the series compensation makes the line resonant at
a subsynchronous frequency. The subsynchronous resonance (SSR) can lead
to problematic situations for steam turbine—driven generators connected to a
series-compensated transmission line. These generators employ multiple tur-
bines connected on a common shaft with the generator. This arrangement con-
stitutes an elastically coupled multimass mechanical system that exhibits sev-
eral modes of low-frequency torsional resonances, none of which should be
excited as a result of the subsynchronous-resonant electrical transmission sys-
tem.

The application of series compensation requires several other careful consid-
erations. The application of series capacitors in a long line constitutes placing
a lumped impedance at a point. Therefore, the following factors need careful
evaluation:

1. The voltage magnitude across the capacitor banks (insulation);
2. The fault currents at the terminals of a capacitor bank;

3. The placement of shunt reactors in relation to the series capacitors (res-
onant overvoltages); and

4. The number of capacitor banks and their location on a long line (voltage
profile).

2.3.3 Effect on Power-Transfer Capacity

The consideration of series compensation invariably raises the issue of its com-
parison with shunt compensation. A simple system analysis can be performed
to develop a basic understanding of the effect of shunt and series compensation
on power-transmission capacity.

Consider a short, symmetrical electrical line as shown in Fig. 2.13. For an
uncompensated line, and assuming V; = V, = V, the power equation (2.9)
becomes
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Figure 2.13 The series compensation of a short, symmetrical transmission line.
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From the voltage-phasor equations and the phasor diagram in Fig. 2.13(a),

(2.22)

2.3.3.1 Series Compensation If the effective reactance of a line is con-
trolled by inserting a series capacitor, and if the line terminal voltages are held
unchanged, then a AX; change in the line reactance will result in a Al; change
in the current, where

2V 8 AX
sin — X, = I, ==L (2.23)

AL = -2
T x? 2 X,

Therefore, from Eq. (2.21), the corresponding change in the power transfer will
be
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V2 b b
AP =——5 2sin — cos — AX (2.24)
X7 2 2
Using Egs. (2.22) and (2.23), Eq. (2.24) may be written as

1
AP = — (—AXI?)
2tan —
2

As —AX] is the reactance added by series capacitors, AX;II2 = AQ;. represents
the incremental var rating of the series capacitor. Therefore

AP
AQs.

(2.25)

0
2tan —
an 5

2.3.3.2 Shunt Compensation Reconsider the short, symmetrical line de-
scribed in Fig. 2.13(a). Apply a shunt capacitor at the midpoint of the line so
that a shunt susceptance is incrementally added (AB,), as shown in Fig. 2.14.
For the system in this figure, the power transfer in terms of the midpoint voltage
on the line is

VVi . 6
P: @ sin 5 (226)
2

The differential change in power, AP, as a result of a differential change, AV,,,
is given as

2V 0
AP: 71 Sin 5 AVm (227)

X2, X/2
!
O— Y Y Y YYY O
Al
AB; =Z

™~

Vy= VLo V282 |V, = V208

O O

V, = VLO°

Figure 2.14 The midpoint-capacitor compensation of a short, symmetrical line.
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Also as shown in Fig. 2.14,
Al =V,AB,

The current A/, in the midline shunt capacitor modifies the line currents in the
sending and receiving ends of the line to the following:

Al Al
I[s :I[* i and I[rill+ 2C
As V,, =V, +j1,X,/2,
ALX, V,X
AV, = ; L_ ZZ AB, (2.28)

Substituting the results of Eq. (2.28) in Eq. (2.27), we get

VV . 0
= si

AP 2 AB,
2 5

If the midpoint voltage of the line is approximately equal to V cos /2, then the
incremental rating of the shunt-capacitor compensation will be AQy, = V2 AB,,
or

AP 1
AQsh - 2 2

(2.29)

By comparing Egs. (2.25) and Eqgs. (2.29), we deduce that for an equivalent
power transfer on a short electrical line,

2
A0 (tan 6) (2.30)

AQsh 2

Assuming an operating load angle 6 = 30°, we get the ratio of the ratings of
series (AQse) to shunt (AQg,) compensators to be 0.072, or 7.2%.

From the foregoing discussion, it is clear that the var net rating of the series
compensator is only 7.2% of that required of a shunt compensator for the same
change in power transfer. Therefore, one concludes that the series-capacitive
compensation is not only achieved with a smaller MV AR rating, but also that
it is automatically adjusted for the entire range of the line loading. However, the
cost of the compensator is not directly related only to the MV AR-rating series-
capacitor costs increase because they carry full line current and also both their
ends must be insulated for the line voltage.

Practical application of series capacitors requires isolation and bypass
arrangements as well as protection and monitoring arrangements. For a com-
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plete discussion of series compensation, it is recommended that readers consult
refs. [2] and [3].

2.4 SUMMARY

This chapter elucidated the concepts of reactive power and presented the theo-
retical bases of reactive-power compensation in electrical transmission systems.
A detailed case study was presented in which the principles of shunt-reactive-
power compensation were illustrated, and a comparative analysis of both series
and shunt compensation was included as well.
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I CHAPTER 3

Principles of Conventional
Reactive-Power Compensators

3.1 INTRODUCTION

This chapter presents power-circuit topologies, fundamental operating prin-
ciples, and reactive-power control processes of different shunt-connected
reactive-power control devices. For years, these devices have been addressed
by different names in the literature—static var generators (SVGs), static var
compensators (SVCs), static compensators, and static var systems (SVSs), for
example. However, both the CIGRE [1] and the Institute of Electrical and Elec-
tronics Engineers (IEEE) [2] have established the following definitions to ensure
consistency.

An SVG is a static electrical device, system, or piece of equipment that is
capable of drawing a controlled capacitive or inductive current from an electri-
cal power system, thereby generating or absorbing reactive power. An SVC is
a shunt-connected static generator and/or absorber of reactive power in which
the output is varied to maintain or control specific parameters of an electrical
power system. An SVG is an integral part of an SVC. An SVS is a combina-
tion of different static and mechanically switched var compensators (capacitors
and/or reactors) in which the outputs are coordinated. A var compensating sys-
tem (VCS) is a combination of SVSs and rotating var compensators in which
the outputs are coordinated. The general characteristics of SVCs are given in
the list that follows. (See refs. [1] and [3]-[10].)

1. The lowering of maintenance requirements from the absence of rotating
parts.

The very fast control-response time.

The feasibility of individual phase control.

The diminished losses.

The high reliability.

The lack of contribution to system short-circuit capacity.

Nk

The generation of harmonics by SVCs except thyristor-switched capaci-
tors (TSCs).

40



SYNCHRONOUS CONDENSERS 1

8. The variation of SVC reactive-power generation as the square of terminal
voltage when it is operating outside the linear controllable range, leading
to a substantial reduction in reactive-power support at lower voltages.

Characteristics (1)—(5) of the foregoing list constitute the prominent advantages
of SVCs, whereas characteristics (7) and (8) constitute disadvantages; however,
characteristic (6) may be considered a merit or a demerit, depending on the appli-
cation. Those SVCs using higher-power-rated thyristors have been identified as
key elements in flexible ac transmission systems (FACTSs), which are either con-
trolled individually or coordinated with other dynamic devices in power systems,
such as power-system stabilizers (PSS) and HVDC controllers. The ultimate con-
trol objectives may be to extend the power loading of existing transmission lines,
as well as to regulate voltage and provide additional system damping [8]-[11].
Although SVCs are used extensively at the present time for reactive-power com-
pensation, one should note that rotating synchronous condensers have been the
industry workhorses for reactive compensation for decades and still find some
important applications, as described in the following section.

3.2 SYNCHRONOUS CONDENSERS

Until the mid-1970s, synchronous condensers or synchronous compensators
were the only fully controllable reactive-power devices available for power sys-
tems.

3.2.1 Configuration

A synchronous condenser is a synchronous machine, the reactive-power out-
put of which can be continuously controlled by varying its excitation current,
as shown by the V-curves and performance characteristics of the machine in
Fig. 3.1. When the synchronous machine is connected to the ac system and is
underexcited, it behaves like an inductor, absorbing reactive power from the ac
system. However, when it is overexcited, it functions like a capacitor, inject-
ing reactive power into the ac system. The machine is normally excited at the
base current when its generated voltage equals the system voltage; it thus floats
without exchanging reactive power with the system. The broken-line charac-
teristic curve corresponds to loading beyond the machine’s rated stator current.
A synchronous condenser is usually connected to the EHV ac system through
a coupling transformer. For voltage-control applications, the desired slope in
the steady-state voltage—current characteristics (see Section 5.2) is implemented
through the reactance of the coupling transformer. The magnitude of the slope
can be adjusted by excitation control.

Large, synchronous condensers are usually hydrogen-cooled. Ratings of up
to 345 MVA have been reported in commercial use [12]. Various aspects of
the design, operation, and starting methods of synchronous compensators are
explained in ref. [3]. Synchronous compensators are characterized by relatively



42 PRINCIPLES OF CONVENTIONAL REACTIVE-POWER COMPENSATORS

Normal
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Stator Current (pu)

Leading

pf \"/ pf

Field Current (pu)

Figure 3.1 The relation between stator current and field current in the synchronous
condenser.

slow control responses (100-500 ms) because of their large field-time constants.
As they are rotating devices, they require regular maintenance and become more
expensive than equivalent-rating static compensators.

3.2.2 Applications

Synchronous condensers are currently used for the following main applications:

1. control of large-voltage excursions, and
2. dynamic reactive-power support at HVDC terminals.

3.2.2.1 Control of Large-Voltage Excursions Under sudden terminal-
voltage changes, a synchronous condenser’s operation switches sequentially to
subtransient and transient modes, thus absorbing significant amounts of reac-
tive power. For example, under severe overvoltage conditions, intrinsically a
synchronous condenser absorbs a substantial amount of reactive power even
when the field current remains unchanged. (In fact, the field control provides
a slower follow-up control.) As the thermal time constant of the condenser is
usually large, it can be safely overloaded for a short time by field control as
well [3]. For example, should the terminal voltage degrade to 0.8 pu, the con-
denser may be used to supply 1.5-pu reactive power for about one minute to
correct the voltage decline. The extent of capacitive overloading depends on

the margin of the exciter-ceiling voltage.

3.2.2.2 Dynamic Reactive-Power Support at HVDC Terminals Syn-
chronous condensers are connected at the inverter end of an HVDC line to
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Figure 3.2 An equivalent circuit of a synchronous condenser connected at the inverter
end of a dc link.

provide the controllable part of the reactive-power requirement of the inverter
station and also to help regulate the inverter ac voltage by increasing the short-
circuit capacity of the ac system. More simply stated, a synchronous condenser
can be modeled as a controlled voltage source behind a reactance, as shown
in Fig. 3.2. When it is viewed from the inverter terminals, the synchronous
condenser reactance appears in parallel with the equivalent reactance of the
ac system. The HVDC links are often connected to weak ac systems at the
receiving end, which are susceptible to commutation failure if adequate control
measures are not taken. Hence the compensation of ac system strength becomes
an important consideration for utilities to adopt synchronous condensers instead
of the much faster-acting SVCs, which do not contribute to the ac system fault
level [13], [14].

3.3 THE SATURATED REACTOR (SR)

3.3.1 Configuration

This compensator comprises a polyphase, harmonic-compensated self-saturat-
ing reactor in shunt with a switched capacitor. The saturated reactor (SR) pro-
vides the control of reactive power, whereas the capacitor gives the bias in
the leading power-factor range. A simple saturated iron-core reactor cannot be
used in this compensator, as it would result in highly distorted voltage and cur-
rent waveforms [3]. The harmonics are minimized by employing a specially
designed multicoupled, core treble-tripler reactor. This reactor, shown in Fig.
3.3, constitutes nine equally displaced limbs, of which only one is unsaturated
at a given instant. Furthermore, each limb saturates alternately in either a pos-
itive or a negative direction, resulting in a total of 18 distinct unsaturations in
a cycle. This activity leads to the generation of characteristic harmonics of the
order 18k + 1, where k=1, 2, 3, ..., thatis, 17, 19, 35, 37, and so on. Addi-
tional internal compensation attenuates the level of these harmonics to less than
2%, thereby reducing the need for external filters.
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Figure 3.3 A polyphase treble-tripler SR: (a) magnetic-core layout and (b) winding
connections. (Courtesy: The Canadian Electrical Association [CEA].)
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Figure 3.4 An SR compensator.

3.3.2 Operating Characteristics

The SR compensator has an inherent voltage-control capability. It directly
responds to the variations in terminal voltage and does not use any thyristor
switches or external control for voltage regulation. In EHV applications (usu-
ally those above 132 kV), SR compensators are connected to transmission-sys-
tem buses by means of a coupling transformer. A typical SR compensator is
depicted in Fig. 3.4; its steady-state V-I characteristic is illustrated in Fig. 3.5.
The effective reactance corresponding to the slope of saturation characteristic
of the SR varies from 8 to 15% on its own rating, which is attributed to the
residual inductance of saturated iron. For voltage regulation, however, this slope
needs to be reduced to 3—5%. Because of the expense in achieving this slope
reduction by improved reactor design, a slope-correcting capacitor is installed
in series with a saturated reactor. To prevent the occurrence of subharmonic
oscillations from the interaction of the slope-correcting capacitor, the saturated
reactor, and the network reactance—especially in weak ac systems—invariably
a damping filter is provided across the slope-correcting capacitor. Occasionally,
a capacitor with an associated filter may be installed in series with the coupling
transformer to offset its reactance and, consequently, improve the voltage reg-
ulation at the HV bus.

The connection of the shunt capacitor extends the range of continuously con-
trollable vars to the leading power-factor range. The biasing shunt capacitor is
equipped with small tuning inductors to provide filtering of the remnant har-
monics generated by the SR. These inductors are designed to preclude the pos-
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Figure 3.5 The operating characteristics of an SR compensator.

sibility of resonance with system impedance. The voltage reference, or knee
point, of the V-I characteristic can be varied by adjusting the taps of the cou-
pling transformer.

Because of its iron core, the SR compensator possesses an inherent current-
overloading capability of 3—4 pu, which makes it very suitable for controlling
temporary overvoltages. The overloading capability of the SR may become
restricted from the slope-correcting capacitors, although it may, however, be
restored by bypassing the slope-correcting capacitors with the use of spark gaps
during severe overvoltage conditions, albeit at the expense of voltage regula-
tion.

The SR in the absence of slope-correcting capacitor is the fastest of all com-
mercially available SVCs. The slope-correcting capacitors reduce the response
time to about one-and-a-half to two cycles, which is comparable to a thyristor-
controlled reactor (TCR). The SR is more lossy (0.7-1% of its MVA rating)
compared to TCR. Its high magnetostrictive noise usually forces its installa-
tion in thick enclosures. The SR is a very reliable device, except for spark-gap
protection and load tap-changer components, and it is generally employed for

1. the control of large-voltage excursions,
2. the alleviation of voltage flicker, and

3. the reactive compensation at a HVDC terminal.

The SR compensators are not amenable to external controls, which deprives the
SR of its capability to introduce the much-needed damping in the ac system for
stability enhancement. Commercial sizes of the SR compensator extend up to
270 MVAR.
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3.4 THE THYRISTOR-CONTROLLED REACTOR (TCR)

A TCR is one of the most important building blocks of thyristor-based SVCs.
Although it can be used alone, it is more often employed in conjunction with
fixed or thyristor-switched capacitors to provide rapid, continuous control of
reactive power over the entire selected lagging-to-leading range.

3.4.1 The Single-Phase TCR

A basic single-phase TCR comprises an anti-parallel-connected pair of thyristor
valves, T and T, in series with a linear air-core reactor, as illustrated in Fig.
3.6. The anti-parallel-connected thyristor pair acts like a bidirectional switch,
with thyristor valve T conducting in positive half-cycles and thyristor valve
T, conducting in negative half-cycles of the supply voltage. The firing angle
of the thyristors is measured from the zero crossing of the voltage appearing
across its terminals.

The controllable range of the TCR firing angle, «, extends from 90° to 180°.
A firing angle of 90° results in full thyristor conduction with a continuous sinu-
soidal current flow in the TCR. As the firing angle is varied from 90° to close
to 180°, the current flows in the form of discontinuous pulses symmetrically
located in the positive and negative half-cycles, as displayed in Fig. 3.7. Once
the thyristor valves are fired, the cessation of current occurs at its natural zero
crossing, a process known as the line commutation. The current reduces to zero
for a firing angle of 180°. Thyristor firing at angles below 90° introduces dc
components in the current, disturbing the symmetrical operation of the two
antiparallel valve branches. A characteristic of the line-commutation process
with which the TCR operates is that once the valve conduction has commenced,
any change in the firing angle can only be implemented in the next half-cycle,
leading to the so-called thyristor deadtime.

Let the source voltage be expressed as

vs(t) = Vsin wt (3.1

Figure 3.6 A TCR.
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Figure 3.7 Current and voltages for different « in a TCR.

where V = the peak value of the applied voltage and w = the angular frequency
of supply voltage. The TCR current is then given by the following differential
equation:

iiifvs(t):o (3.2)

L
dt

where L is the inductance of the TCR. Integrating Eq. (3.2), we get

i@éSm@M+C (3.3)

where C is the constant.
Alternatively,

\%
it)y=——— cos wt+C 3.4)
wlL
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For the boundary condition, i(w? = ) = 0,
. Vv
i(t) =——— (cos a — cos wt) (3.5)
wl

where o = the firing angle measured from positive going zero crossing of the
applied voltage. Fourier analysis is used to derive the fundamental component
of the TCR current /{(«), which, in general, is given as

I, () = aj cos wt + by sin wt (3.6)

where b; = 0 because of the odd-wave symmetry, that is, f(x) = f(—x). Also,
no even harmonics are generated because of the half-wave symmetry, that is,
fx+T/2) =—f(x). The coefficient a; is given by

4 (72 2
ar= o SO f(x) cos % dx 3.7)
Solving,
1% 2a 1
1) = — (1 ~ % sin 2a) (3.8)
wlL T T

Equation (3.8) can also be rewritten as

I1(a) = VBrcr(a) (3.9)
where
2 1
Brcr(@) = Binax <1 -2 sin 2a> (3.10)
™ ™
Binax = L (3.11)
max — wL .

The firing angle « is related to the conduction angle o, as follows:
(o
+ == 3.12
at o= (3.12)

Substituting Eq. (3.12) in Eq. (3.8) gives the alternative expression of the fun-
damental component of the TCR current:

Ii(0) = VBmax<0;iM) (3.13)

or
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Figure 3.8 Control characteristics of the TCR susceptance, BTCR.

I1(0) = VBrcr(0) (3.14)
where
BTCR(U) :Bmax <a7srlno> (315)

The variation of per-unit value of Brcr with firing angle « is depicted in Fig.
3.8. The per-unit value of Brcr is obtained with respect to its maximum value
Bnax as the base quantity.

The TCR thus acts like a variable susceptance. Variation of the firing angle
changes the susceptance and, consequently, the fundamental-current compo-
nent, which leads to a variation of reactive power absorbed by the reactor
because the applied ac voltage is constant. However, as the firing angle is
increased beyond 90°, the current becomes nonsinusoidal, and harmonics are
generated. If the two thyristors are fired symmetrically in the positive and neg-
ative half-cycles, then only odd-order harmonics are produced. The harmonics
can be deduced through a Fourier analysis of higher-frequency components.
The rms value of the nth-order harmonic is expressed as a function of « in the
following equation:

In(a) =

2 . sin(n — Do sin(n + 1)«
— sin no + +
T n—1 n+1

(3.16)

v

wlL
V4 | sin acos(na) — ncos a sin(na)
L «

nn?-1)

where n=2k+1land k=1, 2,3, ...
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Figure 3.9 Harmonics in a TCR current.
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The variation of the amplitude of different harmonics is shown in Fig. 3.9,
whereas the same for the total harmonic-current content is displayed in Fig.
3.10. It is seen that all the harmonics do not peak at the same firing angle. The
maximum values of various harmonic currents, each expressed as a percentage
of the fundamental component, are listed in Fig. 3.9.

It should be noted that a thryistor valve usually comprises many parallel-con-
nected strings, each constituting many serially connected thyristors. The series
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connection enhances the voltage-blocking capability of the valve to correspond
to the secondary voltage of the coupling transformer. On the other hand, the
parallel connection of strings extends the current capability of the valve. The
exact number of thyristors in series and parallel is determined from an optimiza-
tion process that depends on the rating of individual valves and the coupling
transformer.

3.4.2 The 3-Phase TCR

A 3-phase, 6-pulse TCR comprises three single-phase TCRs connected in delta,
as shown in Fig. 3.11. The inductor in each phase is split into two halves, as
shown in Fig. 3.12, one on each side of the anti-parallel-connected thyristor
pair, to prevent the full ac voltage appearing across the thyristor valves and
damaging them if a short-circuit fault occurs across the reactor’s two end ter-
minals. The phase- and line-current waveforms are also displayed in Fig. 3.11.
If the 3-phase supply voltages are balanced, if the three reactor units are iden-
tical, and also if all the thyristors are fired symmetrically—with equal firing
angles in each phase—then the symmetric current pulses result in both positive
and negative half-cycles and the generating of only odd harmonics. The per-
centage values of harmonic currents with respect to fundamental—both in the
phases and in the lines—are the same.

The delta connection of the three single-phase TCRs prevents the triplen (i.e.,
multiples of third) harmonics from percolating into the transmission lines. The
cancellation of its 3rd and multiple harmonics can be explained as follows: Let
iABn»> ipcn, and ica, be the nth-order harmonic-phase currents in the respective
delta branches, and let iy,, ip,, and ic, be the currents in the respective lines
connected to the delta-configured TCR. Then, the 3rd harmonic currents are
expressed as

iag3 = az cos(Bwt + ¢3)

2
ipc3 = az cos <3wt+¢3 -3 37[')

=azcos(Bwt + ¢35 — 2m)

4
ica3 = a3 COS <3wt+¢3 -3 ?:T)
— a3 cos(wi + ¢ — 4m) (3.17)
Thus

iAB3 = ipc3 = ica3 (3.18)

All three currents are in phase and circulate in the thyristor delta, forming a
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Figure 3.11 A delta-connected TCR and its phase and line currents for different «.

zero-sequence system. It follows that the 3rd harmonic line currents reduce to
zero, as follows:

ia3 =iag3 —icaz =0 (3.19)
Likewise
ip3=0, ic3=0 (3.20)

A closer analysis reveals that not only the 3rd harmonic but also all triplen
harmonics get canceled out. Therefore, all harmonic components of the order
3p+3,wherep=0,1,2,3,...(@3,9, 15, 21, 27, etc.) cannot flow in the lines
during balanced operation.

A similar analysis can be done for the 5th and 7th harmonic current, as
follows:

For the 5th harmonic, let
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iags = as cos(Swt + ¢s)

2
ipcs = as cos (5(.0[ +¢s—5 371-)

4
= a5 CoS <5wt + 5 — ;)

4
icas = ds COS <5wt+¢)5 -5 ;)

a5cos<5wt+¢5 23”) (3.21)

Phase-shift angles for the three delta currents clearly indicate that the 5th har-
monic represents a negative-sequence system of currents. The same applies for
harmonics of the order 6p + 5, where p =0, 1, 2, 3, . .. (5, 11, 17, etc.).
Furthermore, these harmonics do not cancel out in the line.

For the 7th harmonic, let

iag7 = a7 cos(Twt + ¢7)

. 2T
ipc7 =azcos| 7wt +¢p7 — T

ica7 = a7 COS <7wt+¢7 — 4;:) (3.22)
The phase-shift angles reveal that the 7th harmonic and all other harmonics of
the order 6p + 1, where p=0, 1,2, 3, ... (7, 13, 19, etc.), constitute a positive-
sequence system and moreover, that they do flow in the lines connecting to the
6-pulse TCR.

The stringent conditions mentioned previously for balanced operation may
not be fully satisfied in real life. For instance, the reactors may not be identical
in all three phases or the supply voltages may not be balanced. This imbal-
ance results in the emission of noncharacteristic harmonics, including triplen
harmonics, into the line [4]. The magnitude of these noncharacteristic harmon-
ics is insignificant under normal circumstances, but during severe disturbances,
unequal firing of thyristors in positive and negative cycles may occur. This con-
dition results in a dc component, which is sufficient to cause saturation of the
coupling transformer, creating increased harmonic emanation.

In addition to the harmonics, a small, in-phase component of current
(0.5-2%) of fundamental frequency also flows in the TCR, which represents
the resistive losses in the TCR windings. Typical values of TCR quality factor
(QF = wL/R) accounting for these losses range from 40 to 100.

Filters are usually provided in shunt with the TCR, which are either of series
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Figure 3.12 A 1-line diagram of a TCR compensator with fixed-shunt capacitors.

LC or LCR configuration. These filters are tuned to the dominant 5th and 7th
harmonic frequencies. Sometimes, specific filters for 11th and 13th harmonics
or a simple high-pass filter are also installed. If an individual phase control of
the TCR is envisaged, or if the network resonance conditions so necessitate
(see Section 5.5), a 3rd harmonic filter needs to be installed in parallel with the
TCR.

The schematic diagram of a 6-pulse TCR with filters is depicted in Fig. 3.12.
As it is desirable in power-system applications to have controllable capacitive-
reactive power, a capacitor is connected in shunt with the TCR. This capacitor
may be fixed, or it may be switchable by means of mechanical or thyristor
switches. The main advantages of the TCR are flexibility of control and ease
in uprating. Different control strategies can be easily implemented, especially
those involving external supplementary signals to achieve significant improve-
ments in system performance. The voltage reference and current slope can be
controlled in a simple manner. Modular in nature, a TCR SVC can have its
rating extended by the addition of more TCR banks, as long as the coupling-
transformer rating is not exceeded.

The TCRs do not possess high overload capability because the air-core
design of their reactors. If the TCRs are expected to transiently withstand
high overvoltages, a short-term overload capacity must be built into the TCR
by design, or additional thyristor-switched overload reactors may need to be
installed.

The TCR responds rapidly, typically in duration of one-and-a-half to three
cycles. The actual response time is a function of measurement delays, TCR-
controller parameters, and system strength, which is discussed in Chapter 5.
Those TCRs having a 300-MVA rating are already installed in power systems.
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3.4.3 The Thyristor-Switched Reactor (TSR)

The TSR is a special case of a TCR in which the variable firing-angle control
option is not exercised. Instead, the device is operated in two states only: either
fully on or fully off.

If the thyristor valves are fired exactly at the voltage peaks corresponding
to o = 90° for the forward-thyristor valve 7| and o = 270° (90° + 180°) for
the reverse-thyristor valve 75, as depicted in Fig. 3.6, full conduction results.
The maximum inductive current flows in the TCR as if the thyristor switches
were replaced by short circuits. However, if no firing pulses are issued to the
thyristors, the TSR will remain in a blocked-off state, and no current can flow.

The TSR ensures a very rapid availability of rated inductive reactive power to
the system. When a large magnitude of controlled reactive power, Q, is required,
a part of Q is usually assigned to a small TSR of rating, say, Q/2; the rest is
realized by means of a TCR also of a reduced rating Q/2. This arrangement
results in substantially decreased losses and harmonic content as compared to
a single TCR of rating Q.

3.4.4 The Segmented TCR

One method of reducing harmonic generation is to segment the main TCR into
n (n = 2) parallel-connected TCRs, each having a reactive-power rating 1/n of
the total TCR. Of these n TCRs, the firing angle of only one unit is controlled,
whereas the others are either switched on or off to absorb the desired amount
of reactive power. As the size of the controllable reactor is decreased with a
consequent increase in its inductance by a factor of n, the magnitude of each
generated harmonic—as given by Eq. (3.16)—also attenuates by a factor of n
compared to the rated fundamental component of the current. Correspondingly,
the size and rating of required harmonic filters also attenuates.

The harmonic reduction achieved with this SVC configuration is accompa-
nied by increased costs because of the greater number of involved thyristors.
Thus a segmented TCR with TSRs emerges as a more expensive option com-
pared to a nonsegmented TCR if the number of TCR segments is large.

3.4.5 The 12-Pulse TCR

As in HVDC systems, a substantial harmonic reduction is achieved by employ-
ing a 12-pulse—configured TCR. In this arrangement, two 6-pulse TCRs are sup-
plied by three phase voltages, which are phase-displaced by 30°. The 12-pulse
TCR necessitates either a customized 3-winding transformer with two secon-
daries or two separate transformers with identically connected primaries. In both
cases, one of the secondaries is star-connected; the other, delta-connected.
The concept behind a 12-pulse TCR is explained in Fig. 3.13 by phasor dia-
grams of two delta-connected TCRs, each energized by differently configured
ideal transformers. Figure 3.13(a) displays on its left side a TCR circuit with a
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Figure 3.13 The phasor relationship in a 12-pulse TCR: (a) a star—star coupling trans-
former and (b) a star—delta coupling transformer.
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Figure 3.14 A TCR in a 12-pulse arrangement.

star-star—connected transformer and the phasor diagrams for fundamental, the
5th and 7th harmonic phases, and the primary line current. The corresponding
circuit for the star-delta—connected transformer is shown in Fig. 3.13(b). Note
that the turns ratio of both the transformers are chosen so that they receive the
same magnitude of the primary line currents as in the valves.

The two sets of phasor diagrams are directly comparable because the phasor
reference on both sides is the primary fundamental current in phase A. It is
seen that both alternatives generate the same fundamental currents (phase and
magnitude) on the primary side of the transformer. The 3rd harmonic is not
existent in the transformer primary currents because it gets canceled by the
delta arrangement of the TCRs. Both the 5th and 7th harmonics show the same
magnitude but opposite phase relations in the two alternatives. The primary
star windings of the two systems may be combined, resulting in a 3-winding
transformer arrangement, as shown in Fig. 3.14. The currents of the two 6-pulse
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systems add on the system side for fundamental frequency, but they subtract
and cancel for 5th and 7th—and for all higher frequencies of [6(2n + 1) £ 1,
n=0,1,2,...]—order.

Figure 3.14 shows the harmonic-current content in a 12-pulse scheme at var-
ious locations. The large reduction in harmonic content achieved with the 12-
pulse TCR greatly alleviates the requirements for harmonic filters. Instead of
employing tuned 5th and 7th harmonic filters, as in the 6-pulse TCR, only high-
pass filters may prove adequate. Once again, the harmonic reduction is asso-
ciated with enhanced costs because of the increased number of thyristors and
the presence of a special double-secondary transformer as well as a complex
firing sequence. An additional advantage that occurs with the 12-pulse TCR is
increased reliabiilty. Should one of the 6-pulse TCR units fail, the other TCR
unit continues to operate, although with half the reactive-power rating. The 12-
pulse TCRs have higher overload capabilities than the 6-pulse ones.

Those TCRs with pulse numbers higher than 12 are not used in practice,
although their use would ensure a drastic reduction in harmonics. The reason
for this lack of use is that they have become too complex and expensive; for
instance, a 3-secondary-winding transformer would be needed for an 18-pulse
TCR. Furthermore, the precision required in firing control to ensure the sym-
metrical firing of the thyristors is not easily attainable.

3.4.6 Operating Characteristics of a TCR

3.4.6.1 Operating Characteristics Without Voltage Control The sim-
plest SVC configuration consists of a TCR connected to the power system as
shown in Fig. 3.15. In the analysis of compensator performance, the funda-
mental frequency behavior is generally considered. In practice, harmonics are
filtered and reduced to very low values. The approach shown in Fig. 3.15 is very
convenient for the performance analysis—the whole TCR branch is replaced by
an equivalent continuously variable reactor. The sinusoidal current flowing in
this reactor is equal to the fundamental component of the nonsinusoidal current

Isve
Isvc
Fundamental-
Frequency
Equivalent
By Brcr
TCR 0>Btcr> B,

Figure 3.15 A simple SVC circuit using a TCR.
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Figure 3.16 Different characteristics of an SVC: (a) the voltage—current characteristic
and (b) the SVC TCR susceptance characteristic.

flowing in the TCR. Note that Bycg is the variable susceptance in the foregoing
equivalent of the TCR; it is given by Eq. (3.15).

For a general SVC, which can be considered as a black box with an unknown
but purely reactive circuit inside, the overall compensator susceptance Bsyc can
be defined with the following equation:

Isvc = VjBsve (3.23)
In the simple case of a TCR, the compensator susceptance is

Bsvc = Brer (3.24)

Usually, three kinds of characteristics are of interest while analyzing an SVC,
as described in the paragraphs that follow.

Voltage—Current Characteristic or Operating Characteristic This shows the
SVC current as a function of the system voltage for different firing angles,
as depicted in Fig. 3.16(a). This V-I characteristic is given in a very general
sense. No control system is assumed to vary the firing angle, and any operating
point within the two limits is possible depending on the system voltage and the
setting of the firing angle (other currents and voltages may be shown, too). This
characteristic clearly illustrates the limits of the operating range, and it may
include the steady-state characteristics of the various possible controls. This
characteristic is the usual way in which the system engineers prefer to look at
the compensator, because the characteristic shows the steady-state performance
of the SVC plant.
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SVC TCR Susceptance Characteristics These illustrate the change of the
total SVC susceptance when the TCR susceptance is varied, as shown in Fig.
3.16(b). The susceptance characteristic for this case is very simple because
Bsvc = Brcr. Note that the TCR susceptance is negative, indicating that the
TCR is an absorbing reactive component. These characteristics are of most
interest to control-system analysis—the controls affect the TCR firing angle,
whereas the total susceptance Bsyc influences the power system.

Current Characteristics For more complex SVC arrangements, especially
those including TSCs, it is not easy to see how the various branches contribute
to the total SVC current. Therefore, these characteristics show the branch cur-
rents as a function of the total SVC current, and they are important for deter-
mining steady-state current ratings of the various components. (An example of
such a characteristic is given in Fig. 3.38, shown later in this chapter.)

3.4.6.2 Operating Characteristic With Voltage Control The operating
range of Fig. 3.16(a) can be reduced to a single characteristic of operating points
if the effect of the voltage control is incorporated. Let us assume that the com-
pensator is equipped with the voltage control shown in Fig. 3.17(a). The system
voltage is measured, and the feedback system varies Brcr to maintain Vi on
the system. This control action is represented in the operating characteristic in
Figure 3.17(b) by the horizontal branch marked as control range. This charac-
teristic shows the hard-voltage control of the compensator, which stabilizes the
system voltage exactly to the set point Vies.

Two system characteristics—system 1 and system 2—are depicted in Fig.
3.17(b) that illustrate the decline in system node voltage when the node is
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Figure 3.17 The operating characteristics of a TCR with voltage control: (a) an SVC
control system and (b) the V-I characteristic.
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loaded inductively and reactive power is absorbed. The corresponding operating
points for the two system conditions are A; and A;. If the system voltage of
system 2 rises, a new characteristic—system 2’—results. Operating point A then
moves to the right and reaches the absorption limit of the compensator. Any
further increase in system voltage cannot be compensated for by the control
system, because the TCR reactor is already fully conducting. The operating
point A, will, therefore, move upward on the characteristic, corresponding to
the fully on reactor connected to the system (« = 90°). The compensator then
operates in the overload range, beyond which a current limit is imposed by the
firing control to prevent damage to the thyristor valve from an overcurrent. At
the left-hand side, the compensator will reach the production limit if the system
voltage drops excessively; the operating point will then lie on the characteristic
of the undervoltage range.

3.5 THE THYRISTOR-CONTROLLED TRANSFORMER (TCT)

The TCT [1]-[5] is a special kind of transformer designed with a high value of
leakage reactance (typically 100%). The secondary windings of this transformer
are closed through anti-parallel-connected pairs of thyristors, as shown in Fig.
3.18. Firing-angle control of these thyristors provides a continuous variation of
reactive power. The TCT SVC offers a reduction in the cost of the transformer
and reactor by integrating the two devices into one. Furthermore, the iron core
of the TCR allows a greatly enhanced var-absorption overload capability that
is not attainable with conventional air-core TCRs.

The operation of the TCT can be understood from Fig. 3.19, which shows the
secondary side-phase voltage v and phase current i [4]. The corresponding pri-
mary side-phase voltage and current signals are similar. The effective reactance
of the TCT is varied by short-circuiting the secondary delta-connected winding
by the firing-angle control of the associated thyristor-valve pair. The valve fir-
ing is synchronized with the zero crossing of the primary phase voltage. At any
instant of time, the current in a given phase winding is the sum of the current
i in that phase from its associated thyristor firing and the current i, flowing in
the other two phase windings, as influenced by their associated valve firings.
The current component i; flows through the reactance of one phase winding,
whereas the component i, traverses through two phase windings.

For firing angles between 150° and 180°, no overlap between the conducting
intervals of two valves exists, whereas the same occurs if the firing angle is in
the range of 120° to 150°. Two sets of current waveforms result, as depicted
in Fig. 3.19. Full sinusoidal conduction is achieved for a firing angle of 120°,
as opposed to 90° for a TCR. Thus the total controllable range for a TCT is
120° < o £ 180°.

Only odd harmonics are generated in a TCT. The triplen harmonics are elim-
inated by the special connection of the transformer-secondary windings and the
thyristor valves. Overall harmonic generation is the same as in a TCR.
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Figure 3.18 Various arrangements of a TCT compensator: (a) star-connected reactors
and a delta-connected thyristor controller; (b) star-connected reactors in series with a
thyristor controller; and (c) delta-connected reactors and a thyristor controller.

The main disadvantage of the TCT SVC is the high capital cost involved in
the fabrication of a special transformer. Moreover, as no low-voltage secondary
winding is available, the capacitors and filters must be installed on the high-
voltage bus, necessitating a higher voltage rating of the passive components and,
consequently, an increased cost. One of the largest TCT static var compensators
is installed in the Hydro-Quebec System [15], which has a rating of +350 MVA,
—100 MVA at 735 kV.

3.6 THE FIXED-CAPACITOR-THYRISTOR-CONTROLLED REACTOR
(FC-TCR)

3.6.1 Configuration

The TCR provides continuously controllable reactive power only in the lag-
ging power-factor range. To extend the dynamic controllable range to the lead-
ing power-factor domain, a fixed-capacitor bank is connected in shunt with the
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Figure 3.19 The reactor-transformer compensator: (a) the configuration and (b) the
voltage and currents for two values of «.

TCR. The TCR MVA is rated larger than the fixed capacitor to compensate
(cancel) the capacitive MV A and provide net inductive-reactive power should
a lagging power-factor operation be desired. The fixed-capacitor banks, usually
connected in a star configuration, are split into more than one 3-phase group.
Each capacitor contains a small tuning inductor that is connected in series and
tunes the branch to act as a filter for a specific harmonic order. For instance, one
capacitor group is tuned to the 5th harmonic and another to the 7th, whereas
yet another is designed to act as a high-pass filter. At fundamental frequency,
the tuning reactors slightly reduce the net MV A rating of the fixed capacitors.
An FC-TCR compensator is shown in Fig. 3.20.

3.6.2 Operating Characteristic

3.6.2.1 Without the Step-Down Transformer The operating V-I charac-
teristic of an FC-TCR compensator is illustrated in Fig. 3.21. The fixed capac-
itor extends the operating-control range of the SVC to the leading side as com-
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Figure 3.20 An FC-TCR SVC.

pared to that shown in Fig. 3.17. The SVC current, Isyc, can be expressed as a
function of system voltage, V, and compensator susceptance, Bsyc, as follows:

Isyc = VjBsvc (3.25)
where
Bsyc =Bc+Brck and Bc=wC (3.26)

Figures 3.21(b) and (c) show the operating characteristic and the susceptance of
this type of compensator, respectively, and both also show that var production
as well as var absorption is possible. By dimensioning the ratings of the TCR
and the capacitor, respectively, the production and absorption ranges can be
selected according to the system requirements.

3.6.2.2 With the Step-Down Transformer An FC-TCR SVC is usually
connected to the high-voltage power system by means of a step-down coupling
transformer, as shown in Fig. 3.22.

The Compensator Susceptance The compensator susceptance, Bsyc, iS
given by

By (Bc + Brcr) 1
BU + BC + BTCR

Bsvc = (Bc + Brcr) (3.27)

B¢ + Brcr
+ -
B,

1

where B, is the susceptance of the transformer and Bycg is variable from O to
By, according to the firing angles from 180° to 90°.
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Figure 3.21 The operating characteristics of an FC-TCR without a coupling trans-
former.

From Eq. (3.27), the susceptance limits can be calculated. Susceptance at the
production (capacitive) limit, that is, with Bycr = 0 at o = 180°, is expressed
as

BUBC
B =— 3.28
SVC max Ba T BC ( )

Susceptance at the absorption (inductive) limit, that is, with Brcgr = By at o =
90°, is given by

B;(Bc + By)
B n=—————— 3.29
SVC min Bo T BC T BL ( )

It must be noted that By is a negative quantity. An analysis of Eq. (3.27)
shows that the total susceptance Bgyc of the static var compensator does not
change linearly with Bycr. However, if (B¢/B,) << | and (B./B,) < 1, which
is usually the case, the nonlinearity is relatively small. This assumption implies
that the reactance of the coupling transformer is greatly smaller than the reac-
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Figure 3.22 An FC-TCR with a step-down transformer and its V-I characteristics.

tance of either the fixed capacitor or TCR. Equation (3.27) can then be approx-
imated by a linear relation, as follows:

B 2Bc +B
Bgve = (1 . BC > Bc +<1 - %L) Brcr (3.30)

The susceptance limits based on the linearized equation (3.30) are

B¢
Bsvc max = (1 "B, ) B¢

Bc + By,

Bsvc min = (1 ~ B,

) (Bc+Br) (3.31)

The Transformer-Secondary Voltage The voltage at the secondary of the
transformer is

- = 1
V,=1 _—_— 3.32
2TOSVE J(Bc + Brcr) (332)

The Isyc can be expressed as a function of the system voltage V and the total
compensator susceptance Bsyc using Eqs. (3.25) and (3.27), as follows. (Note
that the secondary voltage is in phase with the system voltage.)

B,
Vo=V ——-—«7-—— (3.33)
Bo + BC + BTCR
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At the operating limits of the compensator, the following secondary voltages
are found:

B, Bc
Voicap=V ————=V|(1- 3.34
2cap Bo +BC < Bo ) ( )
B, Bc+ By
Vo=V ——77———=V|1 - — 3.35
2ind Ba T BC T BL < Ba ) ( )

A Practical Example Figure 3.22 gives typical data for an FC-TCR SVC
scheme. The characteristic data at the boundaries of the operating range can be
calculated from the previously deduced formulas. Note that for the calculation,
a per-unit system is used with the following base quantities:

Viase = Viom (the nominal system voltage)
Obase = OsvCcap (the reactive power at full production at Vyom)

The SVC current and the transformer-secondary voltage are calculated with the
assumption that the system voltage is 1 pu.

Production Limit Absorption Limit
Bsyc =1 pu Bsyc =-0.3 pu
Isyc =—1pu Isyc =0.3 pu

V,=1.167 pu V,=0.95 pu

Figure 3.22 shows the operating characteristic of the SVC with the data of
the preceding table. The transformer-leakage reactance is in the range of 15%,
and the production side of the compensator is about three times the rating of
the absorption side, which can be considered typical. The figure also depicts
the transformer-secondary voltage as a function of the total SVC current. It is
interesting to note that the voltage has a negative slope if the SVC steady-state
characteristic is considered flat. Figure 3.23 illustrates the susceptance charac-
teristic. Both the exact characteristic from Eq. (3.27) and the linearized charac-
teristic from Eq. (3.30) are displayed. The errors from linearization are clearly
visible.

Losses A drawback of the FC-TCR SVC is the circulation of large currents in
the FC-TCR loop needed for cancellation of capacitive vars. This results in high
steady-state losses, even when the SVC is not exchanging any reactive power with
the power system, as shown in Fig. 3.24. Typical losses in an FC-TCR scheme
vary from 0.5% to 0.7% of the MVA rating. However, these losses can be min-
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Figure 3.23 Susceptance characteristics of an FC-TCR SVC with a step-down trans-
former.

imized by switching the fixed capacitors through mechanical breakers, ensur-
ing that the capacitors are inserted in the compensator circuit only when leading
vars are needed. Thus a smaller-size—interpolating TCR can be used, and conse-
quently, the steady-state operating losses can be reduced. Those FC-TCRs having
a 300-MVA inductive rating have been already installed in the field.

Power Losses

+ 1%

TCR
4 Losses

J /¢/ Step-Down
——————————————— F——— * — Transformer Losses
I

T Losses in SVC Reactive Power
Capacitor and Filter

Figure 3.24 Losses in an FC-TCR. (Courtesy: The CIGRE.)
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3.7 THE MECHANICALLY SWITCHED CAPACITOR-THYRISTOR-
CONTROLLED REACTOR (MSC-TCR)

In certain applications, especially those involving few capacitor switchings, an
MSC-TCR has been shown to offer acceptable performance at much lower
compensating system costs than a TSC-TCR.

The different MSC-TCR circuit configurations are shown in Fig. 3.25. The
mechanically switched capacitor can be located at the high-voltage bus; how-
ever, in such a case, fixed-harmonic filters must be installed in shunt with the
TCR on the transformer secondary to reduce the harmonic loading of the trans-
former.

One advantage of the MSC-TCR scheme lies in its lower capital cost from
the elimination of the thyristor switches in the capacitor branches; another
advantage, in the reduced operating costs in terms of losses. The disadvan-
tage of the MSC-TCR is a slower speed of response. The mechanical switches
can close in two cycles and open in about eight, compared to one-half to one
cycle with thyristor switches. Some studies show that to compensate for the
slower speed and to achieve a level of transient stability similar to a thyristor-
switched capacitor—thyristor-controlled reactor (TSC-TCR; see Section 3.9), a
25% higher-rated MSC-TCR SVC may be needed.

Another problem with the MSC-TCR relates to the trapped charge that
is invariably left on the capacitor following deenergization. The resid-
ual charge on the capacitors is usually dissipated in about five minutes
through discharge resistors built into the capacitor units. If the capacitor
is switched on within five minutes after deenergization, the trapped charge
may lead to increased switching transients. The MSCs can be switched in
only when the capacitors are discharged. One solution [11] to the prob-
lem of trapped charges is to connect a small magnetic transformer, such

HV SVC Bus HV SVC Bus

N

ol

Couplin Coupling Pe——
Transformgr MV SVC Bus Transformer 7 l ™ MV SVC Bus
1) T
T~
™ 1T

T~ T~

Switched Capacitors

ron Y % ron

High-Pass Switched Capacitors High-Pass TCR
Filter Filter

(a) (b)
Figure 3.25 Different configurations of an MSC-TCR compensator.
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as a potential transformer, in parallel with each phase of the capacitor bank.
Doing so aids in dissipating the trapped charge within 0.15 s.

The TCR in an MSC-TCR is designed to have a lower inductance as com-
pared to a TCR in a TSC-TCR SVC of similar rating. This design is to permit
the increase of its overload capacity to transiently balance the capacitive-reac-
tive power output. A lower inductance TCR produces an increased level of
harmonics and thus needs a more elaborate filtering than a TSC-TCR.

The mechanical switches also possess a finite life, typically 2000-5000 oper-
ations, compared to the infinite switching life of thyristors. The MSCs are usu-
ally switched two to four times a day; they are connected during heavy-load
conditions and removed under light-load conditions. An MSC-TCR may not be
very suitable for voltage-control applications in a system experiencing frequent
disturbances; nevertheless, a study [11] has shown that MSC-TCRs provide per-
formance comparable to a TSC-TCR in damping-power swings between two
areas and also in alleviating severe voltage depression from system faults, all
at a much lower installed capital cost than an equivalent TSC-TCR. Losses
with mechanically switched capacitors are fairly low; they lie in the range of
0.02-0.05%. Because capacitors are very sensitive to overvoltages and over-
currents, appropriate protection strategies need to be employed.

3.8 THE THYRISTOR-SWITCHED CAPACITOR (TSC)

Before describing the configuration and operating characteristics of a TSC, cer-
tain concepts are explained.

3.8.1 Switching a Capacitor to a Voltage Source

The circuit shown in Fig. 3.26 consists of a capacitor in series with a bidirec-
tional thyristor switch. It is supplied from an ideal ac voltage source with nei-
ther resistance nor reactance present in the circuit. The analysis of the current
transients after closing the switch brings forth two cases:

1. The capacitor voltage is not equal to the supply voltage when the thyris-
tors are fired. Immediately after closing the switch, a current of infinite
magnitude flows and charges the capacitor to the supply voltage in an
infinitely short time. The switch realized by thyristors cannot withstand
this stress and would fail.

2. The capacitor voltage is equal to the supply voltage when the thyristors
are fired, as illustrated in Fig. 3.26(b). The analysis shows that the current
will jump immediately to the value of the steady-state current. The steady-
state condition is reached in an infinitely short time. Although the magni-
tude of the current does not exceed the steady-state values, the thyristors
have an upper limit of di/dt values that they can withstand during the
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Figure 3.26 Switching of a capacitor at a voltage source: (a) a circuit diagram and
(b) the current and voltage waveforms.

firing process. Here, di/dt is infinite, and the thyristor switch will again
fail.

It can therefore be concluded that this simple circuit of a TSC branch is not
suitable.

3.8.2 Switching a Series Connection of a Capacitor and Reactor

To overcome the problems discussed in the preceding list, a small damping
reactor is added in series with the capacitor, as depicted in Fig. 3.27. Let the
source voltage be

v(t) = Vsin wot (3.36)

where w( is the system nominal frequency. The analysis of the current after
closing the thyristor switch at # = 0 leads to the following result.
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Figure 3.27 A TSC with a series reactor.

2
n
i(t) = Isc cos(wot + ) — nBe¢ <VC() ) 1 Vsin Ol)
n? —

- 8in w,t — I4cCcOS aCcos w,t (3.37)

where the natural frequency is

(3.38)

1
W, =AWy = ——
n /7LC

and the per-unit natural frequency is

X
Wy =4/ | Xcl (3.39)
|X.|

BB,
Ihr=V —= 3.40
AC Be+ B, (3.40)

Here, V¢ is initial capacitor voltage at ¢ = 0. It is well-worth discussing this
result in some detail. Note that no damping is considered in the circuit.

3.8.2.1 The Term Involving Fundamental Frequency, », This term rep-
resents the steady-state solution. As expected, the current leads the voltage by
90°. The current magnitude, I4¢, as obtained in the foregoing equation, can be
alternatively expressed as

n2

n? -1

Iac = VBe (3.41)

A magnification in current by a factor of n?/(n> — 1) is seen as compared to
the case without reactor. The same magnification factor is also inherent in the
magnitude of the capacitor voltage.
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Figure 3.28 The magnification factor for the fundamental-frequency quantities in a
TSC.

n2

Ve=IXc=V ——

(3.42)

It is interesting to study this magnification as a function of the tuning of the
TSC branch. The result is given in Fig. 3.28. For LC circuits tuned to resonance
frequencies of three times the supply frequency and higher, the magnification
factor is close to 1.0; for tuning below 3w(, the magnification factor increases
very rapidly. For practical schemes, therefore, n should be chosen higher than
3 (typically, between the 4th and 5th harmonic).

3.8.2.2 The Terms Involving Natural Resonance Frequency, »,, These
terms constitute the oscillatory transients. Let us first discuss if these terms
can be made equal to zero. From Eq. (3.27), it is seen that the following two
conditions need to be fulfilled simultaneously to avoid the transients:

cos a=0=sin oo ==1 (3.43)
)
Veo =2V — =IxcXc (3.44)
n-—1

The first condition, Eq. (3.43), expresses that to avoid transients, the switch
must be closed either at the positive or the negative peak of the supply-voltage
sine wave. The second condition, Eq. (3.44), shows that the capacitor must be
charged to a predetermined value. In practice, there are many problems in the
realization of a firing strategy that avoids the transients, including the following:

1. At places where SVCs are installed, usually the voltages are not purely
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sinusoidal and constant, which makes the decision of when to switch on
less predictive than the ideal condition. A certain amount of transients is
to be expected, even with very precise firing strategies.

2. Keeping the capacitor charged at Vn?/(n?> — 1) asks for extra charging
equipment. It is easier to keep a capacitor charged at V, but then a certain
amount of transients will occur anyway, for the supply voltage V, line
inductance X, and, consequently, n can change randomly during system
operation.

3. Large ac capacitors are not designed to withstand prolonged dc stress of
precharging.

If losses are considered in the analysis of the circuit, the oscillatory terms will
decay, but the principal conclusions made in the preceding list will still remain
valid.

3.8.2.3 Practical Switching Strategies The switching strategies pre-
sented here limit the transients to acceptable limits and are based on very simple
processes to decide when the thyristors should be fired. The control hardware
is simple and the performance is very robust. The following two simple firing
schemes are the basis for the switching strategies:

o Firing when the initial capacitor voltage is equal to the supply voltage;
hence V¢ = v(?). Firing, therefore, takes place when the valve voltage has
a zero crossing:

Vsin o = VC() (345)
and the firing angle is
%
a=sin! = (3.46)
1%

Equation (3.37) with « from Egs. (3.45) and (3.46) gives the magnitude
of the oscillatory term, /o, as follows:

Iosc o VCO 2 l

Figure 3.29(a) shows this relation for different tuning of the TSC branch
and for different precharge conditions of the capacitor. It can be noted that
the magnitude of the oscillatory term never exceeds the magnitude of the
steady-state current. With a higher precharge on the capacitor, the transients
become smaller, especially for branches that are tuned to higher-resonance
frequencies. The highest transients occur if the capacitor is completely dis-
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Figure 3.29 The magnitude of the oscillatory component for different tuning of the
LC branch and different precharging on C: (a) firing criterion, v(t) = Vo (V7 =0) and
(b) firing criterion, crest of vt.

charged. This firing strategy cannot be used if the capacitor is overcharged
to Vo > V.

« Firing at the crest of the supply-voltage sine wave; hence cos o = 0. Again,
Eq. (3.37) gives the magnitude of the oscillatory term as follows:

Tose 2.1 vV
A n<” co 1> (3.48)

n? Vv

Figure 3.29(b) demonstrates this result. Note that this scheme is applicable
even if the capacitor is overcharged. However, it gives worse transients if
the capacitor initial voltage is below the crest of the supply voltage (e.g.,
Veo/V =0.75). The fewest transients are expected if tuning is in the range
n=2to 5. For an initial capacitor voltage of 1.0, the two firing schemes are
identical, which can be seen by comparing the characteristics for V¢y/V =
1.0 in Figs. 3.29(a) and (b), respectively.

Based on these firing schemes, the following two firing strategies are used in
practice:

Strategy A

o The capacitors discharge if they are not connected to the system. Therefore,
any initial voltage across the capacitor is possible.

o If Vo < V at the time of demand for the capacitor, it is switched on
according to the first explained firing scheme, that is, as soon as the volt-
age across the valve reaches zero and the capacitor voltage is equal to the
supply voltage.
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o If the capacitor is overcharged (V¢y > V) at the time of demand, it is
switched on according to the second firing scheme, that is, when the supply
voltage reaches the crest and the voltage across the valve is minimal. This
scheme is also called a forced switch-on.

This firing strategy uses both of the two aforementioned firing schemes to min-
imize the current transients. It requires no special capacitor-charging strategy
and can operate with conventional ac power capacitors. It is widely used in
TSC plants for transmission systems. The strategy is presented in Fig. 3.30 in
a simplified manner for four cases.

YY)

gl e
VTCND Z%ZT"T

TSC

Figure 3.30 The switching strategy for a TSC: (a) firing at the minimum valve voltage,
vc > v; (b) firing at the zero valve voltage, vc = v; (c) firing at the zero valve voltage,
vc < v; and (d) firing at the zero valve voltage, vc = 0.
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Strategy B

o The capacitors are charged to the crest of the supply voltage by firing just
one of the two thyristors. It is noted that they are not charged to the optimal
voltage Vn?/(n* — 1).

« Firing always takes place at the crest of the supply voltage, where the valve
voltage is minimal.

This firing strategy is based on the second firing scheme. It makes use of the
relatively small transients if the capacitor is charged to 1 pu voltage, and it can
be found in some industrial TSC applications. There are, however, many prob-
lems related to its use. The problem of the prolonged dc stress on the capacitor
has already been mentioned. To overcome this problem, the capacitor is peri-
odically charged to opposite polarity, which eventually becomes tolerable in
industrial plants but, because of the high current when the polarity is reversed,
is hardly acceptable for transmission compensation. Furthermore, the capacitors
are not properly isolated from the system when they are turned off, and interac-
tions with the power system can still occur. Because of the voltage transients,
it is also possble for the capacitor to get charged to voltages above the ideal
value, which is undesirable.

3.8.3 Turning-Off of the TSC Valve

Thyristors turn off when the current crosses zero, as shown in Fig. 3.31. A
zero crossing in the capacitor current occurs simultaneously with a crest in the
capacitor voltage. If the current is interrupted by the thyristors, the capacitor
will remain charged. The valve, therefore, has to block the voltage difference
between the supply voltage and the capacitor voltage, which becomes higher
than the supply voltage at the following supply-voltage peak.

In Fig. 3.31, the supply voltage v(t), the capacitor voltage vc(f) and the valve-
blocking voltage vr(#) are shown for an ideal case without capacitor discharging
and a more realistic case where discharging of the capacitor is assumed. The
initial step in the valve-blocking voltage immediately after turning off the valve
is caused by the inductance in the circuit. It can be concluded that the blocking
voltage across the thyristor valve is quite high—in general, V > 2V. In com-
bined schemes with TSCs and TCRs at the same bus, the number of thyristors
in the TSC valves is typically about two times the number of thyristors in the
TCR valves. The TSC valve must further withstand a dc voltage stress for some
time after switching off.

3.8.4 The TSC Configuration

A basic single-phase TSC consists of an anti-parallel-connected thyristor-valve
pair that acts as a bidirectional switch in series with a capacitor and a current-
limiting small reactor, as shown in Fig. 3.32(a). The thyristor switch allows
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Figure 3.31 Voltages after turn-off to the TSC: (a) a circuit diagram and (b) the
voltage—current waveforms.

the conduction for integral number of half-cycles. The capacitor is not phase-
controlled, as is a TCR.

As discussed in previous sections of this chapter, the thyristor valves are turned
on at an instant when minimum voltage is sensed across the valves to minimize the
switching transients. Barring these initial transients, the TSC current is sinusoidal
and free from harmonics, thus obviating the need for any filters.

The small-series inductor is installed to limit current transients during over-
voltage conditions and planned switching operations, as well as when switching
at incorrect instants or at the inappropriate voltage polarity. The inductor mag-
nitude is chosen to give a natural resonant frequency of four to five times the
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1 E
(@) (b) (c)
Figure 3.32 Different TSC configurations: (a) a single-phase TSC branch; (b) a 3-

phase delta-connected TSC; and (c) a 3-phase Y-connected transformer secondary with
neutrals connected.

system nominal frequency, which ensures that the inductance neither creates a
harmonic-resonant circuit with the network nor hampers the TSC control sys-
tem. Another function of this series inductor is to act in combination with the
capacitor as a filter for harmonics generated by the associated TCR. In some
cases, discharge circuits are provided with the capacitors to rapidly dissipate
the remnant charge on the capacitor after a switch-off.

A 3-phase TSC unit comprises three single-phase TSCs connected in a delta,
which are usually supplied by the delta secondary winding of a step-down trans-
former, as depicted in Fig. 3.32(b). An alternative 3-phase, 4-wire star-con-
nected TSC configuration is shown in Fig. 3.32(c).

A practical TSC compensator involves n 3-phase TSC banks of equal rating
connected in shunt. The overall TSC susceptance at any given instant is the sum
of conducting TSC. In some cases, the ratings of different constituent TSC steps
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Figure 3.33 A general TSC scheme.

may be chosen based on a binary system. In this scheme, n — 1 capacitors are
rated for susceptance B and one capacitor is rated for susceptance B/2. Thus
the total number of possible TSC steps get extended to 2n. An example of such
a TSC is shown in Fig. 3.33.

The TSC provides a fast response—typically between one-half to one cycle.
However, this response time may be extended because of any delays in the mea-
surement and control systems. The TSCs provide virtually unlimited switching
operations, in stark contrast to MSCs.

3.8.5 Operating Characteristic

The TSC has a discrete voltage—current operating characteristic [1], as shown
in Fig. 3.34. The shape of this characteristic is a function of the number of TSC

Vsve

Vref

Irsc
Capacitive <—|—> Inductive

Figure 3.34 The operating characteristic of a TSC.
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units, their individual ratings, and a hysteresis voltage AV, which is built in to
avoid undesirable frequent switchings of capacitors. In a closed-loop voltage-
control operation, the TSC regulates the bus voltage within the range Vi *
AV/2.

3.9 THE THYRISTOR-SWITCHED CAPACITOR-THYRISTOR-
CONTROLLED REACTOR (TSC-TCR)

3.9.1 Configuration

The TSC-TCR compensator shown in Fig. 3.35 usually comprises n TSC banks
and a single TCR that are connected in parallel. The rating of the TCR is chosen
to be 1/n of the total SVC rating. The capacitors can be switched in discrete
steps, whereas continuous control within the reactive-power span of each step
is provided by the TCR. Thus the maximum inductive range of the SVC cor-
responds to the rating of the relatively small interpolating TCR.

As the size of TCR is small, the harmonic generation is also substantially
reduced. The TSC branches are tuned with the series reactor to different domi-
nant harmonic frequencies. To avoid a situation in which all TSCs and, conse-
quently, the associated filters are switched off (with only the TCR in operation),
an additional nonswitchable capacitive-filter branch is provided.

The main motivations in developing TSC-TCRs was for enhancing the oper-
ational flexibility of the compensator during large disturbances and for reducing
the steady-state losses. A fixed capacitor—thyristor-controlled reactor (FC-TCR)
behaves like a parallel LC circuit that tends to set up a resonance with the ac
system impedance during large disturbances. What particularly aggravates the
problem is when severe voltage swings are experienced and followed by load
rejection. In this event, a TSC-TCR can quickly operate to disconnect all the
capacitors from the compensator, precluding the resonant oscillations. This fea-
ture of disconnecting the capacitor in exigencies is not available with FC-TCRs.

SRk
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Figure 3.35 A general TSC-TCR SVC.
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Figure 3.36 A practical example of a 6-pulse TCR-TSC compensator with three
TSCs.

3.9.2 Operating Characteristic

3.9.2.1 A Practical Example A TSC-TCR scheme can be considered as a
fixed capacitor TCR scheme, where the capacitor may have a number of differ-
ent values. Thus an understanding of the TSC-TCR can be obtained by applying
the theory of an FC-TCR SVC developed in Section 3.6 to a practical example
of TSC-TCR.

An example configuration is given in Fig. 3.36. The SVC consists of three
TSCs and one TCR in a 6-pulse arrangement and has the same ratings as the
example for a fixed-capacitor scheme in Fig. 3.22. It is assumed that the TSC
branches are tuned to n = 5 and, furthermore, that all TSC branches are identical.

Calculation of the Operating-Range Limits Equations (3.28) and (3.29) can
be used to determine the susceptance of the SVC at the limits of the operat-
ing range. In Eq. (3.28), Bc is replaced by B¢; of the TSC scheme to get the
susceptance at the production limit. Figure 3.36 defines B3 as the susceptance
of all three TSC branches in parallel and considers the influence of the damp-
ing reactors. In Eq. (3.29), B¢ is considered zero for the TSC scheme at the
absorption limit, for all capacitors are switched off. With the given data, the
susceptance at production limit is
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B;Bcs
B x=—o—=1 3.49
SVC max Bo + BC3 pu ( )

and the susceptance at the absorption limit is

B,B
BSvC min = ﬁfa -~ 03 pu (3.50)

This shows that the rating of the TSC scheme discussed here is the same as
that for the previously discussed FC-TCR scheme. (See Section 3.6.2.)

The overall operating characteristic of the TSC-TCR scheme can be assem-
bled by applying the equations for FC-TCR schemes, assuming that there is
one, two, three, or no capacitors connected. Here, the total operating range con-
sists of four subranges. Equations (3.25), (3.27), and (3.29) are used to deter-
mine the characteristics.

Subrange With Three TSCs Turned On The total compensator current is

By (Bc3 + Brcr)
Ji -V (3.51)
Ve B, + B¢ + Brcr

The negative sign indicates a capacitive current. The currents at the two limits
are

B;Bc3
Isveeap ==V #Ba =—lpu (3.52)
o

and

By (Bcs +By)
Isycing=—-V ———— =-0.595 3.53
SVCind B, +Best By pu (3.53)

The current at the inductive limit of the subrange with three TSCs is still capac-
itive.

Other Subranges The subranges with one, two, or no TSCs are determined
in an analogous manner as the subrange with three TSCs. Figure 3.37 gives the
results; it can be seen that the subranges overlap, which is required for contin-
uous, stable control. The figure also shows the transformer-secondary voltage
calculated with Eq. (3.33) and the capacitor voltage calculated with Eq. (3.42).

3.9.3 Current Characteristic

It is interesting to visualize how the TSCs and the TCR share the current and
contribute to the total SVC current. This is, however, difficult to observe from
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Figure 3.37 The voltage—current characteristic of the example TSC-TCR SVC.

the operating characteristics derived above. Generally, the TSC and TCR cur-
rents add to give the total current as follows:

Isvc =Ic+1L (3.54)
where

Ic=—-VyuBcy, It = VouB1cr (3.59)

The subscript n indicates the number of TSC branches turned on and, therefore,
can have values 0, 1, 2, . . ., npax, Where ny,x 18 the total number of TSCs—in
this case, three. In the preceding two equations, V,, can be substituted from
Eq. (3.33) to give

B,B
Ic=-V o 2Cn (3.56)
B; + Bcp + Brer
B,B
I =V o PTCR (3.57)

Bs; + B¢y, + Brcr

where n =1, 2, . . . is the number of TSC circuits in operation and B¢, is the
total susceptance of n TSC branches. Substituting Bycg = 0 and Brcr = Br
in the foregoing equations, respectively, results in the currents at the absorp-
tion limit and at the production limit of each subrange for different numbers of
TSCs. The results for the scheme analyzed here are presented in Fig. 3.38. It is
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Figure 3.38 The current characteristic of the example TSC-TCR SVC.

emphasized that the variation of the transformer-secondary voltage influences
these characteristics. The highest steady-state current in the TCR is with three
connected TSCs, because the transformer-secondary voltage is high when three
TSCs are on (assuming the system voltage is constant over the entire range).

3.9.4 Susceptance Characteristic

Equation (3.27) can be used to calculate the SVC susceptance in the TSC-TCR
scheme as follows:

Bs(Bcy, + Brcr)
B - 3.58
V€ By + Bew + Brcr (3.58)

where n =1, 2, . . . is the number of TSC branches in operation and B, is the
total susceptance of n TSC branches. With a linear approximation, Eq. (3.58)
reduces to

Bey 2Bc, + B
Bsve = (1 - BC > Bon + <1 - CBJ’L> Brcr (3.59)

Figure 3.39 gives the total susceptance Bsyc as a function of the susceptance
of the controlled reactor Brcr for the example data. These characteristics are
of importance for control design, for the controls vary Brcr and the effect on
the system is caused by Bsyc.
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Figure 3.39 The susceptance characteristic of the example TSC-TCR SVC.

3.9.5 Mismatched TSC-TCR

A TSC-TCR scheme in which the TCR cannot compensate for one TSC step
because its rating is too small, is shown in Fig. 3.40. Each subrange shows the
typical operating characteristic of an FC scheme. However, instead of overlap
areas, there are now gaps, and no operation is possible within these dead zones.
To illustrate the problems arising from such a scheme, a typical system charac-
teristic is given in the Fig. 3.40. The compensator cannot stabilize the system
voltage to 1 pu. The operating points with voltages closest to nominal voltage
are A or B. Operating point A is with two TSCs switched on and results in some
overvoltage, whereas operating point B is with only one TSC but shows some
undervoltage. This is a discontinuous system and creates problems in control.

The standard design for TSC-TCR schemes is therefore to include a
finite overlap. However, discontinuous operation may sometimes occur under
degraded operating conditions; for example, in a 12-pulse scheme, one TCR is
shut down and the remaining 6-pulse TCR is too small to compensate for one
TSC.

The V-I characteristic of TSC-TCR SVC shown in Fig. 3.40 is a simple case
when the bus voltage is regulated strictly at the specified reference level. Prac-
tical SVCs incorporate a slight slope in the V-I characteristics to obtain certain
advantages, as discussed in Chapter 5 (Section 5.1.3). The problem of coordi-
nation between the TSC and TCR for an SVC having a droop in the operating
characteristics is illustrated in Fig. 3.41. A careful examination reveals that to
obtain a smooth characteristic, it is necessary to vary slightly the TCR knee
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Figure 3.40 The operating characteristic of a TSC-TCR SVC with mismatched ratings
of TSCs and TCRs.

voltage and current slope at every TSC switching [3]. An overlap or hysteresis,
as discussed previously, is always desirable to avoid chattering of TSCs. In this
scheme, a TSC is turned on at a lower system voltage but turned off at a higher
voltage level.
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+TCR

0 TSC; TCR only

. SO \
Desired ~o AN )/
Smooth Sl N /
Characteristic AN // System
SN ,/ Load Line
NN [/
~
Isve
Capacitive <—f—> Inductive

Figure 3.41 Coordination issues in a TSC-TCR SVC.
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3.10 A COMPARISON OF DIFFERENT SVCS

3.10.1 Losses

The real-power losses are an important factor during the selection of a specific
SVC configuration. Because these losses are constantly present, the capitalized
cost of these losses keep accruing to significantly high levels.

A comparison of losses of three main SVC configurations, namely, FC-TCR,
TSC-TCR, and MSC-TCR, is presented in Fig. 3.42. In each of these cases,
the losses associated with the step-down transformer are neglected; however,
the losses are expressed as the percent of rated MVA of SVC. The following
losses are contributed by different components:

1. Small, resistive losses are in the permanently connected filter branches in
the TSC-TCR and MSC-TCR.

2. Losses in the main capacitors in all three SVCs.

3. Valve-conduction losses and switching losses in the thyristor power cir-
cuit.

4. Resistive losses in the inductor of the TCR, which increases substantially
with the TCR current.

Maximum losses occur with FC-TCR in the floating state, that is, when the
SVC is not exchanging any reactive power with the power system. This condi-
tion is a prime disadvantage with this type of SVC, as for an extended period
of time, the SVC largely remains in the floating state with its reactive power
margins in standby to meet any system exigency.

The TSC-TCR losses are the least in the floating state, just as with
MSC-TCR. However, these losses increase as more TSCs are switched into
service. The TCR losses in a TSC-TCR are lower because of the smaller reac-

Power Losses Power Losses Power Losses
+ 1% + 1% + 1%
/ Total Total
, TCR
4:/

Fixed- ) T\ /T
T ixed-Capacitor and Filter-Capacitor Losses

Filter Losses

(a) FC -TCR (b) TSC -TCR (c) MSC -TCR

Figure 3.42 A comparison of losses for different SVC configurations.
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tor rating. This SVC generates higher losses only for short duration when it
is involved in system stabilization in case of a contingency. The MSC-TCR
losses show a similar trend as those of the TSC-TCR, but they have a much
lower magnitude in comparison, for the losses associated with thyristor valves
are absent. Losses in each of the three SVCs are dependent on the operating
point, so the preference of one SVC configuration over another must be based
on the operating point at which the SVC will generally reside for most of the
time in a given application.

3.10.2 Performance

A performance comparison of different SVC configurations is presented in
Table 3.1 [1]. It is evident that there is no single SVC that acts as a panacea
for all reactive-power compensation requirements. The choice of a specific
SVC is based on several considerations—the application requirement, speed of
response, frequency of operation, losses, capital cost, and so forth. Neverthe-
less, the TSC-TCR is by far the most versatile among all SVC configurations,
athough with a cost premium.

3.11 SUMMARY

This chapter presented in depth the fundamental operating principles and char-
acteristics of the various conventional reactive-power compensators, including
the time-tested synchronous condenser and the SRC, as well as several thyristor-
based compensators that constitute the initial series of FACTS controllers. Prac-
tical examples were incorporated to illustrate the principles of operation of some
main compensators. Also, a comparative performance analysis was provided for
the different compensators.
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I CHAPTER 4

SVC Control Components and Models

4.1 INTRODUCTION

This chapter describes the various components of a general SVC control
system, such as a measurement system, a voltage regulator, a gate-pulse gen-
erator, a synchronizing system, and supplementary control and protection
functions [1]-[16]. The demodulation effect of the measurement system [7], [17],
[18], which causes various kinds of control instabilities, is discussed in depth, and
different implementations of the voltage regulator [11] are presented. The gene-
sis of control-system delays is included. The SVC features are described in detail;
each SVC is provided with many additional control and protection features to
ensure a fast yet secure operation in the wake of severe system disturbances. For
the various control-system components, mathematical models are presented that
vary in their complexity to accommodate the nature of the study to be performed
for an SVC-compensated power system [1]-[16], [19]-[27].

The block diagram of a general TSC-TCR type of SVC control system is
depicted in Fig. 4.1. This control system incorporates features of both simple volt-
age control and auxiliary control.

4.2 MEASUREMENT SYSTEMS

These systems provide the necessary inputs to the SVC controller for perform-
ing its control operations. The different inputs required by an SVC depend on
the function that the SVC controller is intended to perform. The required inputs
that correspond to three basic modes of SVC control are as follows:

1. Voltage control based on balanced control of the three phases of SVC:
a. 3-phase-rectified root mean square/average voltage
b. Positive-sequence voltage
c. 3-phase average/root mean square currents
d. Squared voltage, V>
2. Individual-phase voltage/reactive-power control:
a. Individual-phase voltages

93
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Reference Auxiliary Control
Signals Signals
= Auxiliary Controllers
Compensator
Slope| Current [Measurement Power System
K. Systems
SL lmeas
SVC Bus Voltage
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n System ~ =~~~ |Thryistor-Controlled
I + and
Voltage | + Gate-Pulse Thyn%c;t\‘;i(s:(\;vsltched
. [Regulatorjg A=/ | Generation

Controller Override Signals
Other Control Inputs

Figure 4.1 A general schematic diagram of an SVC control system.

b. Positive- and negative-sequence voltages
c. Squared voltage, V>
d. Individual-phase currents
e. Individual-phase reactive power
3. Auxiliary control for electrical damping enhancement using the following
major supplementary signals:
a. Transmission-line current
Transmission-line active/reactive power
Bus angle
Bus frequency

o0

Angular velocity or accelerating power of a synchronous generator

Some signals of the preceding list can be measured directly, whereas others
may be derived within the control system [3] using the basic voltage and cur-
rent signals. The block-schematic diagram of a general measurement system
incorporating voltage and current measurement, together with reactive-power
computation, is given in Fig. 4.2.

4.2.1 Voltage Measurement

The purpose of the voltage-measurement system [2], [3], [17] is to generate a dc
signal proportional to the root mean square (rms) value of the 3-phase—balanced
voltages at fundamental frequency. The SVC bus voltage is stepped down using
a potential transformer (PT), after which one of the following techniques is
applied:
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Figure 4.2 The measurement circuits for a general SVC control module.

1. ac-to-dc rectification,
2. coordinate transformation, or

3. Fourier analysis.

4.2.1.1 ac/dc Rectification This commonly employed method involves
full-wave rectification of the 3-phase ac voltages using a 6-pulse diode bridge
or two 6-pulse diode bridges fed by two sets of 30° phase—displaced ac volt-
ages, resulting in a 12-pulse mode of rectification. A 6n-pulse diode bridge,
when n = 1,2,..., produces harmonics of the order 6nfy on the dc side, cor-
responding to a system frequency fo Hz. A low-pass filter is usually installed
on the dc side to eliminate this high-frequency ripple.

4.2.1.2 Coordinate Transformation This method is based on a 3-phase
(a, b, c)-2-phase («, ) scalar transformation, defined as

[va(n 1[2 -1 1] vall)

= t 4.1
w0] "3 [0 v3 val | v b

where the subscripts a, b, ¢, a, and § denote the instantaneous values of the
respective axis-voltage components. The rms value of the bus voltage Vg is
then computed as
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Figure 4.3 The coordinate transformation method for the instantaneous measurement
of 3-phase quantities.

Vims =4/ V2 + U3 4.2)

A graphical illustration [4] of this measurement technique is presented in Fig.
4.3. It is assumed that no zero-sequence components exist in the 3-phase volt-
ages.

4.2.1.3 Fourier Analysis Another method for calculating the magnitude
of fundamental voltage is based on the Fourier analysis technique [17]. This
method is insensitive to harmonics and can be implemented with ease in digital-
control systems. The computation principle for a single-phase measurement sys-
tem is depicted in Fig. 4.4(a).

The magnitude of the fundamental-voltage wave Vn.,5(7) at a time instant 7
is given as

Vineas(T) = V a? + b? 4.3)

where a and b are the first-order coefficients of the Fourier series and are
expressed as
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Figure 4.4 (a) The principle of operation of a single-phase Fourier measurement sys-
tem and (b) a 3-phase Fourier measurement system.

a(t) = = §T v(t) sin(2nfot) dt 4.4)
TO 7—To

b(r) = = §T v(t) cos(2mfot) dt (4.5)
TO 7-Tp

A 3-phase measurement system is realized by interconnecting three single-
phase measurement systems, as illustrated in Fig. 4.4(b). The output of the
3-phase measurement system depends on the phase relationship of the funda-
mental components of the three single-phase voltages. Generally, the voltage in
each phase is composed of all three—the positive-, negative-, and zero-sequence
components. The zero-sequence component is usually eliminated in measure-
ment systems either through filtering or by choosing line-to-line voltage instead
of the line-to-neutral voltages as inputs.

4.2.1.4 The Measurement of Squared Voltage In very special cases, to
prevent instability of the 3rd harmonic (see Section 5.6), it may be advantageous
to generate a signal at the output of the measurement system that is proportional
to the square-of-the-bus voltage [28]. Such a measurement is recommended if
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independent phase control is employed using a phase-locked oscillator in either
a 6-pulse or 12-pulse scheme and when the SVC capacitors are resonant with
the ac system near the 3rd harmonic. The measurement system in this case
comprises a multiplier circuit instead of a rectifier circuit. For a normal bus
voltage of \/2V1 sin 27fot, the output of the multiplier is 2V sin? 27f ot, which
is equivalent to

2V2sin® 2afor = V(1 — cos 4nfor) (4.6)

If a phase-locked loop (PLL) voltage regulator (see Section 4.3.2) is used,
then the PLL will ignore the 2nd harmonic components and the controller will
respond to V3. Should there be a 3rd harmonic component in the bus voltage,
the dc output of the measurement system (multiplier) will be proportional to
(V2 +V3) in each phase. Thus, this feedback signal is unaffected by the phases
of 3rd harmonic components relative to the fundamental-frequency signals. The
three different TCR phases respond symmetrically to the total rms voltage and
do not augment the preexisting 3rd harmonic currents in the system, therefore
obviating 3rd harmonic instability.

With squared voltage, or (voltage)?, feedback, the reference voltage input
could also be squared to achieve proportionality between the bus voltage and
reference voltage.

4.2.2 The Demodulation Effect of SVC Voltage-Measurement System

The SVC voltage-measurement systems have an inherent demodulation effect
that plays a critical role in the excitation of different types of harmonic insta-
bilities [7], [17], [18], [29], [30]. These instabilities are caused by the adverse
interaction between the SVC control system and the network resonances, trans-
former saturation, or series capacitors, as discussed in Chapter 5.

To understand the demodulation effect, we need to review some basic con-
cepts [17]. There are two ways in which nonfundamental frequencies caused
by system disturbances get integrated with the fundamental voltage and current
waveforms. These additional excited frequencies either add to or modulate the
fundamental-voltage wave.

4.2.2.1 Addition The phenomenon of addition of subsynchronous compo-
nents to the fundamental frequency is explained here in the context of a series-
compensated network, as depicted in Fig. 4.5. The R, and L, represent the line
resistance and inductance, respectively, whereas C, represents the series capac-
itance. The line is also shunt-compensated by an inductor having parameters R,
and L,. A disturbance is simulated by closing the switch, thereby short-circuit-
ing the shunt admittance. The equivalent impedance of the network, as viewed
from the switch, exhibits a zero (minimum) impedance at frequency f:
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Iq sin(wpt)

Figure 4.5 Fault clearing in a series-compensated network with a shunt reactor.

1

fs= 27v/L,C,

4.7

The network impedance also shows a pole (peak impedance) at frequency f

1

fr= 20, + L,)C,

(4.8)

As the shunt inductance L), is usually very large compared to the series induc-
tance L, the frequency f| can be approximated by

1

1= LG,

(4.9)

If the applied fault is subsequently cleared the bus voltage, e(¢) is given by

e(t) = Eg cos2mfot) + Eye /™ cos(2xf 1) (4.10)
where
(%)
Eo=Xolg fo 5~ = the magnitude of the fundamental-voltage

component
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2
()
E =Xyl fli

fo )
(fl) !

= the magnitude of subsynchronous-voltage

component
L,L, ,
Xo = (2mfo) = the equivalent parallel reactance of L, and L, at
Ly+L,
fundamental frequency
Ly+L, .
T1=2 R IR - the decay-time constant of the subsynchronous component
s T 8p

An estimate of the magnitude of different quantities can be obtained from
the following realistic example [17]: Let the system have a short-circuit level
of 10,000 MVA at 735 kV when it is series-compensated by 30%, and further-
more, let the X /R ratio of the system reactance be 30 and that of the 330-MVAR
shunt inductor be 400 at 60 Hz. Using the preceding equations, it can be com-
puted that a subsynchronous-frequency component magnitude E£; = 0.4 pu and
frequency f| = 7 Hz, with a decay-time constant 7; = 1.37 s added to the fun-
damental component. The current and voltage waveforms corresponding to this
case are depicted in Fig. 4.6. It is seen that the short-circuit current is composed
of a 32.8-Hz component corresponding to the series-resonance mode frequency,
fs, that is given by Eq. (4.7). Similarly, voltages and currents of different fre-
quencies that correspond to various other excited modes also get added to the
fundamental.

(pu/100 MVA) 150
100 |
50 A

Short-Circuit 0 f\

Current =50

—_——

0 0.1 02 03 04 05 06 07 08 09 1

i

i
1 11

0 0.1 02 03 04 05 06 07 08 09 1

(TR

il

v vu
I

Voltage
e(t)

Figure 4.6 Current and voltage waveforms at fault application and clearing on the
circuit.
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ADDITION MODULATION
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Figure 4.7 Time- and frequency-domain representation of a voltage: (a) 0.5 pu, 6 Hz
added to a fundamental of 1 pu, 60 Hz and (b) 1-pu fundamental modulated by a 0.5-pu,
6-Hz voltage.

4.2.2.2 Modulation The phenomenon of modulation occurs under differ-
ent circumstances, such as during a power swing when the magnitude of the
fundamental voltage varies with the frequency of the modulating signal. A
fundamental-frequency voltage undergoing modulation can be expressed as

u(t)=[Vo+ V4 SiIl(27Tf]l +¢1)] sin 27l'f0[ “4.11)

Equation (4.11) can be rewritten as
. Vi
u(t) = Vysin 27fot + - cos[2m(fo —f1)t — 1]
Vi
-5 cos2n(fo+f1)t+ 1] 4.12)

It is seen that modulation results in two sideband frequencies, fo—f1 and fo+f
besides the fundamental frequency f.

A comparative study of the addition and modulation phenomenon—together
with their corresponding frequency spectra, as obtained from a fast Fourier
transform analysis—is presented in Fig. 4.7.

4.2.2.3 The Fourier Analysis—Based Measurement System Let the
voltage to be measured be given by

v(t)=Vy Sil’l(27l'f0[ +¢g)+ Vi sin(27rf1t +¢1) 4.13)
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A single-phase Fourier analysis—based measurement system will generate an
output

Vineas(t) = Vo + Vg cosQaf gt + a — @) + Vs cos(—2af st — o — @) 4.14)

where

Vi sin(wfl>
V= fo (4.15)
7r(1 fl)
fo
Vv, sin(rfl>
Vszif" (4.16)
7r<1 +fl>
So
a<p1+7r<1;(1)> 4.17)
fa=Ffo—fi (4.18)
fs=fo+f1 (4.19)

It is seen from these equations that when a frequency component f; is added to
the fundamental frequency f, the output comprises the following components:

1. A constant dc voltage V, representing the magnitude of the fundamental
component.

2. A sinuosidal time-varying voltage V; of frequency fq =fo — f1.
3. A sinusoidal time-varying voltage V of frequency f; =fo +f1.

To exemplify the preceding list, if a 0.25-pu, 6-Hz voltage is added to a 1-pu,
60-Hz fundamental, the output is composed of the following components:

1. A dc voltage Vy =1 pu.
2. An ac voltage V; = 0.027 pu of frequency f; = 60 — 6 = 54 Hz.
3. An ac voltage V; = 0.022 pu of frequency f; = 60 + 6 = 66 Hz.

The input and output signals of the single-phase measurement system, along
with their frequency spectra, are shown in Fig. 4.8.

In a 3-phase Fourier measurement system, if the 3-phase voltages are bal-
anced the output is obtained as a vectorial addition of the three input voltages,
as follows:
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u(t) = 1.0 sin(2760t) + 0.25 sin(276t)
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Figure 4.8 The measurement technique and frequency spectrum obtained by using
Fourier analysis.

Vmeas - %(Va meas + Vb meas + Vc meas) (4‘20)

The frequency components in V.5 are determined by the phase sequence of
the added frequency component f; Eq. (4.13), as given in the following table:

Sequence of Added

Frequency, f; Generated Frequency Output, Vieas
Positive fa=fo—fi Vo + Vgsin(wgt +¢4)
Negative fs=fo+f1 Vo + Vg sin(—wgt + ¢y)
Zero — Vo

where V,; and V are given by Eqgs. (4.15) and (4.16), and the phase shifts ¢,
and ¢, are, respectively, obtained as

o 3

Pd=P1 ¢0+7T<2 fo) 4.21)
1

= 01— g0 - w(z - j:(‘)) 422)

which shows that if the frequency f; in Eq. (4.13) has a positive-phase
sequence, only the sideband f, — f is produced. On the other hand, if f; has
a negative-phase sequence, then only the sideband f +f; will only be gener-
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ated. Usually both positive- and negative-sequence components of frequency
f1 are present at the input; therefore, a linear combination of both sideband
frequencies fo — f1 and fo +f; will be produced at the output.

4.2.2.4 Coordinate Transformation-Based Measurement Systems
Measurement systems such as those based on coordinate transformation, which
compute the rms value by squaring the input voltage, also produce additional
frequencies, as described here. Let the input voltage be expressed as

v(t) = Vg sin 27fot + V) sin 2xf it (4.23)

Then

v(t) = V3sin® 2afot + V3 sin 2@f  t + 2V V| sin 2afot sin 27f 1

Vi vi
= (1 = cos 4xfot) + BN (1 — cos 4xf 1)

+ VoVilcos 27T(f0 *f])t — COS 27I'(f0 +f1)t] 4.24)

If fo and f are 60 Hz and 6 Hz, respectively, then the output of the measure-
ment system will contain, in addition to dc, the frequency components 12 Hz
(2f1), 54 Hz (fo—f1), 66 Hz (fo+f1), and 120 Hz (2f(). These measurement
systems therefore produce not only the sideband frequencies fo—f and fo+f
but also the frequencies 2f| and 2f>.

4.2.2.5 ac/dc Rectification-Based Measurement Systems Measure-
ment systems involving ac/dc rectification are nonlinear in nature and hence
produce the frequencies 2f in addition to the sideband frequencies f +f and
fo — f1- A comparison of the Fourier analysis—based and rectification-based
measurement systems is presented in Fig. 4.9. The rectification system is also
shown to introduce an error in the computation of the mean value of the input
voltage.

4.2.2.6 Filtering Requirement Any disturbance in the power system
excites all the natural modes of oscillation in the network. Corresponding to
each single resonant frequency f, the measurement systems will generally pro-
duce sideband frequencies f, + f| and fo — f on the dc side. However, mea-
surement systems based on rms voltage computation or rectification will gen-
erate two additional frequency components: 2f; and 2f,. The frequencies that
lie within or close to the bandwidth of the voltage regulator (typically 30 Hz)
appear as superimposed oscillations in the susceptance-order signal Bis and
modulate the TCR currents. If these frequency components are not filtered, they
tend to reinforce the natural oscillation modes, resulting in different forms of
resonance and instabilities (see Chapter 5).
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Figure 4.9 The comparison between two types of measurement systems: rectifier and
Fourier.

For instance, in systems without series compensation, a network-resonant
pole, typically at 85 Hz, excites an 85-Hz oscillation that is superimposed on
the fundamental 60-Hz voltage wave. The measurement system then generates
the frequencies 25 Hz (f; — fo), 120 Hz (2fy), 145 Hz (fo + f1), and 170
Hz (2f) in addition to dc at its output. The frequencies of 145 Hz and 170
Hz lie well outside the bandwidth of the voltage regulator and hence are not
significant, but the 25-Hz frequency component may lead to harmonic instabil-
ity. This instability can be avoided by installing band-reject (i.e., notch) filters
on the ac side of the voltage transducer. These filters are tuned to the critical
network-resonant modes, which typically lie within 80—-100 Hz.

The choice of installing the filter on the ac side or dc side of the measurement
system is based on its effect on the phase margin of the system. It is found that
a band-reject filter on the ac side reduces the phase margin to a much lesser
extent than a corresponding filter on the dc side and is therefore used widely.
The filter is designed to cause a minimum phase lag at 60 Hz to not affect the
normal SVC response. For example, in the Hydro-Quebec James Bay system,
a combination of notch filters (80 Hz and 96 Hz) are provided [18]. If in any
ac system the first network-resonant frequency lies beyond 2f, (120 Hz), these
ac notch filters are not required.



106 SVC CONTROL COMPONENTS AND MODELS

Because of the saturation of the SVC coupling transformer, sometimes 2nd
harmonic currents are injected into the system, causing the inception of 2nd
harmonic voltage oscillations. This 120-Hz (f) voltage component gets trans-
lated to 60 Hz (f| — fo), 120 Hz (2f¢), 180 Hz (fo +f1), and 240 Hz (2f})
on the dc side of the voltage transducer. The 60-Hz frequency component in
the control loop tends to augment the original 120-Hz oscillation in the system,
leading to 2nd harmonic instability (see Section 5.4). To mitigate this effect, a
notch filter tuned to 60 Hz is connected to the dc side.

Provided on the dc side of the voltage transducer are two additional notch
filters: one tuned to 120 Hz, the other to 360 Hz. It may be recalled that the
360-Hz ripple is caused by the 6-pulse rectification process. There is a need
to filter the 120-Hz frequency component; otherwise, it may generate a 3rd
harmonic sideband-frequency component in the SVC bus voltage. The other
high-frequency components, arising on the dc side and caused by the demodu-
lation effect of the voltage transducers, are eliminated through a low-pass filter
having a time constant in the range of 1-8 ms.

Furthermore, in series-compensated ac networks, the interaction between the
series capacitors and shunt reactors results in the excitation of the shunt-reactor
mode having a frequency in the range of several to 20 Hz. This mode is deci-
sive in determining the controller stability. A much-improved SVC response
is obtained by filtering this mode and is achieved by placing a high-pass filter
with a break frequency of about 25 Hz on the ac side.

The total arrangement of filters in the voltage measurement system and the
typical characteristics of the filters within the context of the Hydro-Quebec
James Bay system SVC [18] are depicted in Fig. 4.10.

4.2.3 Current Measurement

Current measurement is needed for implementing different features, including
the following:

the slope in the SVC steady-state characteristic;
the current limit;
any protection strategies; and

Ll e

any balancing schemes.

The SVC current is stepped down and processed using transducers and filters
similar to those of voltage-measurement systems.

Although a normal ac current transformer (CT) might seem to be the appro-
priate choice for stepping down the current and also for providing isolation
between the power and control systems, this is indeed not so. The reason is
that it tends to saturate quickly when the thyristor valves fire asymmetrically
in the event of major system disturbances. One option is to use a zero-flux CT
[31], although this is quite expensive.
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Figure 4.10 The filtering of measurement voltages (solid lines represent existing fil-
ters; dashed lines represent additional filters needed for series-compensated ac lines).

A better option is to use a differentiating-current transformer (DCT) [28],
which is an air-gapped-current transformer that supplies a voltage output with
an extremely high burden resistance. An application of DCT is illustrated in
Fig. 4.11, in which the di/dt signal is integrated to reconstruct the current signal
and the integrator is reset at every firing instant when the thyristor valves are
just commencing to conduct. An advantageous feature of this application is
that any dc component in the actual current can be faithfully generated in the
reconstructed signal. To prevent amplification of the fast interference pulses, a
small despiking-lag circuit of time constant 200 us and a metal-oxide varistor
(MOYV) are connected at the output of DCT.

In many control applications, such as load compensation and voltage balanc-
ing, the control strategies require the phasor quantities of positive- and negative-
sequence currents and voltages. These quantities can be obtained by suitably
transforming the instantaneous values of the currents or voltages. A general pro-
cedure [32] for deriving the phasor components of the kth harmonic is described
in the following text.

Let a sinusoidal signal x(#) be represented by Fourier series as

x(t) = 70 gl C, cosRmnfot + @) (4.25)

The kth harmonic phasor is then described by
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Figure 4.11 The TCR current measurement using a differentiating-current transformer
(DCT).

Cr = CkLgok =cy(cos ¢ + sin o) (4.26)

Multiplying x(¢) by a sinusoidal signal cos 2xf,t, where f, = kfy and k € n,
results in

=

x(t) cos2af o) = %" cos(er) + > dpcosQumfyt +vm)  (4.27)
k

m=1,m##

The first term on the right-hand side of Eq. (4.27) represents a dc term,
whereas the second term corresponds to a series of sinusoids of frequency m fy =
(nt k)fo. The magnitude and phase of these sinusoids are denoted by d,, and
vm» respectively. It follows from Eq. (4.22) that

2x(t) cos(2nf 1) = Re{C}} + sinusoids (4.28)

Also

2x(t) sin(2x@f ,t) = —Im{C} } + sinusoids (4.29)

where Re{C;} and Im{C} } represent the real and imaginary components of the
kth harmonic phasor of signal x(¢). The sinusoids in Egs. (4.28) and (4.29) can
be eliminated by an averaging filter, which averages over one time period of
the smallest (n £ k)f( frequency.

If x(#) corresponds to the «-axis current, i, (¢), then the kth harmonic phasor,
I, is given by

I, =Re[l,] +j Im[I,]
= 2ig(t) cOSQ2Tf 1) — j 2ig(t) sin(2f 1) (4.30)
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Equation (4.30) is strictly valid only after filtering out the sinusoids of Egs.
(4.28) and (4.29). A similar expression, however, can be obtained for the kth
harmonic phasor, /g, that corresponds to the (§-axis current, ig(t), as discussed
in the text that follows.

The symmetrical component phasors /; and /, are derived using the follow-
ing phasor transformation:

Ll 1 (1 ||l
o= 1] a1

The real and imaginary components of the kth harmonic positive-sequence pha-
sor are then given by

Re{l;} cos2af,t) sinQ2xf,t) () (4.32)
Im{/,} —sin(2xf,t) cos(2wf,t) ig(t) ’
The corresponding negative-sequence phasor quantities are
Re{l,} cos2af,t) —sin(2xwf,t) io(1) 4.33)
Im{7,} —sin(2xf,t) — cos(2nf,t) ig(t) ’

The «, B components i,(t), ig(t) are obtained from the 3-phase quantities
iq(1), ip(2), and i.(¢) using the transformation given by Eq. (4.1). Implementation
of this measurement scheme is described in ref. [32].

4.2.4 Power Measurement

Conventional PTs and CTs are used to obtain the line-voltage and -current sig-
nals, respectively. These are subsequently multiplied using multiplier circuits
to compute the active and reactive power (see Fig. 4.2). One of the commonly
employed methods for measuring reactive power O, in phase a is based on

Qa - ia(vb - Uc) (434)

where i, = the current in phase @ and v;, v. = the voltages across phases b and
¢, respectively.

An analog pulse ratio-modulated (PRM) scheme for measuring real and
reactive power, which is employed by the Bonneville Power Administration
(BPA) [16], [33], is depicted in Fig. 4.12. The width of the voltage-input wave,
Vin, modulates a sequence of square pulses using a triangular-wave generator.
This pulse width—-modulated (PWM) signal is subsequently amplitude-modu-
lated (AM) by the current signal, /;,. The combined process of PWM followed
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Figure 4.12 The general architecture for a pulse-ratio-modulated (PRM) megawatt
transducer.

by AM effectively results in analog multiplication and generates a PRM signal
that is filtered to give the rms power, Py,s. In fact, the PRM signals of the
three phases are added together before the filtering stage, which minimizes the
filtering requirements.

In digital-control schemes—fast becoming integral components of all mod-
ern SVC installations—the analog signals available at the output of instrument
transformers are converted to digital signals using A/D (analog-to-digital) con-
verters for subsequent processing. The necessary filtering is accomplished by
digital filters in software.

4.2.5 The Requirements of Measurement Systems

The SVC controller performance and its robustness largely depend on the
authenticity of the measured signals. However, the measurement units, together
with their transducers, operate in environments that cannot be predicted from
simulation studies of power-system component models but can only be wit-
nessed in the field. The voltage, current, power, and frequency transducers can
potentially produce spurious outputs from the effects of extraneous dynamics
present in the input signals. (These likely dynamics are listed in Table 4.1 and
discussed in refs. [16] and [34].) The transducers thus have the onerous task of
retrieving desired information from a combination of the following amplitude-
and frequency-modulated signals:

modulated harmonics of 50/60 Hz;
extraneous-current frequencies that may not be of 50/60-Hz harmonics;
modulated extraneous-carrier frequencies; and

Sl e

any added transients.

A graphical illustration of the different possible inputs to an rms (root mean
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TABLE 4.1 Extraneous Dynamics in the Measurement Systems

Dynamic Activity Frequency Range (Hz)
Torsional oscillation 5-120
Transient torque 5-50
Turbine-blade vibration 80-250
Fast-bus transfer 1-1000
Controller interaction 10-30
Harmonic interaction and resonance 60-600
Ferroresonance 1-1000
Network resonance 10-300

square) transducer is presented in Fig. 4.13 [16]. Another aspect to be consid-
ered is that the 3-phase, 50/60-Hz carrier-frequency signals may not be bal-
anced. Hence the sequence components of these signals may need to be eval-
uated and adequately filtered according to the expectations of the particular
application. The rms transducers also require to be designed with appropriate
bandwidths to eliminate the undesirable frequency signals. They must possess
high resolution, accuracy, and reliability, yet they should be cost-effective. The
following list gives the other desirable features sought in the next generation
of transducers/measurement systems:

1. programmable outputs for increased versatility;

2. effective networking options with transducers of other controllers in the
system, both at local-area and wide-area level; and

3. possible synchronization of the measurements with a precise global-exter-
nal reference.

Other Modulation
(shafts, saturation, etc.)

Other Carriers
(harmonics, etc.)

Multiplier
Fundamental Modulation

(generator swings, controls, etc.) ¢ Response
Fundamental Carrier rms to Inputs

(60 Hz) Transducer Processing
Multiplier Artifacts

Additive Signals

(LC resonances, etc.)

Figure 4.13 The input signals of an rms transducer in a real-power system environ-
ment.
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It is anticipated that the future technology of measurement systems will be
mostly digital in nature, as it is quite capable of meeting the aforementioned
requirements.

4.2.5.1 Phasor Transducers Although the various measurement systems
described in previous sections are based on analog techniques, measurement
systems using digital transducers based on phasor computations are fast emerg-
ing and have already been employed in field. Extensive experience with
such phasor transducers has been acquired by the BPA in its Wide-Area
Measurement Systems Project [35]. The phasor transducers essentially deter-
mine the projections of voltage, v(¢), and current, i(¢), along two reference
waveforms—sine reference and cosine reference, as indicated in Fig. 4.14 [16].
These projections constitute the voltage and current phasors that are used for
further computation of different variables, such as real powers, reactive powers,
and frequency. The digital phasor—based measurement systems allow network-
ing with other measurement units in the system and can produce measurements
synchronized with a global-external reference [35], [36]. The advantage of this
synchronization scheme is that all phasors in the network provide consistent
angle information.

4.2.5.2 Optical Sensors Presently used measurement units are based on
traditional instrument transformers, such as PTs, CTs, and constant-voltage
transformers (CVTs). Recently, however, optical sensors have become avail-
able [37], [38], offering the following advantages:

reduced size and weight;

electrical isolation;

the avoidance of difficulties associated with oil-filled transformers;

a lack of need for secondary electrical wirings in substations;

the elimination of the instrumentation’s transformer-burden requirement;
a wide bandwidth and dynamic range; and

NSk L=

high accuracy and compatibility with digital-measurement systems.

The optical-sensors technology is promising, and it is expected to find wide use
in future applications.

4.3 THE VOLTAGE REGULATOR

4.3.1 The Basic Regulator

The SVC voltage regulator processes the measured system variables and gen-
erates an output signal that is proportional to the desired reactive-power com-
pensation. Different control variables and transfer functions of the voltage
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Figure 4.14 The phasor determination via projections.

regulator are used, depending on the specific SVC application. The measured
control variables are compared with a reference signal, usually V¢, and an error
signal is input to the controller transfer function. The output of the controller is
a per-unit susceptance signal B¢, which is generated to reduce the error signal
to zero in the steady state. The susceptance signal is subsequently transmitted
to the gate pulse—generation circuit.

A small slope or droop (3—5%) is typically incorporated into the steady-state
characteristics of SVCs to achieve specific advantages, as discussed in Section
5.2.3. Alternative implementations of this slope in the voltage-regulator model
are illustrated in Fig. 4.15; the current droop-feedback arrangement is depicted
in Fig. 4.15(a). The SVC current is explicitly measured and multiplied by a
factor Kgp representing current droop before feeding as a signal Vg to the
summing junction. The sign of Vg, is such that it corresponds to an increase
of reference voltage for inductive SVC currents and a decrease of the reference
voltage for capacitive SVC currents. Simple integral control finds most common
usage in voltage controllers. Ry is termed the response rate, which is indicative
of the time taken by an SVC to move across its entire reactive-power range,
that is, from a fully capacitive to a fully inductive state, in response to a large
(1-pu) voltage error.

In certain cases, it may be difficult to faithfully obtain the current signal. This
occurs when the SVC is operating close to its floating state, that is, zero MVA
reactive power. The current signal then comprises a predominant harmonic com-
ponent and a fundamental resistive component corresponding to the real losses in
SVC. To overcome this problem, in certain SVC controllers the reactive power
is computed and fed back instead of using the SVC current. The reactive-power
signal is calculated by multiplying the phase currents in SVC by a fundamental-
frequency voltage lagging behind the actual phase voltage by 90°.
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Figure 4.15 Alternative implementations of current droop (slope) in the voltage regu-

lator: (a) an integrator with current-droop feedback; (b) an integrator with susceptance-
droop feedback; and (c) a gain—time constant.

The other easily realizable option is the susceptance-droop feedback demon-
strated in Fig. 4.15(b). It is implicitly assumed that the SVC bus voltage remains
close to 1 pu; thus the SVC current that is strictly equal to Bies- Vsyc can be
expressed as simply Bs. The closed-loop control system in Fig. 4.15(b) can
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be simplified to the gain—time-constant form of the controller depicted in Fig.
4.15(c). The gain Ky is termed the static gain, which is defined as the inverse
of the current droop.

1
K= (4.35)
T Ka
Also
Rg
Ty = (4.36)
7 KaL

In the foregoing context, the term transient gain, Ky, which is representative
of the dynamic nature of the voltage regulator, is defined as

Kg

K:
TTR

(4.37)

The current-droop form of the voltage regulator ensures linearity between
SVC terminal voltage and current in the SVC control range. Meanwhile, the
susceptance-droop feedback provides linearity between SVC susceptance and
voltage that strictly translates to a slightly nonlinear voltage—current relationship
in the event of voltage variations. However, the discrepancy between the two
representations is not significant, as the droop is usually very small and the SVC
terminal voltage variations are generally not large. The dynamic performance
of the SVC can thus be modeled by either of the two representations.

The advantage of the current-droop model is that the steady-state charac-
teristic (described by Kz) and the dynamic characteristic (implied by Rg) can
be independently specified. In the gain—time-constant model, the transient and
steady-state characteristics are interlinked through the parameters Kg and Tg.
The gain—time-constant model has been widely used in SVC modeling for SVC
studies, although the integrator with the current-droop model represents the
physical realization of most installed SVCs. Table 4.2 [7] presents certain exam-
ple cases demonstrating the relationship between the different parameters men-
tioned in the preceding text and their typical range of magnitudes.

TABLE 4.2 Typical SVC Voltage-Regulator Parameters

Integrator—-Droop

Gain-Time-Constant Format Format
Ky Tx Kr Dy Ry
Regulation and Speed (pw) (s) (pu/s) (%) (ms/pu)
Tight and slow 100 2.0 50 1 20
Tight and fast 100 0.2 500 1 2
Medium and slow 20 0.4 50 5 20
Medium and fast 20 0.04 500 5 2
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Figure 4.16 (a) The IEEE Basic Model 1 for the SVC control system and (b) the
voltage-regulator model.

The IEEE [11] has proposed two basic models for SVC: the IEEE Basic
SVC Model 1, which corresponds to the gain—time-constant format, and the
IEEE Basic SVC Model 2, which relates to the integrator with current-droop
format. Model 1 and its voltage-regulator model are shown in Figs. 4.16(a) and
(b), respectively. The gain K (inverse of the current slope) is typically between
20 pu (5% slope) and 100 pu (1% slope) on the base of the SVC-rated reactive
power. The time constant Tk usually lies between 20 and 150 ms, and the time
constants 77 and T, are zero in most cases.

A phase lead can, however, be provided to enhance the damping contribu-
tion of the SVC, although this may have a slightly detrimental effect on the
synchronizing torque. The lead-lag time constants can also be used to generate
sufficient phase and gain margins when large values of static gain are employed.
The maximum and minimum limits on the susceptance output Byt are given by
Bmax and By, respectively. The transfer function of voltage regulator in Model
1 is given by

Kgr 1+sT
G(s) = 438
) = T 5T (1+sT2) (4.38)
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Figure 4.17 (a) The IEEE Basic Model 2 for the SVC control system and (b) the
voltage-regulator model.

Model 2 and its corresponding voltage-regulator model are shown in Figs.
4.17(a) and (b), respectively. A proportional gain K, is employed to increase
the speed of response. The voltage regulator can be equivalently expressed as

_ K [(1+sTy
G(s) = P <l+sT,,> (4.39)

where
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K
To=T,+ - 4.40
o=1p+ K, (4.40)

Generally, Tp is kept at zero, thereby rendering the controller to be of the simple
proportional—integral (PI) type. The integrator in both Models 1 and 2 are of
the non-windup type [2].

4.3.2 The Phase-Locked Oscillator (PLO) Voltage Regulator

Phase-locked oscillators (PLOs) are extensively employed in the control of
HVDC converters [39], [40]. A similar closed-loop control of SVCs using PLOs
was proposed by Ainsworth [28] in 1988 and is now used in many applications.
The PLO-based control does not involve any control filter or other lead-lag
circuits and provides immunity from instabilities at harmonic frequencies in
addition to generating a fast response. The main features of this control are as
follows:

1. The feedback signal must possess a mean dc component proportional to
the quantity to be controlled.

2. The PLL incorporates the integral control. The TCR firing angle and,
consequently, the TCR current are so controlled that in the steady state,
the error between the controlled quantity and its reference value becomes
Zero.

3. The control reacts only to the mean value of the measured signal averaged
over half-cycles. It does not respond to harmonics or transient impulses,
thereby imparting a strong immunity from the instability at harmonic and
other supersynchronous frequencies. However, special measures need to
be taken to preclude the 2nd and 3rd harmonic instabilities discussed in
Chapter 5.

4. The PLO does not also respond to spurious harmonic components hav-
ing frequencies that are integral multiples of (system frequency f - pulse
number p). Thus a single-phase (2-pulse) PLO will ignore the frequen-
cies 2fo, 4fo, 6f0, and so on, in the control signal. Similarly, a 3-phase,
6-pulse or 3-phase, 12-pulse PLO will ignore harmonic components of
frequencies 6p fy or 12pfy, respectively, where p =1, 2, 3, . . . This spe-
cial characteristic of the PLO obviates the need for installing any delay-
introducing filters into the input-measurement system.

5. The process of integration extends in time to the very firing instant in
each half-cycle. The control is thus of a “zero-delay” type, with the only
unavoidable delay caused by the half-cycle integrations. A rapid response,
combined with a good stability characteristic, is the key feature of the
PLO.

4.3.2.1 The Basic Single-Phase Oscillator The principle of operation
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Figure 4.18 Phase-locked oscillator control for a single-phase TCR with (voltage)?
feedback.

of a PLO in a 3-phase system can be explained based on its control perfor-
mance in a single-phase (2-pulse) TCR. The control system for a single-phase
TCR involving (voltage)? feedback is illustrated in Fig. 4.18. The output of
this squarer transducer contains a dc component proportional to square of the
voltage (in addition to a 2nd harmonic component that is ignored by the PLO).
This signal is compared with a reference signal V., and the error signal V. is
added to a fixed-bias voltage V; in the summer 3 of the figure. The combined
signal is integrated, and the output is compared with a constant-voltage V; in
a comparator. As soon as the integrator output becomes equal to V;, a short-
duration output pulse activates the pulse generator (PG). The PG, acting through
the divide-by-two counter, releases two firing pulses spaced 180° apart that
are appropriately amplified and transmitted to the anti-parallel-connected set
of thyristors. The PLO thus effectively operates at twice the system frequency.
The relevant waveforms are depicted in Fig. 4.19. The positive- and negative-
cycle TCR-current pulses are denoted by i; and i,; the conduction period is
denoted by 28.

For an integrator-transfer function of K/s, the magnitudes of V| and V; are
chosen to reduce the error voltage V. to zero in the steady state. The required
magnitudes of V| and V; are obtained from the relation [28]:

K1V, =2foV> 4.41)

where K is the constant.

The PLOs for multiphase SVC systems can be realized in two configurations:
individual-phase control and equidistant-pulse control (also known as common-
oscillator control).
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Figure 4.19 Waveforms for a single-phase TCR.

4.3.2.2 The 3-Phase Oscillator

Individual-Phase Control (6-Pulse Operation) This requires three sets of 2-
pulse oscillators, one for each phase. Each set operates on the basis of the
corresponding phase voltage. In case of load compensation or voltage bal-
ancing (where such a scheme is most commonly employed), unequal currents
flow in the three TCR phases, resulting in the generation of noncharacteristic
harmonics—among which a predominant 3rd harmonic component exists for
which adequate filtering must be provided.

Equidistant-Pulse Control (Common-Oscillator Control) Only one common
PLO is needed in this configuration. The layout is the same as shown in Fig.
4.18, except that a divide-by-6 or -12 ring counter is employed for the 6- or 12-
pulse operation, respectively, instead of a divide-by-2 ring counter. The 6-pulse
PLO is impervious to harmonics of order 6, 12, 18, and so on; hence, even if
the feedback signal is derived from the output of a 6-pulse rectifier, instead of
a (voltage)® measurement there is no need to filter out the 6-pulse ripple.

Other closed-loop control applications and features of PLOs are described
in ref. [28].



THE VOLTAGE REGULATOR 121

4.3.3 The Digital Implementation of the Voltage Regulator

The dramatic evolution of microprocessor technology in recent times, together
with the availability of powerful software tools, has opened up new dimensions
in the digital control of power-system controllers, such as FACTS [16], [33].
The digital technology offers the following advantages:

1. Enhanced flexibility and amenability to different system requirements.

2. Control functions synthesized in software. This hardware can implement
different control schemes; for instance, controllers with variable param-
eters, as well as adaptive and nonlinear controller. Controller parameters
are not subject to variation with age and environmental conditions, and
their performance is completely repeatable.

3. Graphical, friendly, and interactive user interface. Operator interface can

be both local and remote.

Improved alarm and protection functions.

Advanced autodiagnostics, internal supervision, and debugging facilities.

Data communication with supervisory controls.

Now s

On-line monitoring and recording of variables affected by transient phe-
nomena.

Ease in testing and commissioning.

© o

. High resolution and accuracy.

10. Adequate bandwidth for FACTS controller applications, even though it
is somewhat limited in extremely fast, complex control loops.

11. Steadily declining costs of digital controllers.

Most modern FACTS installations are equipped with digital controllers. The
details of the application of digital control to SVCs in practical installations are
provided in refs. [16] and [33]. The SVC controller is implemented on a MACH
2 computer. The high-speed functions, such as the regulator and firing controls,
are realized in digital signal processors (DSPs), whereas the other regular fea-
tures, such as the operator interface, are provided in a main computer’s central
processing unit (CPU). The other control features of SVCs that are implemented
on the main computer are

1. closed-loop PI voltage regulator with variable gain, which responds to the
positive-sequence component of the measured voltage;

voltage measurement;

gain supervisor;

gate-pulse generation;

power oscillation damper;

control of external reactive-power sources;
undervoltage-control strategy;

Nk wD
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8. sequence control of breakers; and
9. TCR direct-current control.

These functions are explained later in this chapter, as well as in Chapter 5.

4.3.3.1 Digital Control The concept of digital control of SVCs is based
on the Z-transform technique [19], [20]. In a digital controller, a new transfer
function, G(z), is derived that corresponds to the continuous-transfer function,
G(s), which provides the same output at discrete time instants in response to
sampled values of the input. The Z transform is subsequently expressed as a
difference equation of the general form:

M L
Yy=2 AXyk— 2 BiYu_i (4.42)
k=0 k=1
where Y, = the present output values

Y, 1,Y,_» = the past output values
Xus Xn—1,X,-2 = the present and past input values

Ay, By = the constant coefficients that are dependent on the poles
and zeroes of the continuous-transfer function G(s) and
the sampling frequency

L, M = the positive integers that depend on G(s)

For instance, let a pure integral SVC controller G(s) be expressed as
K
G(s)=— (4.43)
s

The corresponding Z transform is given by

KTz
6@ =T (4.44)

where K = the controller gain
T = the sample period
7z ! = a delay of T seconds

The transform G(z) is step-invariant, that is, it has a similar response as G(s)
corresponding to a step change in input. Then, G(z) is expressed as a difference
equation:

Yo =KTX, 1+ Yy 1 (4.45)
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where Y, = the present output at t seconds
Yn -1
X, 1 = the past input at r — T seconds

the past output at t — T seconds

For an SVC controller, X and Y correspond to the error signal V, and desired
susceptance By, respectively. Thus, Eq. (4.45) can be rewritten as

Biettny = KT Ve 1) + Brefn—1) (4.46)

A general difference equation corresponding to a third-order G(s) having three
poles is expressed as

Bretin) = K[A 1 Vetn—1) + A2 Ven—2) + A3Vem—3)]
+ B1Bret(n - 1) + B2Bret(n—2) + B3Bret(n - 3) (4.47)

4.4 GATE-PULSE GENERATION

The susceptance reference output from the voltage regulator is transmitted to
the gate pulse—generation (GPG) unit, which produces appropriate firing pulses
for all the thyristor-controlled and thyristor-switched devices of the SVC so that
the desired susceptance is effectively made available at the SVC bus to achieve
the specified control objectives. In a general TSC-TCR configuration of SVC,
the GPG unit performs the following functions [5]:

1. It ascertains the number of TSC branches to be switched in to meet the
capacitive susceptance demand and also to allow an excess capacitive
susceptance to appear in the SVC.

2. It calculates the magnitude of TCR-inductive susceptance to offset the
surplus capacitive susceptance.

3. It determines the sequence in which the TSC connections should be actu-
ated, depending on the existing polarity of charges on the different capac-
itors, and thereby ensures transient-free capacitor switching.

4. It computes the firing angle for TCR thyristors for implementing the
desired TCR-inductive susceptance at the SVC terminals.

Function 1 is achieved by dividing the SVC susceptance reference output
from the voltage regulator, B¢, by the susceptance of one capacitor bank, Bc.
The quotient rounded off to the next integer corresponds to the number of capac-
itor banks required, say, nc. The difference between the total capacitive suscep-
tance ncBc and By provides the inductive susceptance to be realized by TCR
through firing control.

The TSC switching is implemented through a logic circuit [5] that follows
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two rules for transient-free capacitor switching: that the capacitor bank should
be switched on when the voltage across the TSC valves is either zero or at a
minimum. The firing pulses for TSC are produced in a similar manner as the
TCR, except that they are applied incessantly to the TSC thyristors to maintain
continuous conduction. A hysteresis is incorporated in the switching scheme
of TSCs to prevent rapid switching (chattering) from the small variations of
system voltage around the threshold.

The TCR firing angle o« computation corresponding to its calculated suscep-
tance is done using a susceptance-to-firing (B-to-«) angle converter or through
a lookup table residing in a microprocessor.

441 The Linearizing Function

Let us assume that the desired susceptance output, B¢, of the voltage regulator
is to be entirely implemented through the TCR, that is, there are no fixed or
switchable capacitors. Then the implementation of the voltage-regulator output
B as an actual installed susceptance Bgyc takes place through an interme-
diate stage of the firing-angle calculation, as shown in Fig. 4.20. Because the
relationship between the firing angle « and the susceptance Bsyc—expressed
as F(x)—is nonlinear, it necessitates the inclusion of a linearizing function
F>(o) to ensure that

Fr(ao)Fi(a) =1 (4.48)
where
Fa() = [F(a)] ! (4.49)

For the case of a single TCR alone, F(«) is expressed as

21 — 20 + sin 2«
Fi(a) = Bsyc = - (4.50)

Thus

Fa(a) = T

4.51
27 — 2o + sin 2« ( )

In physical terms, the function F(«) represents the calculation of the firing
angle, corresponding to Byt if all of the By is to be implemented on the TCR.

Biet Bsvc
L > FA@ Folw) —>

Figure 4.20 The linearization function.
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Subsequently, when the TCR is fired with an angle «, the net susceptance Bsvyc
connected to the SVC bus will become equal to By.

In a realistic case, however, the SVC will not be a simple TCR but a com-
bination of TCR and either fixed capacitors or switched capacitors on the
secondary of the coupling transformer. Furthermore, the number of switched
capacitors also varies with time; thus the nonlinearity of function F(«) gets
compounded. The linearizing function F»(«) must therefore accommodate all
the nonlinearities of the function F(c) in addition to any other nonlinearity in
the voltage regulator, especially the one caused by susceptance feedback instead
of the actual SVC current for implementing the current droop. Sometimes, the
linearizing function is inherently embedded in the scheme used for firing-pulse
generation, as in the cosine-wave—zero-crossing method [2].

In analog implementations of the GPG, the linearizing function is modeled
by a piecewise linear circuit that closely resembles the linearizing function. In
digital implementations, it is often realized through a lookup table, as mentioned
previously.

The firing pulses are produced in the GPG unit at a low voltage level with
respect to the ground potential, but they need to be transmitted to thyristors
operating at very high potential levels. The present technology, which ensures
isolation between the two widely different potential levels, is to transmit the
firing-pulse information through fiber-optic cables.

4.4.2 Delays in the Firing System

4.4.2.1 Thyristor Deadtime The concept of thyristor deadtime in SVC
controls [3], [4], [13], [41] can be explained on the basis of a single-phase,
2-pulse TCR in which the firing angle can change from 90° to 180°. In such
a TCR, the firing angle can only be varied once in each half-cycle; when the
conduction starts in either half-cycle, any change in the firing angle of the same
thyristor will not have any effect, impling that the desired firing-angle signal,
Oorders May be sampled just twice in each cycle just before the positive- and
negative-voltage peaks. The sampling frequency thus needs to be no faster than
twice the fundamental frequency. If the ooger changes to a new value just before
the positive-voltage peak, it can be implemented instantaneously with a zero
delay in the forward thyristor of the anti-parallel-connected pair. However, if
the update in aqrger OCcurs, in the worst case—just after the positive peak of
the voltage across TCR—there will be a time delay of a half-cycle until this
update is picked up at the next sampling just before the negative-voltage peak.
This delay, caused by the thyristors inability to respond to changes in oorder
at any arbitrary time instant, is termed thyristor deadtime. For a 2-pulse TCR,
the deadtime is a random quantity varying from O to 7//2, where T is the time
period of the voltage wave. It is therefore assigned an average value of 7/4.
Extending the preceding argument to a 6-pulse TCR, it can be seen that the
frequency of sampling the signal otoger needs to be only six times the fundamen-
tal frequency. The sampling instants occur shortly before the six voltage peaks



126 SVC CONTROL COMPONENTS AND MODELS

corresponding to the 3-phase voltages in one time period. Thus similar to the
2-pulse TCR the average thyristor deadtime is set at half of 7/6 or one-twelfth
cycle time, which is 4.17 ms for 60-Hz systems. In general, for a p pulse TCR,
the thyristor deadtime is given by T/(2p), where T is the time period of the fun-
damental voltage. Sampling at a frequency 6f¢ has the additional advantage of
filtering out the 6th harmonic ripple in the controller output introduced by the
rectifier in measurement circuit.

4.4.2.2 Thyristor Firing-Delay Time There is another kind of delay caused
by the magnitude of the firing angle at which the TCR is operating. It is
attributed to the sequential nature of firing of a 3-phase TCR and corresponds
to the delay between the sampling instant and the instant when the thyristors
commence conduction. If a change occurs in oy shortly before a voltage
peak (i.e., at one of the sampling instants), the TCR current will achieve its
steady state after the new firing angle is sampled by all the three phases. The
TCR firing angle varies from 90° to 180°, implying a delay that varies between
zero and one-fourth of a cycle time, as measured from the peak of voltage in
one phase. The firing angle in the forward thyristors of other phases will be
delayed by 60° and 120°, respectively. The transfer function of the firing delay
is therefore expressed as follows [41]:

Gy(s)=1(e* T + e 4773 (4.52)

When « is close to 90°, the time constants are

0<T<T/6
T/6<T,<2T/6
2T/6 < T3 <3T/6 (4.53)

and when « is close to 180°, these time constants are

T/4 < Ty <5T/12
5T/12 < T, <7T/12

TT/12 < T3 <9T/12 (4.54)
where
T = L (4.55)
~ fo '

The following time constants can be used as a rough approximation:
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T, =T/3
T,=T/2
T3 =2T/3 (4.56)

In most stability studies, the thyristor deadtime, T, and the thyristor firing-
delay time, Ty, are together represented by the following transfer function [4],
(111, [13], [14]:

—sTy

G = 4.57
O =T (4.57)
where
T
T)=— (4.58)
2p
and
T
Ty = vy (4.59)

corresponding to a maximum delay of 180°. As T, is small, Gy(s) can also be
approximated by

1
v () = ST (L +sTy) (4.60)

4.5 THE SYNCHRONIZING SYSTEM

The purpose of the synchronizing system is to generate reference pulses in syn-
chronism with the fundamental component of system voltage [3], [5], [16], [42].
These pulses are then used by the GPG unit to time the firing pulses to the TCR
and TSCs. The synchronizing system must possess the following attributes:

insensitivity to distortions in supply voltage;
minimal generation of noncharacteristic harmonics;
unhindered operation during severe system faults;

accurate tracking of system frequency and phase angle; and

A

quick resynchronizing capability on reappearance of the system voltage
subsequent to fault clearing.
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Figure 4.21 A general PLL model for digital-control system representation.

A very commonly employed synchronizing system satisfying the require-
ments in the foregoing list is based on the PLL shown in Fig. 4.21. The PPL not
only provides a signal at the zero-crossing instant of the fundamental voltage,
but it also generates the necessary timing-clock signals that are phase-locked to
the fundamental frequency for the digital counters that count the firing angle.

Another synchronizing technique employs actual thyristor-valve voltages for
producing the firing-angle reference ramps with which the firing angles are syn-
chronized [42]. This scheme strongly satisfies criteria 4 and 5 of the foregoing
list, but not criterion 1—especially during faults and system disturbances when
the voltages undergo significant variations and distortions. This problem may,
however, be overcome by resorting to balancing techniques for equalizing the
firing angles in the three phases and equalizing the positive- and negative-cur-
rent pulses.

4.6 ADDITIONAL CONTROL AND PROTECTION FUNCTIONS

The basic voltage regulator is usually augmented by certain special control and
protection functions [3]-[9], [13]-[15] described in this section. Modeling of
these functions is dependent on the nature of study, such as fundamental-fre-
quency stability simulation or electromagnetic-transient program (EMTP) sim-
ulation studies.

4.6.1 The Damping of Electromechanical Oscillations

Aucxiliary control of SVC based on supplementary control signals, such as bus
frequency, line current, line active/reactive power, and generator-rotor velocity,
is often employed to enhance the damping contributed by SVC to electrome-
chanical or power oscillations, thereby attaining much higher levels of stable
power transfer. Details of these controls are presented in Chapter 6.

The relevant auxiliary signal is measured, computed, and processed through
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a controller that is similar in configuration to that of a power-system stabilizer.
The auxiliary controller typically includes one or two lead-lag stages, a gain,
and a washout-transfer function. The output of the auxiliary controller may be
applied at the reference-summing junction, as shown in Fig. 4.16(a) for IEEE
Basic SVC Model 1 at the location labeled “Other Signals.” The auxiliary con-
troller modifies the voltage reference only when a change occurs in the auxiliary
control signal. In the steady state, this contribution is zero.

In another variant of the supplementary controller, the output of the auxil-
iary controller is applied to the voltage-regulator output, thereby bypassing the
voltage regulator itself. This application is either to expedite the SVC response
by avoiding the time constants inherent in the voltage regulator or to trans-
form the controller for the exclusive purpose of damping the electromechanical
oscillations. If the power oscillations exceed a threshold, then a discontinuous
damping signal is applied that provides a “bang-bang” kind of control. The
voltage-regulator output is disabled in this case.

The strategy of applying the auxiliary-control signal to the output of voltage
regulator is also adopted in some schemes for damping the subsynchronous
oscillations in series-compensated lines.

4.6.2 The Susceptance (Reactive-Power) Regulator

The SVC requires a substantial reactive-power reserve capacity to improve sys-
tem stability. In the event of a disturbance, the fast-voltage regulator control
uses a significant part of the reactive-power range of the SVC to maintain a pre-
specified terminal voltage. If the SVC continues to be in this state, not enough
reactive-power capacity may be available for it to respond effectively to a sub-
sequent disturbance. A slow susceptance (or var) regulator is provided in the
control system that changes the voltage reference to return the SVC to a preset
value of reactive-power output, which is usually quite small. Other neighboring
compensating devices, such as mechanically switched capacitors or inductors,
can then be employed to take up the required steady-state reactive-power load-
ing.

The susceptance regulator shown in Fig. 4.22 [11] compares the voltage-reg-
ulator output susceptance B with a setpoint B [8]. The By is usually chosen
to be the fundamental-frequency reactive-power contribution of the permanently
connected harmonic filters of the SVC. In these cases, the By corresponds
to a near-floating-state operation of the SVC. The error signal is transmitted
through an integral control, and a corrective voltage contribution is applied to
the voltage-reference junction. This control operates in a time period of tens of
seconds or minutes; hence it does not interfere with the fast voltage regulation
or auxiliary control of the SVC. The susceptance regulator may be inhibited
during large disturbances to permit full voltage control for system restoration.

The operation of the susceptance regulator is illustrated in Fig. 4.23 [5], [13].
Let the SVC initially be at the steady-state operating point 1, which marks the
intersection of the system load line and SVC V-I characteristics. If a sudden
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Figure 4.22 The susceptance regulator and mechanical-equipment switching: (a) the

general structure; (b) the susceptance regulator; and (c) the mechanical equipment
switching.

disturbance occurs in the system, reducing the SVC bus voltage by AVr, the
SVC moves rapidly to operating point 2 by the action of the voltage regulator.
This operating point is described by the intersection of the new system load
line and the SVC V-I characteristic.

If this decrease in voltage persists for some time, the susceptance regulator,
through its slow integrator action, will modify the SVC reference voltage by
AVsg and bring the SVC steady-state operating point to 3. Now, although the
SVC voltage has been reduced below the desired reference, the SVC reactive-
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Figure 4.23 Operation of the SVC susceptance regulator.

power range is still available for coping with any system contingency. The
neighboring var sources may then be switched to raise the SVC voltage to the
desired value.

4.6.3 The Control of Neighboring Var Devices

Mechanically switched capacitors (MSCs), mechanically switched reactors
(MSRs), and LTC transformers are some of the major neighboring reactive-
power devices that constitute the overall static var system and thus need to be
controlled appropriately. Some of the switching strategies are

1. switching MSCs subsequent to sensing of the short circuit;

2. switching MSRs with overload capability for voltage regulation;

3. switching MSCs and MSRs to bring back the SVC to nearly its reactive-
power setpoint; and

4. controlling the tap changing on LTC transformers.

All these switchings are slow and may be deliberately delayed for allow-
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Figure 4.24 The undervoltage strategies.

ing fast control devices, such as an SVC, to act. The process of mechanical
equipment switching is illustrated conceptually in Fig. 4.22(c) [11].

4.6.4 Undervoltage Strategies

A logic is incorporated in the SVC control to block the SVC during instances of
severe undervoltage, such as faults. If the SVC continues to operate under these
conditions, the voltage regulator will act to make the SVC output immensely
capacitive, which may lead to excessive overvoltages as soon as the fault is
cleared. One such model of undervoltage strategies [8] is illustrated in Fig. 4.24.
There, Veas represents the SVC bus voltage on HV side in parts per unit, and
the limits U Vi, and U Vi specify the permissible maximum and minimum
levels of the undervoltage.

When a 3-phase-rectified voltage drops below a threshold U V., (typically
0.6 pu), in case of a 3-phase fault, the following actions are initiated:

1. the voltage regulator is disabled (Bt is clamped to zero),
2. all the TSCs are blocked, and
3. the susceptance regulator is inhibited.

After a prespecified time (about 30 ms) of ac voltage recovery to a second
setpoint U Vi, typically 0.69 pu (higher than the first setpoint U Vi), the
TSCs are permitted to deblock, and the Byt clamp is withdrawn. After an addi-
tional prespecified time (about 170 ms), the susceptance regulator is reinstated.
The undervoltage strategy is designed to become effective mainly during 3-
phase faults, not during single line-to-ground faults. The discrimination between
the two types of faults is implemented through the choice of threshold voltage.

4.6.5 The Secondary-Overvoltage Limiter

The control function provided by the secondary-overvoltage limiter ensures that
the secondary (low-voltage) side of the SVC coupling transformer does not
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Figure 4.25 The secondary-overvoltage limiter.

exceed the design limits during an abnormal situation when the SVC output is
highly capacitive and the voltage regulator is inoperative.

The secondary-overvoltage limiter [8] shown in Fig. 4.25 comprises a closed-
loop integral control, the output of which modifies the susceptance-output limits
Bax and B, of the main voltage regulator shown in Figs. 4.15 and 4.16 [11].
The time constant of this slow-acting limiter typically is chosen as 300 ms,
which is much longer than that incorporated in the main voltage control. The
operation of this limiter therefore does not adversely affect the fast performance
of the main voltage controller.

4.6.6 The TCR Overcurrent Limiter

The special control function provided by the TCR overcurrent limiter restricts
the TCR current during periods of high voltage, such as those caused by load
rejections, to prevent any damage to the thyristors. This function is also closed
loop integral in nature, and it alters the firing angle to restrain the current to
a preset level. The time constant of this controller is chosen so that it does
not interact with other fast-acting controls. A value of 100 ms is typical. This
overcurrent limiter can be modeled by the time-varying magnitude of By, in
Figs. 4.16 and 4.17.

4.6.7 TCR Balance Control

The TCR balance-control function monitors and restricts the magnitude of dc
flow in the TCR reactors during situations of large 2nd harmonic ac voltage
distortion. This control function essentially acts through the TCR firing angle;
it is discussed in Section 5.4.3.

4.6.8 The Nonlinear Gain and the Gain Supervisor

A nonlinear gain is incorporated into the SVC voltage regulator to speed up
the response during large disturbances. In many cases, a gain supervisor is
installed to ensure a fast, stable response during changing values of system
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strength (short-circuit levels) [3], [15], [41]. (Both features are discussed in
Chapter 5.) The nonlinear gain is modeled in transient-stability simulations, but
the need for an appropriate model of a gain supervisor may arise only during
the electromagnetic-transient program (EMTP) simulations.

4.7 MODELING OF THE SVC FOR POWER-SYSTEM STUDIES

The extent of modeling of the SVC and the power system is dependent on
the nature of the power-system studies to be performed. In this section, the
basic SVC modeling concepts involved in different power-system studies are
presented.

4.7.1 Modeling for Load-Flow Studies

The SVC models in these studies should represent the fundamental-frequency,
steady-state, and balanced performance of the SVC [3], [11], [14], [25], [26].
It may be necessary to model the SVC in terms of its three individual phases
when an unbalanced operation of the SVC is considered, such as during load
compensation or voltage balancing. The features of conventional load-flow pro-
grams are described in the text that follows.

4.7.1.1 SVC Operation Within the Control Range If the slope of the
SVC is neglected, then the SVC is modeled as a PV bus, with P=0and V = V.
However, if the slope is considered (as in the analysis of weak ac systems),
the same is modeled by connecting the high-voltage side of the SVC bus to a
fictitious auxiliary bus by means of a reactance equal to the slope expressed in
per units on the SVC base. Such a model is shown in Fig. 4.26(a).

High-Voltage-Side

Isve Bus (PQ)
XsL
I gighi\églt)age-Side Vit —— Regulated Bus
us
. A A (X7 =Xs)
X Medium-Voltage
> Auxiliary YY"V Bus (PV with
V ——
ref Bus (PV) remote control)
SvC SvC

(a) (b)

Figure 4.26 The SVC models with slope representation using conventional power-
flow PV buses: (a) without a coupling transformer and (b) with a coupling transformer.
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Figure 4.27 The SVC model with slope for operation outside the control range.

It may become necessary to model the coupling transformer should the
SVC be connected to the tertiary winding. When the transformer is represented
explicitly, the susceptance range of the SVC must be appropriately adjusted to
represent the correct reactive-power rating as seen at the high-voltage bus [11].
The corresponding load-flow model is illustrated in Fig. 4.26(b).

4.7.1.2 SVC Operation Outside the Control Range The SVC is repre-
sented as an appropriate shunt admittance, depending on which limit is violated
[3].

If Isvc > Inax (the inductive-limit violation), then

B = Bpin = — 8‘2’“‘" 4.61)

max

If V < Viin (the capacitive-limit violation), then
B =By =~ ‘Q/;‘““ (4.62)

min

where QOpax = the maximum inductive-reactive-power rating at Vgyc = Vinax

Omin = the maximum capacitive-reactive-power rating at Vgyc =
Vmin

It may be noted that Qnax is a positive quantity, whereas Qui, 1S a negative
quantity.

The SVC model in this case is shown in Fig. 4.27. Modeling of the SVC
as a PV node with Q limits is not appropriate for representing the SVC under
overload conditions. This characterizes an incorrect behavior outside the control
range, as depicted in Fig. 4.28.

In advanced load-flow programs, a comprehensive SVC model is used that
models not only the slope in the controlled range but also the Q limits in the
uncontrolled domain [3], [11].
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SVC Bus
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Figure 4.28 Inappropriate SVC modeling outside the control range for load-flow stud-
ies.

4.7.2 Modeling for Small- and Large-Disturbance Studies

In these studies, only the positive-sequence behavior of the SVC-compensated
system is modeled. The electromagnetic transients in the SVC (TSC, TCR) and
the network can be neglected if the objective is to investigate the stability related
to electromechanical oscillations.

The models corresponding to the different components of the control sys-
tem have already been presented. Because the bandwidth of stability programs
is limited, the thyristor firing control is not explicitly represented. In such a
case, a suitable interface model is needed to convert the output signal Bt into
a controlled network component connected to the SVC bus. This can be imple-
mented using any of the two models shown in Fig. 4.29 and listed as follows:

1. The variable-susceptance model, in which the SVC current in response
to the susceptance output is given by

Isvc = BretVsve (4.63)
Isve Isve
: v —®
L o

(a) (b)

Figure 4.29 Basic static var generator models for small- and large-disturbance studies:
(a) the susceptance model and (b) the current-source model.
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2. The controlled-current-source model, in which the SVC current is again
given as

Isve = BretVsve (4.64)

Although both models in the preceding list are equivalent, a significance
difference exists in their implementation. In case of the variable-susceptance
model, the system-admittance matrix B must be updated in case any changes
occur in B, whereas a constant B matrix can continue to be used in case of
the controlled-current-source model.

4.7.3 Modeling for Subsynchronous Resonance (SSR) Studies

In subsynchronous resonance (SSR) studies [43], a wide bandwidth of elec-
tromechanical frequencies is considered, so a need exists to model the network
transients, as well as the thyristor-controlled and thyristor-switched elements.
Additional filtering in the measurement systems may be required to eliminate
network-resonant frequencies close to fundamental for the satisfactory, stable
operation of the SVC control system. These aspects are discussed in detail in
Chapter 5.

4.7.4 Modeling for Electromagnetic-Transient Studies

The requirements for modeling the SVC in a general electromagnetic-transient
study [3], [13], [14], [21]-[24] are

1. representation of three phases;

2. accuracy over a wide frequency range;

3. representation of all system nonlinearities, as well as different controls
and protection functions;

4. time-domain simulation;

5. detailed modeling of the static var system components (e.g., reactors,
capacitors, and transformer models—including their saturation character-
istics);

6. representation of the GPG system and synchronizing system for studying
the instant-to-instant behavior of SVCs; and

7. modeling of additional control and protection functions.

4.7.5 Modeling for Harmonic-Performance Studies

The basic SVC model required for conducting harmonic-performance studies
[2], [3] comprises an ideal harmonic-current source (single-phase or 3-phase
symmetrical) with a specified current spectrum. The magnitudes of the nth-
order harmonic current, [,,, are dependent on the SVC configuration and its
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operating condition. A harmonic-voltage source model in series with a variable
source admittance is proposed in ref. [27]. Harmonic-performance studies are
based on certain assumptions, as follows:

1. The effect of multiple harmonic sources can be investigated by applying
the superposition principle.

2. The SVC harmonic generation can be modeled by positive-, negative-,
and zero-sequence harmonic sources.

3. The system can be represented by linear models at each harmonic fre-
quency.

4. The precise evaluation of harmonic distortion must have accurate load
modeling.

4.8 SUMMARY

This chapter described the various measurement systems employed in the SVC
control system. The demodulation effect of the measurement systems was dis-
cussed in detail. The different components of the basic SVC voltage control
system were described, together with the accompanying protection functions
embedded in the SVC control schemes, and the basic features of SVC model-
ing for various studies were highlighted.
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I CHAPTER 5

Concepts of SVC Voltage Control

5.1 INTRODUCTION

Static var compensators (SVCs) are used primarily in power systems for voltage
control as either an end in itself or a means of achieving other objectives, such
as system stabilization [1]-[8]. This chapter presents a detailed overview of the
voltage-control characteristics of SVC and the principles of design of the SVC
voltage regulator. The performance of SVC voltage control is critically depen-
dent on several factors, including the influence of network resonances, trans-
former saturation, geomagnetic effects, and voltage distortion. When SVCs are
applied in series-compensated networks, a different kind of resonance between
series capacitors and shunt inductors becomes decisive in the selection of con-
trol parameters and filters used in measurement circuits.

Various considerations affecting the design of the SVC voltage regulator are
discussed in this chapter as well.

5.2 VOLTAGE CONTROL

5.2.1 V-l Characteristics of the SVC

The steady-state and dynamic characteristics of SVCs describe the variation of
SVC bus voltage with SVC current or reactive power. Two alternative repre-
sentations of these characteristics are shown in Fig. 5.1: part (a) illustrates the
terminal voltage—SVC current characteristic and part (b) depicts the terminal
voltage—-SVC reactive-power relationship. The dynamic V-I characteristics of
SVCs are described in the following text.

5.2.1.1 Dynamic Characteristics

Reference Voltage, V,o; This is the voltage at the terminals of the SVC dur-
ing the floating condition, that is, when the SVC is neither absorbing nor gen-
erating any reactive power. The reference voltage can be varied between the
maximum and minimum limits—V ef max and Vier min—=either by the SVC con-
trol system, in case of thyristor-controlled compensators, or by the taps of the

142
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Figure 5.1 (a) The voltage—current characteristic of the SVC and (b) the voltage—
reactive-power characteristic of the SVC.
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coupling transformer, in the case of saturated reactor compensators. Typical
values of Vief max and Vier min are 1.05 pu and 0.95 pu, respectively.

Linear Range of SVC Control This is the control range over which SVC
terminal voltage varies linearly with SVC current or reactive power, as the latter

is varied over its entire capacitive-to-inductive range.

Slope or Current Droop The slope or droop of the V-I characteristic is defined
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as the ratio of voltage-magnitude change to current-magnitude change over the
linear-controlled range of the compensator. Thus slope Kg; is given by

KoL =7 @ (5.1)

where AV = the change in voltage magnitude (V)
Al = the change in current magnitude (A)

The per-unit value of the slope is obtained as

AV/V,
- 5.2
SL= AL, pu (5.2)
where V, and I, represent the rated values of SVC voltage and current, respec-
tively.
For AI =1,,
AV(atl, or Q,)
Ky - AV@tl or @)
v,
AV(at I, r
_ M . 100% (5.3)

where Q, represents the rated reactive power of SVC.

Thus the slope can be defined alternatively as the voltage change in percent
of the rated voltage measured at the larger of the two—maximum inductive- or
maximum capacitive-reactive-power outputs, as the larger output usually corre-
sponds to the base reactive power of the SVC. In some literature, the reactive-
power rating of the SVC is defined as the sum of its inductive and capacitive
rating. The slope is often expressed as an equivalent reactance:

Xs1. = K1, in pu 5.4

The slope can be changed by the control system in thyristor-controlled com-
pensators, whereas in the case of saturated reactor compensators, the slope is
adjusted by the series slope-correction capacitors. The slope is usually kept
within 1-10%, with a typical value of 3-5%. Although the SVC is expected to
regulate bus voltage, that is, maintain a flat voltage-current profile with a zero
slope, it becomes desirable to incorporate a finite slope in the V-I characteristics
for reasons described in Section 5.2.3.

Overload Range When the SVC traverses outside the linear-controllable
range on the inductive side, the SVC enters the overload zone, where it behaves
like a fixed inductor.
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Overcurrent Limit To prevent the thyristor valves from being subjected to
excessive thermal stresses, the maximum inductive current in the overload range
is constrained to a constant value by an additional control action.

5.2.1.2 Steady-State Characteristic The steady-state V-I characteristic of
the SVC is very similar to the dynamic V- characteristic except for a deadband
in voltage, as depicted in Figs. 5.1(a) and (b). In the absence of this deadband,
in the steady state the SVC will tend to drift toward its reactive-power limits
to provide voltage regulation. It is not desirable to leave the SVC with very
little reactive-power margin for future voltage control or stabilization excursions
in the event of a system disturbance. To prevent this drift, a deadband about
Vier holds the Igyc at or near zero value, depending on the location of the
deadband. Thus the reactive power is kept constant at a setpoint, typically equal
to the MVA output of the filters. This output is quite small; hence the total
operating losses are minimized [9], [10]. A slow susceptance regulator (see
Section 4.6.2) is employed to implement the voltage deadband, which has a
time constant of several minutes. Hence the susceptance regulator is rendered
virtually ineffective during fast transient phenomena, and it does not interfere
with the operation of the voltage controller.

5.2.2 Voltage Control by the SVC

The voltage-control action of the SVC can be explained through a simplified
block representation of the SVC and power system, as shown in Fig. 5.2. The
power system is modeled as an equivalent voltage source, V, behind an equiv-
alent system impedance, X;, as viewed from the SVC terminals. The system
impedance X; indeed corresponds to the short-circuit MVA at the SVC bus
and is obtained as

Vi

X - MVA, in pu (5.5

Cc

where . = the 3-phase short circuit MVA at the SVC bus
V), = the base line-to-line voltage
MVA, = the base MVA of the system

If the SVC draws a reactive current Isyc, then in the absence of the SVC
voltage regulator, the SVC bus voltage is given by

Vs = Vsvc + IsvcX; (5.6a)
or

V= stcLOo + Isch*9OOXSL9OO) (56b)
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Figure 5.2 (a) A simplified block diagram of the power system and SVC control sys-
tem; (b) a phasor diagram of the ac system for the inductive SVC current; and (c)
characteristics of the simplified power system and the SVC.

or
Vs =(Vsvc + IsveX)L0° (5.6¢)

or

Vs =Vsve + IsveX; (5.6d)

The SVC current thus results in a voltage drop of IsycX; in phase with the
system voltage V. The SVC bus voltage decreases with the inductive SVC
current and increases with the capacitive current. Equation (5.6d) represents
the power-system characteristic or the system load line. An implication of Eq.
(5.6d) is that the SVC is more effective in controlling voltage in weak ac sys-
tems (high X;) and less effective in strong ac systems (low Xj).
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The dynamic characteristic of the SVC depicted in Fig. 5.1 describes the
reactive-power compensation provided by the SVC in response to a variation
in SVC terminal voltage. The intersection of the SVC dynamic characteristic
and the system load line provides the quiescent operating point of the SVC, as
illustrated in Fig. 5.2(c).

The voltage-control action in the linear range is described as

Vsve = Vier + Xsidsve (5.7

where Igyc is positive if inductive, negative if capacitive.

It is emphasized that the V-I characteristics described here relate SVC
current/reactive power to the voltage on the high-voltage side of the coupling
transformer. An example characteristic describing the relationship between the
voltage on the low-voltage side of the coupling transformer, and the SVC cur-
rent has been derived in Chapter 3.

5.2.3 Advantages of the Slope in the SVC Dynamic Characteristic

Although the SVC is a controller for voltage regulation, that is, for maintaining
constant voltage at a bus, a finite slope is incorporated in the SVC’s dynamic
characteristic and provides the following advantages despite a slight deregula-
tion of the bus voltage. The SVC slope

1. substantially reduces the reactive-power rating of the SVC for achieving
nearly the same control objectives;

2. prevents the SVC from reaching its reactive-power limits too frequently;
and

3. facilitates the sharing of reactive power among multiple compensators
operating in parallel.

5.2.3.1 Reduction of the SVC Rating Figure 5.3 illustrates two dynamic
V-I characteristics of an SVC. Characteristic OA’B’C’ incorporates a finite
slope, whereas characteristic OABC does not. The slope has been deliberately
exaggerated to demonstrate its effect. Assuming that the system load line varies
between L; and L,, the reactive-power rating of the SVC needed for providing
flat voltage regulation is Q¢,, capacitive to Qy,, inductive, as determined from
the characteristic OABC. However, if a small deregulation in the SVC bus volt-
age is considered acceptable (as demonstrated by the characteristic OA’B’C"),
the maximum reactive-power rating of the SVC required for performing the
voltage control corresponding to the same variation in the system load line is
O, capacitive to Q;,, inductive. Evidently, Q¢,, < Ocn and Q},, < Q. Thus
a much lower SVC reactive-power rating and, hence, a much lower cost is
required for nearly the same control objective.

It has been shown for an example system [2] that the SVC rating can be
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Figure 5.3 Reduction in the SVC reactive-power rating by the current slope.

reduced to half, with a 5% slope in the V-I characteristic. The resulting trade-
off is a 2.5% voltage excursion.

5.2.3.2 Prevention of Frequent Operation at Reactive-Power Limits
Figure 5.3 also shows that if there is no slope in the dynamic characteristic,
even a small change in the system load line (from a small variation, E; — Ej,
in the no-load equivalent system voltage, as viewed from the SVC bus) may
cause the SVC to traverse from one end of the reactive-power range to the
other end to maintain constant voltage. The reactive-power limits of the SVC
are reached more frequently if the ac system tends to be strong, that is, when
the slope of the system load line is quite small. The effectiveness of the SVC
as a voltage-control device therefore becomes limited.

With a finite slope in the V-I characteristic, the SVC continues to operate in the
linear-controllable range for a much larger variation in the load line of the external
ac system. For instance, the SVC can exercise voltage control for a significantly
larger variation, E4 — E3, in the equivalent ac system no-load voltage.

When the external ac system is subjected to a disturbance, both the slope
of the load line (indicative of the equivalent system reactance) and the system
no-load voltage are influenced. However, the feature discussed here has been
explained in terms of changes in the no-load voltage only.

5.2.3.3 Load Sharing Between Parallel-Connected SVCs For reliabil-
ity via redundancy, and also for minimizing the net harmonic generation, it is
not uncommon to divide the net-required SVC range into several equal-sized
compensators. When more than one compensator is used at one location, the
control action must be coordinated. This section discusses such coordination.
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Consider two SVCs, SVC; and SVC,, connected at a system bus as depicted
in Fig. 5.4(a). The two SVCs have the same ratings but the reference voltages,
Ve, Of the two control characteristics differ by a small amount, €. In practice,
€ is small, although it is not zero. Two cases are examined: one in which both
the SVCs have a zero slope, as shown in Fig. 5.4(b), and the other in which the
two SVCs have a finite slope, as illustrated in Fig. 5.4(c). The composite V-1
control characteristic of the two SVCs is derived by summing up the individual
currents of both SVCs for the same bus-voltage magnitude—procedure that is
repeated over the entire range of SVC bus voltage. The composite characteristic
is indicated by the thicker line.

In the case of zero current slope, the composite operating characteristic is
beset with a discontinuity around point A. When the system load line intersects
the V-I characteristic at A, a quiescent operating point results that corresponds
to full reactive-power production on SVC; (point B) and full inductive-reactive-
power absorption on SVC, (point C). Thus one SVC partially compensates the
output of the other, which is uneconomical because the losses are high. On the
left of point A, SVC, controls the bus voltage, whereas SVC; remains at full
production. However, on the right of point A, it is SVC; that controls the bus
voltage and SVC, that is at full absorption. This operation clearly demonstrates
that the two SVCs are not well coordinated.

The current droop ensures that the composite V-I control characteristic of
both SVCs is continuous despite the difference in the voltage-reference set-
points. If the two SVCs and the power system achieve a stable-operating point
at A, SVC, operates at B and SVC, at C. The reactive-load sharing of the two
compensators is improved, and the losses are minimized. The zones where only
one compensator controls the voltage while the other is already at a limit reduce
to small portions at both ends of the control range.

In practice, the error € is much smaller than depicted in Figs. 5.4(b) and (c),
and the achievable accuracy of load sharing is often acceptable without any
further controls. With additional balancing controls, exact load sharing can be
attained.

5.2.4 Influence of the SVC on the System Voltage

5.2.4.1 Coupling Transformer Ignored The SVC behaves like a con-
trolled susceptance, and its effectiveness in regulating the system voltage is
dependent on the relative strength of the connected ac system. The system
strength or equivalent system impedance, as seen from the SVC bus, primar-
ily determines the magnitude of voltage variation caused by the change in the
SVC reactive current. This can be understood [5] from the simplistic represen-
tation of the power system and SVC shown in Fig. 5.2(a). In this representation,
the effect of the coupling transformer is ignored and the SVC is modeled as a
variable susceptance at the high-voltage bus. The SVC is considered absorbing
reactive power from the ac system while it operates in the inductive mode.
The SVC bus voltage, Vgsyc, is given by Eq. (5.7). Linearizing Eq. (5.7)
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Figure 5.4 (a) Two parallel-connected SVCs at a system bus; (b) two SVCs in par-
allel with difference € in the reference-voltage setpoints without current droop; and (c)
two SVCs in parallel with current droop and with difference € in the reference-voltage
setpoints.
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gives the variation in the Vgyc as a function of change in the SVC current,
Isyc. Thus for the constant-equivalent-source voltage Vi,

AVsye = —X;Algyc (5.8)
The Vgyc is also related to Igyc through the SVC reactance, Bsyc, as follows:
Isvc = BsvcVsve (5.9)

For incremental changes, Eq. (5.9) is linearized to give

Alsyc = BsvcyAVsve + ABsycVsve, (5.10)

Substituting Algyc from Eq. (5.10) in Eq. (5.8),

AV -V
sve _ SVCy (5.11)
ABSVC ESCR + BSVCO
where the effective short-circuit ratio (ESCR) is defined as
ESCR = !
(~AVsyc/Alsyc)
1
= — =B, 5.12
X (5.12)

where B = the equivalent system susceptance

5.2.4.2 Coupling Transformer Considered As shown in Fig. 5.5, the
representation of the SVC coupling transformer creates a low-voltage bus con-
nected to the SVC and the transformer reactance X7 is separated from X;. The
high-voltage side, Vg, is then related to low-voltage side, Vsyc, as

Vi

C Xs

Xr

Vsve
Isve

Bsvc

Figure 5.5 Representation of the power system and the SVC, including the coupling
transformer.
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Vsve _ 1 (5.13)
VH 1+ XTBSVC ’
Linearizing Eq. (5.13) gives
AVsyc(1 + X7Bsvcy) + Vsve, XTABsyc = AVy (5.14)

Substituting Eq. (5.14) and the expression Vsyc,/Vp, from Eq. (5.13) in Eq.
(5.11) results in

AVy Vi, ( 1 - X;ESCR ) 5.15)

ABSVC B (ESCR + BSVCO) 1+ XTBSVC()

5.2.4.3 The System Gain The effect of the SVC on system voltage can
also be evaluated in an alternate [11] (though approximate) manner, as follows
in Eq. (5.16). Equations (5.7) and (5.9) can be combined to give

Vs(1/Bsvc)
(X +1/Bsvc)

Vi
B (1 + stc/ESCR)

Vsve =

(5.16)

where X is the equivalent short-circuit impedance of the system in shunt with
the capacitive reactance of SVC.

For ac systems, generally ESCR >> Bgyc (or effectively, X; << 1/Bgsyc).
Thus Eq. (5.16) can be expanded as

Bgsvc
= 1- 17
Vsve = Vs ( ESCR ) (5.17)

The change in SVC bus voltage, AV, is then given by

AV =Vs— Vsyc (5.18)
or
VsBsvc
AV =—7F-—"-— 1
4 ESCR (5.19)
or
AV = KyBsvce (5.20)

where Ky is defined as the “system gain” and is expressed as
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Vs Vs
- ESCR By

Ky (5.21)

The system gain, Ky, thus relates the deviation in SVC bus voltage to SVC
susceptance. An increase in inductive susceptance, Bsyc, causes AV to become
more positive, thereby leading to a drop in the SVC bus voltage. In fact, Eq.
(5.20) can be obtained from Eq. (5.11) if it is assumed that

VSVCO =Vs and ESCR > BSVCO (5.22)

and understanding that

AV =-AVgyc (5.23)

The foregoing derived expression for system gain can be used to arrive at a
preliminary design of an SVC voltage regulator. However, it may, be noted that
the system gain Ky depends on the equivalent system voltage Vs and equiva-
lent impedance Xs—both of which are subject to change with the dynamically
varying power-system configuration. The gain Ky is thus not a constant and,
in fact, varies in a certain range. A weak ac system would correspond to a high
system gain; a strong ac system would result in a relatively lower system gain.

Equation (5.21) was derived based on the absolute values of the various
parameters involved. For control studies, it is desirable to derive a correspond-
ing equation based on per-unit values of different variables. Let the base volt-
age, Vy, and base susceptance, By, be chosen as

Vi = Viominal (5.24)

where  Viomina = the rated bus voltage

Bb = Bmax - Bmin (525)

where Bp.x = the maximum susceptance of the SVC (fully capacitive)

Bin = the minimum susceptance of the SVC (fully inductive)

The per-unit system gain is therefore given from Eq. (5.21) as

Vs By

= 5.26
V, By (5.26)

N

Multiplying and dividing Eq. (5.20) by V,%,
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Vs B, V?
Ky = s Db 73
Vh BS Vb

_ Vs Osvc
Vi

Vi BsVV,, Ve
S

(5.27)

or

%
Ky — &ﬁ (5.28)
V,S, -2
Vs

where S, = the short-circuit power
= the base voltage - the short-circuit current
Vi - (BsVs)

Assuming V/V} is close to unity, which is usually the case in power systems,
the per-unit system gain is expressed as

Ko = AVsye  Osvc
N = -
Bsvc Se

pu (5.29)

It should be noted that the system gain will change with variations in network
configuration, line switchings, and any event that may change the system short-
circuit level at the SVC bus.

5.2.5 Design of the SVC Voltage Regulator

The principles of design of the SVC voltage regulator are now presented.
The basic block schematic of a voltage-control system for a thyristor-switched
capacitor—thyristor-controlled reactor (TSC-TCR) SVC is depicted in Fig. 5.6.
The voltage regulator is expressed in the gain—time-constant format. As dis-
cussed in Chapter 4, two alternative ways of modeling the voltage regula-
tor exist: the gain—time-constant form and the integrator—current-droop form.
The design methodology is based on these models, for which reason they are
repeated in Fig. 5.7.

In the gain—time-constant representation, the voltage regulator is expressed
by the following transfer function:

K
Gr(s) = ﬁ (5.30)

where Kg = the static gain = 1/Kg. (pu)
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where
Biin = Bsyc at the TCR only Kpr = the static gain (full range for the voltage
Biax = Bsyc at all TSCs only change of 1/Kg)
Brot = Binax— Bmin Tr = the regulator time constant

Bsyco = the net susceptance at the SVC HV bus

Figure 5.6 Basic elements of SVC voltage-regulation control with TSC.

Ksp. = the current droop (pu)
Tg = the regulator time constant (s)

An additional term-transient gain, K, is defined as

Kr

Kr— &%
T Tr

(5.31)

In the integrator—current-droop model, the voltage regulator is described as an
integrator Gx(s), with the following explicit current-feedback loop:

Girl(s) = SRg

(5.32)

where Ry = the response rate (ms/pu)

The regulator time constant, 7T, and the response rate, Rg, are related as

Rr

Tr =
Ks

(5.33)

5.2.5.1 Simplistic Design Based On System Gain This design method-
ology, proposed in ref. [11], considers a proportional—-integral (PI) controller
with an explicit current feedback similar to that described in the previous sec-
tion. This method is called simplistic because it models the power system by a
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Figure 5.7 Alternate voltage-regulator forms: (a) a gain—time constant; (b) an integra-
tor with susceptance-droop feedback; and (c) an integrator with current-droop feedback.

pure reactance or equivalent gain and does not account for the effect of genera-
tor dynamics on controller performance. This method is, however, highly impor-
tant, as it explains very clearly the influence of system strength and current-
droop on the speed of controller response.

The block diagram of an SVC-compensated power system is shown in Fig.
5.8(a). It is assumed that

1. the change in system voltage AV caused by the SVC is small;

2. the SVC bus voltage is very close to the nominal-rated voltage, that is,
Vsyc = 1 pu; and

3. the variations in the SVC reference voltage are also quite small.
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Figure 5.8 (a) A block diagram of the system voltage controller incorporating an SVC
and (b) a simplified block diagram of the system voltage controller for V = Viageq.

max

Then, the currents Iy, in the TCR, and /¢, in the TSC, are given by

IL = YLVSVC = YL in pu (534)
IC = chsvc = YC in pu (535)

An equivalent circuit of the SVC-compensated system is depicted in Fig.
5.8(b). The following simplifications are made:

1. The voltage- and current-measurement systems are considered identical.

2. The TSC switchings are ignored, and the droop effect of the capacitive
current is merged with V.
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3. The only variable considered is the inductive current /;, which reduces the
system bus voltage by AV as given by Egs. (5.18)—(5.20). The effect of
constant-capacitive SVC current on the SVC bus voltage is incorporated
in V. The influence of any power-system disturbance, V, is neglected.

The thyristor phase control is denoted by Gy, as already explained in Chapter
4, and is given by

Gy(s) = TosTv (5.36)

where T, = the thyristor dead time (= one-twelfth cycle time)

Ty = the thyristor firing-delay time caused by the sequential
switching of thyristors (= one-quarter cycle time)

A PI controller that gives the fastest stable response for the weakest system
configuration having gain Ky .« is determined [11] as

1 1 1
G =K,s 1+ —p=— 1 5.37
K "{ ¥ sTY} 2(KSL+KNmaX){ ¥ sTy} (5.37)

The overall closed-loop transfer function, Gy/(s), of the control system for
incremental variations is given by
AV(s)
AV er(s)
KnGrGy
1+ (Ks + Ky)GrGyHy

Gw(s) =

(5.38)

where Hj, = the transfer function of the measurement system

To obtain the response time of the control system only, the largest time con-
stants are considered. Thus

KN STW
G = 5.39
W(S) (KSL"'KN) 1 +sTw ( )
where
KSL + KN max
Tw=2—"-—7"—+|T 5.40
w ( Ksi + Ky > Y (5.40)

Hence for a change in the reference voltage AV, the SVC bus voltage varies
as



VOLTAGE CONTROL 159

Ky

= AVg(1 - eV 5.41
KSL +KN ref( € ) ( )

AV

The following conclusions are drawn from the foregoing analysis:

1. A change in the AV, causes the SVC bus voltage to vary by k - Vit
because of the current droop, where k = Ky/(KsL + Ky).

2. The fastest response is obtained when Ky = Ky max (i.€., for the weakest
system state). In this case, the response time constant, Ty oy, iS obtained
from Eq. (5.40) as Ty op = 2T, = 8.33 ms for a 60-Hz system frequency.
The settling time (to 95% of the step change) = 3Ty = 25 ms = 1.5
cycle time.

The voltage controller is expected to maintain stability under all reasonably
realizable network configurations and to ensure a rapid response under those
conditions. Hence the voltage controller is optimized for the lowest system
short-circuit level.

Equation (5.36) can be rewritten as

Tw Tw  KsvL+ Ky max

2Ty  Twop  KsL+Ky

(5.42)

Dividing the numerator and denominator on the right-hand side by Ky max, we
get

KsL
Tw Ky +1
= max 5.43
Tw opt K1 N Ky (5.43)
KN max KN max
From Eq. (5.29), it follows that
Ky o = -2 (5.44)
¢ min
Substituting Egs. (5.29) and (5.44) in Eq. (5.43) gives
K
T o St
w N max
= 5.45
TWopt KSL + Sc min ( )
KN max Sc

A plot of the normalized-response time constant, T'w/Tw opt, as a function of
the normalized-system short-circuit level, S./S¢ min, 1S shown in Fig. 5.9. This
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Figure 5.9 Effect of the system short-circuit level on the SVC response time.

plot shows the influence of the network short-circuit level and current droop
on the SVC response time.

For a given short-circuit level, the control response time increases (becomes
slow) with decreasing values of the current slope. The response time is also
enhanced as the system strength increases relative to the weakest network state.
If a larger current slope is chosen (of course, at the expense of voltage regula-
tion), the increase in response time with system strength is comparatively lower.
If the weakest network states are chosen to be those with very low short-circuit
levels, then the response time exhibits a much sharper increase with increasing
system strength.

On the basis of the preceding observations, it is concluded that a large value
of slope should be chosen, preferably in the 3-5% range. Furthermore, the
weakest network should also be identified judiciously. If an unduly weak sys-
tem, especially that encountered while rebuilding a network after a major sys-
tem collapse, is chosen as the weakest network state, the response time will be
unusually longer when realistic system states are existent.

Example 5.1 An SVC connected to a 735-kV system has a reactive-power
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range of 350 MVAR production to 100 MVA absorption. The droop is set to
4%. The system short-circuit level is specified as follows:

e The maximum short-circuit current: 50 kA.

e The minimum short-circuit current under normal operating conditions: 5
KA.

e The minimum short-circuit current during system restoration after loss of
a transmission line: 500 A.

From these specifications,

1. Determine the per-unit regulator gain that ensures stable operation from
5 kA to 50 kA system short-circuit current.

2. Show the change of voltage-control response for the system variation and
regulator setting in item 1 of this sublist.

3. Determine the per-unit regulator gain for stable operation in the system
short-circuit-level range 500 A to 50 kA.

4. Show the change of the voltage-control response for item 1.
Solution 5.1

Item 1 The system gain is given from Eq. (5.29) as

Ky = % pu (5.46)
where S, = \@Vhlc
Semin =3 -735-10° - 5 - 103 = 6365 MVA (5.47)
Semax =3 - 735 - 10° - 50 - 10° = 63653 MVA (5.48)
Ky max = SQS:C _ 30 ;3(6;_100) =0.0707 pu (5.49)
Ky min = SQS[LC ED 0632;;00) =0.00707 pu (5.50)

The regulator is optimized for Ky .. Thus the proportional gain of the voltage
regulator, as given from Eq. (5.37), is

1 1
=-4.52 (5.51)

K,-- - _
P )(Kst + Ky max)  2(0.04 +0.0707)
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Item 2 The variation in response speed is calculated as follows from Eq.

(5.42):

For

For

Tw  Ks.+Kyma  0.04+0.0707 0.111

= = = (5.52)
2Ty Kg + Ky 0.04 + Ky 0.04 + Ky
Tw
Ky = Ky max =0.0707, =1 (5.53)
2Ty
Tw
Ky = KN min = 0.00707, —— =236 (5.54)
2Ty

This demonstrates that the SVC response can slow down by a factor of 2.36 if
the system short-circuit current changes from 5 kA to 50 kA.

Item 3 1If the weakest network state is chosen to correspond to a short-circuit
current of 500 A,

350 — (—100
Ky max — 25V _ 100 070 pu (5.55)
Se min \/5 -735-0.5

The proportional gain of the voltage regulator is

1 1

K, = =-0.669 (5.56)

P )(Ks + Ky ma)  2(0.04+0.707)

Item 4 The change of response speed is

For

For

Tw  KsL+Kymax 0.04+0.707 0.747

_ - - 5.57
2Ty KSL+KN 004+KN OO4+KN ( )
Tw 0.747
Ky = Ky max = 0.0707, - - 5.58
NN 2Ty 0.04+0.707 (5-38)
T 0.747
Ky = Ky min = 0.00707, d ~15.86 (5.59)

2Ty  0.04+0.00707

The system configuration with the 500-A short-circuit level is definitely
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abnormal and should not be chosen as the weakest network state for optimizing
the regulator parameters. Otherwise, a very slow response (approximately 16
times the optimum) would result during the strong system condition.

5.2.5.2 Design That Considers Generator Dynamics A technique often
resorted to for designing the voltage regulator of the SVC, by including the
impact of generator dynamics, consists of the following steps:

1. Deriving a system model linearized around an operating point.

2. Obtaining the stability range of parameters of the preselected voltage-
regulator structure from eigenvalue analysis.

3. Determining the best regulator parameters within the stability range that
result in a fast response with acceptable overshoot.

4. Validating of the voltage-regulator performance through a detailed non-
linear simulation of the system.

A case study of voltage-regulator design for an SVC located at the mid-
line in a single-machine infinite-bus (SMIB) system [12], [13] is presented in
Appendix A of this book.

5.3 EFFECT OF NETWORK RESONANCES ON THE CONTROLLER
RESPONSE

The controller-design methodology discussed in Section 5.2.5 was based on the
assumption that the network was inductive up to twice the nominal system fre-
quency f, which is usually a characteristic of reasonably strong systems. How-
ever, in practical systems, the network impedance may exhibit a strong first res-
onance at a frequency much lower than 2f, as shown in Fig. 5.10. This resonant
frequency results from the interaction between the series inductances and shunt
capacitances of the total length of the major transmission line. Although the
subsequent resonant frequencies (poles) and antiresonant frequencies (zeroes)
are highly sensitive to changes in the network state (e.g., the number of parallel
lines and the number of shunt reactors), the variation in the first-resonant fre-
quency is very slight (80-100 Hz). This first-resonant frequency plays a critical
role in determining the SVC response and may lead to voltage-regulator insta-
bility.

The effect of the first-resonant frequency (e.g., 80 Hz) can be explained from
Fig. 5.11. Any power-system disturbance will excite this resonant mode, caus-
ing a 80-Hz voltage component in the network. Because of the demodulation
effect of the SVC voltage-measuring system (explained in Chapter 4), a 20-Hz
(80 — 60 Hz) frequency component will be introduced in both the voltage-
transducer output and the voltage-regulator susceptance output. Consequently,
the TCR current will become amplitude-modulated, with a carrier frequency of
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Figure 5.10 Network impedance as a function of frequency.

60 Hz and a modulating frequency of 20 Hz. When this TCR current is injected
into the network, it will create sideband currents and voltages of frequencies 60
Hz and 80 Hz that again will be demodulated to a dc signal and 20-Hz ripple by
the voltage transducer, thus augmenting the initially present 20-Hz oscillations.
In the limiting case, the control system may become unstable.

The strength of the ac system that decides the magnitude of the ac bus volt-
age variation, as caused by a change in the SVC current, indeed contributes
to the total gain around the voltage-control loop. A weak system having high
impedance results in a higher loop gain and therefore a faster response, but it
also results in an increased proximity to the stability limit.

The network resonance essentially causes a time delay between the SVC con-
trol action and the variation in system voltage. If this delay, together with the
delays of the voltage regulator and thyristor-firing circuits, equals 180°, then
the system may become unstable, showing increased oscillations if the loop

Synchronization and
Thyristor Circuit Current
Viet + K V1 Linearization Representation |60 Hz + 80 Hz
1+sT 20 Hz — 80 Hz
dc —- 60 Hz
Voltage Voltage Voltage
dc+20Hz | ransducer 60 Hz + 80 HZ [Network Response
80 Hz —» 20 HZ Pole at 80 Hz
60 Hz — dc

Figure 5.11 An 80-Hz instability in the SVC control loop.



EFFECT OF NETWORK RESONANCES ON THE CONTROLLER RESPONSE 165

High-Side-Phase Voltages

2_
o -
o _ Voltage-Transducer Output
1 _W\/\/\/
O_
1 Regulator Output
0.5
0.0 —
0.4 TCR Current (one of three phases)
0_
-0.4 -
|IIII|IIII|IIII|IIII|IIII|
0 0.05 0.10 0.15 0.20 0.25

Time (s)

Figure 5.12 An example of SVC voltage-regulator instability.

gain is high. The different voltage and current waveforms are illustrated in Fig.
5.12 for a case when a total phase lag of 180° is achieved that corresponds to a
frequency of 20 Hz [5]. Both the TCR current and the high-voltage-side SVC
bus voltage are amplitude-modulated with a 20-Hz frequency.
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5.3.1 Critical Power-System Parameters

The stability of the SVC voltage regulator can be explained on the basis of two
power-system parameters: the effective short-circuit ratio (ESCR) and the first-
resonant frequency of the ac system (F,g) [4], [5]. Consider a typical power-
transmission system with an SVC connected at midpoint and its corresponding
impedance-versus-frequency characteristic depicted in Fig. 5.13.

The ESCRj relates to the total fundamental-frequency impedance of the
power system as viewed from TCR terminals. The power system then includes
all the filters, shunt capacitors, and the SVC coupling transformer. The ESCR,
is usually expressed in per units on the basis of full-conduction admittance of
the TCR. The F, is indicative of the natural transient response of the power
system that is critical in determining the dynamic performance of the SVC volt-
age regulator; the Zg is the equivalent impedance of the power system without
the filters, shunt capacitors, and the SVC coupling transformer; and the Zr is
the total system-equivalent impedance when the aforementioned components
are included.

It is evident from Fig. 5.13 that the addition of impedance of the filter capac-
itors and the SVC transformer to the ac system impedance Zg has two effects:

1. It increases the effective system impedance, thus reducing the effective
ESCRy.

2. It lowers the first-resonant frequency, F.

The system impedance as a function of frequency should be computed over
the full range of system conditions for which SVC control stability must be
ensured and the corresponding variation in F,o and ESCRy must be determined.

An example [5] of a power system that is compensated at its midpoint by
an SVC is shown in Fig. 5.14. Because all the lines connected to the SVC are
approximately of the same length, they are represented by an equivalent line of
surge-impedance loading (SIL) equal to the sum of SILs of all the lines. The
B, represents the shunt-capacitive susceptance of the SVC, including filters.
It is observed that with decreasing system strength ESCRy, the first-resonant
frequency F,o gets lowered. Also, for a given line length the F,y decreases
with increasing capacitive susceptance.

5.3.2 Sensitivity to Power-System Parameters

The influence of power-system parameters on the transient response of the SVC
voltage regulator, with varying regulator gains K7 [4], [5], is depicted in Fig.
5.15. The SVC bus-voltage transducer output and the voltage-regulator output,
Bit, responses are presented for three kinds of power-systems: a very weak
system (ESCR = 0.7 pu, F,y = 80 Hz); a moderately weak system (ESCR, =
1.6 pu, F,o = 110 Hz); and a strong system (ESCRy = 2.5 pu, F,¢ = 180 Hz). For
each system configuration, the responses are presented for four widely different
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Figure 5.13 (a) A single-line diagram of an SVC-compensated system and (b)
impedance-versus-frequency characteristics for an SVC-compensated system.

values of the SVC controller transient gain K7{=1/(Ks. - Tr)}, that is, K1 =
30, 100, 300, and 1000 pu/s/pu. For each combination of system strength and
controller-transient gain, the SVC voltage response is obtained for a 3-phase
fault applied at 50 ms and cleared at 100 ms. All the foregoing SVC responses
are determined for a TCR-average conduction (operating susceptance) Bry of
0.3 pu.
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5.3.2.1 Response Variation With Regulator Transient Gain, K; For
the strong system (ESCR( = 2.5 pu), the SVC response is very sluggish for Ky
=30 pu/s/pu, but quite fast for Ky = 1000 pu/s/pu. For the moderately weak
system (ESCRy = 1.6 pu), the response for K7 = 30 pu/s/pu is less sluggish;
however, as the gain is increased, the response becomes faster but also becomes
oscillatory for K7 = 300 pu/s/pu and unstable for K7 = 1000 pu/s/pu. At this
high value of K7, the voltage-regulator susceptance output increases substan-
tially and starts hitting the susceptance limits. For the very weak system (ESCR
=0.7 pu), the SVC response is reasonably fast for the lowest selected gain, that
is, K7 =30 pu/s/pu; it becomes oscillatory at a slightly increased value of gain
K71 =100 pu/s/pu, unstable if the gain is increased further to K7 = 300 pu/s/pu
and 1000 pu/s/pu. The stability limit of K7 is much lower with weak systems
than it is with strong systems.

5.3.2.2 Response Variation With System Strength, ESCRgy For the reg-
ulator gain K7 = 30 pu/s/pu, as the system strength ESCR, decreases from 2.5
pu to 0.7 pu, the SVC response tends to become faster. For K7 = 100 pu/s/pu,
however, the sluggish response for the strong system (ESCR( = 2.5 pu) becomes
quicker for the system with medium strength (ESCR( = 1.6 pu) and oscillatory
for the weak system (ESCRy = 0.7 pu). With a high gain K7 = 1000 pu/s/pu, the
SVC response is very fast, with acceptable overshoot for the strong system, but it
becomes oscillatory and eventually unstable as the system strength declines.
From the foregoing studies, the following are illustrated

1. The SVC response, in general, becomes faster with the increase in trans-
ient gain of the voltage regulator.

2. If the gain is made very large, the SVC response may become oscillatory
or even unstable.

3. A sluggish SVC response for a strong system becomes faster as the sys-
tem strength deteriorates. If the regulator gain is optimized for a high
system strength, the SVC response may become unstable for a weak sys-
tem, implying that the SVC regulator gain should always be optimized for
the weakest system state to ensure the stable response for any variation
in system strength. The only repercussion of this strategy is that the SVC
response will become slower as the system strength increases. However,
this problem can be resolved through a variable gain strategy.

5.3.2.3 Voltage-Sensitivity Transfer Function The effect of the network
resonance can be understood in terms of the voltage-sensitivity transfer func-
tion, which relates the SVC voltage-regulator output, ABcy, to the output of
the voltage-magnitude transducer, AV ... This transfer function essentially
includes the characteristics of the network. The Bode plots for this transfer func-
tion corresponding to two power-system configurations having different reso-
nant frequencies—80 Hz and 110 Hz—are illustrated in Fig. 5.16.
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Figure 5.16 Effect of power-system response characteristics on voltage-sensitivity
transfer function.

The two systems exhibit different steady-state gains for low-modulating fre-
quencies. In case of the weak-system configuration (ESCR( = 1.0 pu), the effect
of first-resonant frequency, F,9 = 80 Hz, is manifested as a peak in the gain at
20 Hz, which is the lower sideband (80 — 60 Hz) of the network resonance.
At this modulating frequency, there occurs not only a large gain amplification
of 45 dB over the steady-state gain, but also a significantly large phase lag of
100°, leading to a small stability margin. In comparison, the phase lag of the
strong system at 20 Hz is just 40°. Thus for the weak system, if the phase lag
associated with the voltage regulator and the various firing delays at 20 Hz is
shown to be 80° (resulting in an overall phase lag of 180° in the voltage-control
loop), an instability will occur.

Within the voltage-control loop, the frequency characteristics of the power
system resemble that of a second-order control filter having a break frequency
at the lower sideband of the network-resonant frequency. Since the phase lag
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of the network block at the break frequency (20 Hz) is fairly large, the stability
margin of the voltage-controller loop deteriorates substantially.

5.3.3 Sensitivity to the TCR Operating Point

The operating-point average susceptance, By, of the TCR is seen to have a
positive influence on the voltage-controller stability [4], [5]. An increased value
of stability margin is obtained for a higher average susceptance of the TCR. The
reason is that the TCR presents itself as an effective inductance in shunt with the
power system impedance at the fundamental frequency. Therefore, the system
strength gets improved and the first-resonant frequency F, gets increased [4].
The modified values of system parameters are given by

ESCRy = ESCRy + Bro in pu (5.60)

where ESCR,, = the ESCR that determines the system performance for
small variations around B

Bro = the average TCR susceptance at the steady-state operating
condition

The modified-resonant frequency, F,,, with TCR conduction, By, is given as
[14]

F},, =LF3(ESCRo + Bro) + F3BroJ/ESCR (5.61)
where F), = the system-base frequency (60 Hz)

Let the maximum modified value of the resonant frequency corresponding
to full TCR conduction be denoted by F,;. The variation of F,; with F,y with
ESCR( as a parameter is illustrated in Fig. 5.17. A greater rise in resonant
frequency is experienced if the system strength is lower, implying that weak ac
systems are more sensitsive to TCR conduction.

The influence of increased operating-state TCR conduction can also be
explained from the Bode plot of the voltage-sensitivity transfer function relat-
ing the measured voltage magnitude to the regulator output shown in Fig. 5.18.
Comparing the plots depicted in Figs. 5.16 and 5.18 shows that a higher value
of TCR conduction raises the resonant frequency to resemble that of a strong
ac system.

The SVC transient responses with varying magnitudes of system strength
corresponding to a TCR conduction Brg = 0.8 pu are depicted in Fig. 5.19,
which presents the same cases as shown in Fig. 5.17. The same general SVC
behavior described in Section 5.3.2 for By = 0.3 pu is also witnessed for Brg =
0.8 pu. However, a comparison of SVC responses corresponding to TCR aver-
age conduction By = 0.3 pu (shown in Fig. 5.17) with those corresponding
to Brp = 0.8 pu (shown in Fig. 5.19) reveals that increasing the TCR conduc-
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Figure 5.19 Effect of power-system characteristics on the SVC transient response with
Bro = 0.8 pu.

tion enhances the stability margin of the overall system. Cases that result in an
unstable response with By = 0.3 pu get stabilized with By = 0.8 pu. Cases that
generated a slow response with By = 0.3 pu result in a faster response with By
= 0.8 pu. The only exception is the case corresponding to ESCRy = 2.5 pu and
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K7 = 1000 pu/s/pu, which tends to become unstable with supersynchronous
oscillations as the TCR conduction is increased because of a very high integral
gain. However, this gain cannot be practically employed in systems subject to
low-frequency resonance.

Certain SVC control systems are equipped with an inner loop where the
TCR current is controlled directly [2] instead of the SVC susceptance. If this
control loop is fast-acting, then the voltage-regulator stability margin becomes
less sensitive to TCR conduction.

5.3.4 Choice of Transient Gain

The maximum values of transient gain Kp; at which instability sets in are
obtained from eigenvalue analysis for a wide range of power-system param-
eters [4], [5] and are plotted in Fig. 5.20. These results correspond to a 60-Hz
system with Brg = 0.3 pu. For a 50-Hz system, both F,y and K| need to be mul-
tiplied by a faster 50/60. It is evident from Fig. 5.20 that for the same ESCRy,
the transient-gain limit gets reduced as the resonant frequency decreases. For
instance, as the resonant frequency decreases from 120 Hz to 80 Hz, the maxi-
mum transient gain gets lowered from 400 to 100 (i.e., four times).

The methodology usually adopted to obtain a preliminary estimate of the
transient gain is as follows:

5000 T T T T I T T T T I T T T T I T T T T
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Figure 5.20 Transient gain at instability versus the power-system parameters with Brq
=0.3 pu.
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1. identify the weakest network state corresponding to the worst contin-
gency;

2. determine the ESCR and F,y from impedance-versus-frequency studies;
3. calculate the transient-gain limit from eigenvalue studies; and

4. choose the regulator gain as half of the gain limit obtained previously.

Example 5.2 (Note: See also ref. [4].) Let the weakest network configuration
be characterized by ESCRy = 1.5 pu and F,y = 100 Hz. The maximum value
of the transient gain is obtained from Fig. 5.20 as 250 pu/s/pu. A tentative
value of regulator gain is then calculated as half of 250, that is, 125 pu/s/pu.
The steady-state gain, Kg, corresponding to a 5% current droop, is 1/0.05 =20
pu/pu. The regulator time constant is given by

Kg 20 pu/pu
Tp=—=—"T>""""" _0.1 .62
K kr 125 pu/s/pu 0165 (562)

It is emphasized that this method generates only a tentative estimate of the
regulator gain that could be used in planning studies. The optimal value of
regulator gain and other controller parameters must be determined at the time
of detailed design of SVC equipment for the specific application.

5.3.5 Certain Features of the SVC Response

Figures 5.15 and 5.19 illustrate some interesting characteristics of the SVC
response. As soon as a fault occurs, the response of the SVC is determined
by its transient gain, not by the power-system parameters. Note that the initial
decay of the SVC susceptance following the fault takes the same amount of
time irrespective of the system strength. The rate of SVC-susceptance decay is
equal to the transient gain.

When the fault is cleared, certain overvoltage is experienced. Although the
SVC eventually controls this overvoltage, it has no influence on the first over-
voltage peak, irrespective of how fast the control may be, because the initial
overvoltage peak is determined by the resonance in the ac system. Even if the
TCR is fired instantaneously, it will not affect the initial response of the ac
resonant system.

The subsequent stabilization of the SVC voltage and TCR susceptance will,
however, be dependent on the ac system characteristics, as discussed already
in previous sections of this chapter. The SVC response is faster with weak ac
systems and relatively slower with strong systems, as evident from Figs. 5.15
and 5.19. However, the SVC controller is more susceptible to instability with
the weak systems.
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5.3.6 Methods for Improving the Voltage-Controller Response

In SVC applications in which large variations in network short-circuit power
are anticipated, the voltage-regulator gain is optimized for the weakest network
state or the worst contingency to ensure a fast, stable response under such con-
ditions. If this gain is maintained constant, even when the network assumes a
normal configuration with a significantly enhanced short-circuit power, a much
slower response will result. Nevertheless, it is, desirable for the SVC to have
a fast response over the entire range of network configurations. The different
methods available for improving the SVC response are discussed in the follow-
ing text.

5.3.6.1 Manual Gain Switching This method involves predetermining the
optimal regulator gains for different system-operating conditions and allowing
the operating personnel to manually switch the gains according to the exist-
ing network states based on breaker-status signals. Higher gains can thus be
used with stronger systems, resulting in a fast response. The drawback of this
switching procedure is that the manual selection of gains cannot keep pace with
the dynamically changing network conditions. In instances of large, sudden
changes taking place within the network, this manual procedure may result in
control instability. Even if the procedure were initiated automatically, it might
not always be practical or possible to determine the optimum gains for numer-
ous network-operating conditions. A block diagram of the control system incor-
porating gain switching is given in Fig. 5.21.

5.3.6.2 The Nonlinear Gain This gain function introduces an enhanced gain
to provide a fast response in case of large voltage fluctuations. In this scheme, the
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Figure 5.21 The SVC voltage controller with variable gain (V = Vigeq).
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variable gain block shown in Fig. 5.21 incorporates a nonlinear function, as
depicted in Fig. 5.22. If the error voltage, AV, at the output of the referenced
summing junction is less than a preset small value, €, a unity gain is offered by
the nonlinear function. Then, the response of the voltage regulator corresponds
to small signals. If AV is large and exceeds €, the gain increases continuously
to give a fast response. If placing emphasis on a one-sided operation (overvolt-
age or undervoltage control) is desired, a larger gain on one side of the error
signal can easily be built into the nonlinear characteristics. An example case
demonstrating the effectiveness of nonlinear gain is given in Fig. 5.23.

5.3.6.3 Bang-Bang Control This is a limiting case of the nonlinear gain
in which the TCR and/or the TSCs switch between their off and on states.
This control is highly sensitive to the initiating disturbance and, hence, must
be carefully preevaluated for all possible disturbances to avoid any instability.

5.3.6.4 The Gain Supervisor This [15], [16] is an automatic gain-control
scheme that provides a continuous control of the regulator gain over a wide
range of system-operating conditions, ensuring a consistently stable response
in all situations. The gain supervisor implements an optimal gain based on nor-
mal system configuration and continuously monitors the output of the voltage
regulator for any sustained or growing oscillations. Such oscillations result if
any degradation in the system strength occurs while the regulator still oper-
ates with a high gain. The supervisor then repeatedly reduces the gain until
the oscillations cease, thus maintaining control stability. As this gain super-
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Figure 5.23 An example of the SVC response improvement with a nonlinear gain.
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visor is effective over a broad range of system-operating conditions, it has found
widespread use in recent SVC installations.

The gain supervisor is connected in the SVC control system as shown in Fig.
5.24. Tt is a 3-terminal device, with one terminal used for instability detection
and the other two used as the input and output, respectively, of the variable gain
or voltage-control amplifier. The gain supervisor [15] comprises the following
five main elements [as depicted in Fig. 5.25(a)]:

the input filter;

the level detector;

the pulse discriminator;
the integrator; and

A

the voltage-control amplifier (variable gain).

Input Filter This is a bandpass filter with its center frequency tuned to the fre-
quency of the unstable controller mode. It thus allows the supervisor to respond
only to the controller instability frequency, not to other system instabilities.

Level Detector This unit detects the presence of any oscillations. It compares
the filtered voltage-regulator output with a preset level and generates pulses
of duration equal to the time in which the input signals exceed the reference
level. The magnitude of the preset level determines the sensitivity of the gain
supervisor.
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Pulse Discriminator The unit deletes certain erroneous pulses emitted by the
level detector (such pulses do not imply an unstable operation). These unwanted
pulses are generated when, for instance, there is a sudden change in the regulator
output in response to a step change in the bus voltage. A fixed number of pulses
are eliminated in a predefined time interval to avoid an unnecessary reduction
in the regulator gain.

Integrating Unit  This unit integrates the total number of pulses emitted by the
pulse discriminator and maintains this output until such time that the integrator
is reset. The integrator output constitutes a multiplication input to the voltage-
controlled amplifier.

Figure 5.25(b) illustrates the various signals in the gain supervisor [15]. Note
that the pulse discriminator deletes two pulses generated by the pulse detector.
Figure 5.26 demonstrates how an unstable case with constant-regulator gain can
be stabilized with a gain supervisor.

The gain supervisor is an effective device as long as the controller-instability
frequency is far removed from the electromechanical-oscillation frequencies of
the power system. It may be noted that the electromechanical-mode frequen-
cies will not be given a path through the input filter and that the gain super-
visor ensures control stability under degraded-system conditions but does not
automatically guarantee optimal regulator gain during such conditions. It thus
functions as a protection device. In system contingencies where optimal gains
need to be selected to ensure a continually fast response, modifications in the
gain supervisor or adoption of alternate methods are necessary.

One way of achieving optimal gains is through the use of integrator gain
optimizers [16], [17]. Once a gain reduction has been initiated by the gain super-
visor, these optimizers continuously adjust the gain to give the best response
for those system conditions. They cause a small change in the voltage reference
and examine the response of the voltage regulator. Based on the magnitude of
the first undershoot, the gain is modified and another test is conducted. This
process of adjusting the gain continues until either the original gain value has
been restored or the gain has been optimized for the new prevailing system con-
ditions. If the latter, the gain-optimization procedure is restarted after a certain
delay period.

5.3.6.5 Series-Dynamic Compensation The voltage-regulator response
can be improved by installing one or more dynamic compensator in series with
the regulator [5], as shown in Fig. 5.27. This series compensator provides a
phase lead to counteract the phase lags and delays that are inherent in the
SVC voltage-control loop, including the ac system. As discussed previously, the
delay introduced by the ac network is dependent on both the system strength
and the SVC operating point. Figure 5.28 depicts the gain-and-phase character-
istics of the open-loop controller-transfer function, Bsycr/Bsvc,, without the
series-dynamic compensation. These plots are obtained for a specified set of
voltage-regulator parameters for two power systems, one of which is moder-
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Figure 5.25 (a) A block diagram of the gain supervisor and (b) the gain-supervisor

signals: (1) input signal; (2) output from the pulse detector; (3) output from the pulse
discriminator (two pulses deleted); and (4) the signal proportional to the gain reduction.

ately weak with ESCRgy = 0.7 pu and the other has ESCRy = 1.6 pu. For each
power system, the transfer-function characteristics are plotted for two levels of
SVC susceptance outputs, Bsyc. A low-average TCR conduction of Brcg = 0.3
pu corresponds to Bgyc (= 1 — Brcr) = 0.7 pu, which is depicted by the solid
curve. On the other hand, a high-average TCR conduction of Bpcg = 0.8 pu
corresponds to Bsyc = 0.2 pu, which is depicted by the dashed curve.
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Figure 5.26 Behavior of the SVC voltage controller: (a) without gain-supervisor con-
trol and (b) with gain-supervisor control.

The low TCR conduction (Bsyc = 0.7 pu) results in a greater phase lag (lower
phase margin) relative to the high-average TCR conduction (Bgyc = 0.2 pu).
This effect is even greater if the power system is very weak (ESCRy = 0.7
pu). Thus, to maintain system stability, a greater need exists to provide phase
compensation under such weak network configurations.

Bsvcr Bsvco
SC(s) |——

Vref

Figure 5.27 The SVC voltage regulator with series-dynamic compensation.
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Figure 5.28 Gain-and-phase margins for a simple SVC voltage regulator.

The series-compensation device offers a phase lead in the range of gain
crossover that occurs typically between frequencies of 10 to 20 Hz. As the
phase lag offered by the ac network is not a constant but, instead, varies with
TCR conduction, the series-compensating device is designed to be nonlinear for
providing adequate compensation over the entire range of SVC operations. An
example of a series compensator and its corresponding gain-and-phase charac-
teristics is depicted in Fig. 5.29. It is seen that, corresponding to a lower TCR
conduction (which implies higher Bgyc), the compensator provides an increased
phase but with a diminished gain value.

The influence of the nonlinear series compensator on the transient perfor-
mance of the system is demonstrated in Fig. 5.30. This figure demonstrates
the SVC responses for the two levels of SVC susceptance outputs: Bgyc = 0.2
pu and Bgyc = 0.7 pu, corresponding to two settings of the voltage-regulator
transient gain K7. All the responses are depicted both with and without the
series-dynamic compensation. It is seen that the compensator helps stabilize
the low-TCR-conduction cases and provides enhanced damping with high-TCR-
conduction cases. The series-dynamic compensator is more effective when the
K7 is small.

5.3.6.6 ac-Side Control Filters Another approach that has been employed
successfully in many SVC installations for counteracting the adverse interaction
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Figure 5.29 (a) A block diagram and (b) transfer function (ABsvc,/ABsvcr) of a
nonlinear series-dynamic compensator for the SVC voltage regulator.

between the SVC voltage regulator and the low-order network resonances is the
installation of a notch filter on the ac side of the voltage-measurement system.
This filter is tuned to the critical-resonant frequency in the 80-100 Hz range and
is designed to provide minimum phase lag at 60 Hz to not significantly slow
the response of SVC. The notch filter blocks the network-resonant frequency
that otherwise translates to a lower frequency from the demodulation effect
of the voltage transducer, and after circulating through the voltage-regulation
loop, the frequency reenters the network in such a way that it causes resonance
and consequent instability. Thus the effect of the notch filter is to increase the
stability margin of the voltage-regulation loop.

The system loads exercise a significant damping influence on the network
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resonance. For this reason, they should be accurately modeled in a TNA or other
digital-simulation study to obtain a realistic estimate of the system behavior
under the resonant conditions.

Figure 5.31 presents a comparison of the SVC responses both with and with-
out the ac notch filter [2]. Both responses have the same regulator-gain set-
ting, and both correspond to the clearing of a single line-to-ground fault. In the
absence of the ac filter, the system comes close to instability. The ac system has
a nearly 80-Hz resonant frequency, causing an oscillation in By at a frequency
of about 20 Hz (80 — 60 Hz). When the ac filter is installed, the SVC response
becomes very well damped.

In designing these filters, the bandwidth must be carefully selected to allow
for any deviations in the system frequency.

5.4 THE 2ND HARMONIC INTERACTION BETWEEN THE SVC AND
AC NETWORK

The 2nd harmonic instability [2], [5], [12], [18]-[20] is a major problem expe-
rienced by SVCs during events that result in excessive production of 2nd har-
monic currents, such as fault clearing, reactor/transformer switching, operation
at significantly high voltage levels, and noise or imbalance in control signals or
during severe geomagnetic disturbances. An elaborate analysis of this instability
phenomenon is presented in ref. [5].

5.4.1 Influence of the 2nd Harmonic Voltage on the TCR

The TCR current is an integral of voltage across the TCR during the conduction
interval and is thus very sensitive to any distortion in the TCR voltage. Figure
5.32 depicts the single-phase TCR current as affected by the superposition of a
large 2nd harmonic voltage component on the fundamental voltage across the
TCR while the issuing of firing pulses continues in an equidistant manner. Two
cases are illustrated for a single-phase TCR; in each case, the dashed line rep-
resents the normal situation and the solid line represents the conditions during
the 2nd harmonic voltage distortion. In case the 2nd harmonic voltage, V>, is
in phase with the fundamental-voltage wave, V|, the area of the positive-side-
current loop is less than the negative side, resulting in a negative direct current.
If, however, the V, is phase-shifted by 90°, a positive dc current results, the
magnitude of which is dependent on the magnitude of distortion and its phase
relationship with the fundamental. In addition to the 2nd harmonic, other even-
harmonics are produced, but their magnitudes are much lower than that of the
2nd harmonic.

In a 3-phase delta-connected TCR, two distinct kinds of voltage distor-
tion result—positive sequence and negative sequence—depending on the phase
sequence of the 2nd harmonic voltage V,. The positive and negative sequences
of voltage distortions are depicted in Figs. 5.33 and 5.34. Figure 5.33 illus-



*Kouonbaiy [ejuowrepuny oy LU 9OUBUOSAI JIOMIAU B J0J 9suodsal 10jesuadwod oy} uo I9)1J O AU} JO 109y  [€°S 2In31 g

6¢E - UIIN

§G96'c ‘XeN

¢6€S5°0 UIIN

69¢’ | XelN

6€0°€ XelN

Sve' L Xe

¥G'/8 UIN
€629 XeN

S

4

“J8)|1} OB 8y} Inoyum a|qess Ajleulbrew aie sioyesuadwod sy} ‘uoneginpuad |lews 1o (g)
‘Bunes|o Jnej-punoib-y-aseuyd (g) -bumes Jojeinbas swes (1) :se10N

3 0

[T TrrrroT

Clon lvaa b

b b e b

T G
0
St
LTl g

mwm —whm

SHOA (0 kX

TTTTTTTTTTIT

TTTTTTT T I T I TT]T

vl b b b bees

25 Pig

SHOA (01X

TTTT T T I T TTT

I RN FEETE

T S

-1
] el

S "HA(8£200°

JAON g L0l

TTTT T T T I T I T [ TTTT 7T

T O
12

—= 9

T T

13}ji4 9B YIM

' uoneqginyad

SHOA (0 X

GG0'v— UIIN

9G6'Cc XeN

vSC' L Xe

£80°¢— UIN

¥€0'€ Xe

PAZARAC)]

SW 04X

S 14 € 4 3 0
TTIT T T I T [TTTT TT TTTT T T T[T T[T I TITTT777] G
C Je-
-

J

ulbilonlg
578 sjop (04

I S
r L
N 6
-1 bt

1

co bl

e bvvn by b beva P e Sl

€ .
S HA(8Z200)A0N 14 01X

T

1

IRARERERERRE]

v bl

TTT T T T T T T[T T I T T[T I opoToT] =

-z

Jo
dz

T RS R P P S S b

tinleralig

S8 gpop 01
S

L

6
T

clecr v b b b s Pree b sl

2. 5
'S HA(8£200")AON nd

TTTTTTTTTTT

101X
A4:AA4::_A::::i:::ji:FO
e
H_y
-19

uoneqginpuad SIOA (01X

J3)j14 o€ INoYIM

187



188 CONCEPTS OF SVC VOLTAGE CONTROL

Vo, 11 A B-Phase (pu)

.....

0 180 360 540 720
Time (deg.)

(@)
15— Vi 11AB-Phase (pu)

15— Iltcr, A B-Phase (pu)

Time (deg.)
(b)

Figure 5.32 Natural response to the 2nd harmonic voltage: (a) V> in phase with V;
and (b) V, lagging behind V; by 90°.
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THE 2ND HARMONIC INTERACTION BETWEEN THE SVC AND THE AC NETWORK 191

trates when the V, is added in phase with the fundamental; Fig. 5.34, when V;,
is 90° phase—displaced from V. In positive-sequence distortion, the voltages
and currents in all the three phases are different. However, in negative-sequence
distortion, the voltage and current waveforms in all the three phases are same
except that they are phase-displaced by 120°.

5.4.2 Causes of 2nd Harmonic Distortion

The 2nd harmonic interactions between the TCR and the ac system occur either
during or after major system disturbances. This problem may also be sometimes
experienced from spurious 60-Hz oscillations that may be induced on the dc side
of the voltage-measurement system. Another possibility of exacerbation of the
2nd harmonic distortion is when the thyristor firing is unsymmetric.

5.4.2.1 Fault Clearing When faults take place in the ac system and are
subsequently cleared, the transformers may develop a considerable amount of
dc-offset flux. This flux results in a magnetizing current that is not symmetrical
but is beset with a substantial dc component, leading to a voltage distortion with
2nd harmonics.

A 120-Hz component in the ac voltage causes a 60-Hz oscillation on the
dc side of the voltage transducer from the demodulating effect of the measure-
ment system. This 60-Hz frequency component is reflected in the susceptance
reference signal By, which causes an unequal firing of the thyristor. An asym-
metrical TCR current results, with a high-dc component. The dc current flows
into the SVC coupling transformer, saturating it unevenly and producing a mag-
netizing current with a large 2nd harmonic current. This magnetizing current,
as it is drawn from the ac system, generates 2nd harmonic voltage components,
the magnitude of which depends on the 2nd harmonic equivalent impedance of
the network. If the ac system is weak and exhibits high impedance at the 2nd
harmonic frequency, the overall 2nd harmonic voltage distortion is sustained or
even amplified, resulting in 2nd harmonic instability.

An example of 2nd harmonic instability is shown in Fig. 5.35. (Also, see
ref. [5].) It is interesting to note that the TCR currents are offset in a direc-
tion opposite that of the magnetizing current of the SVC coupling transformer
in each phase. Both these currents take about one second to stabilize with a
high dc offset, which can either persist indefinitely or decay with a very large
time constant from the small, resistive component of the TCR and the coupling
transformer. The severity of this voltage distortion is less with the TSC-TCR
type of SVC compared to the FC-TCR type, as a smaller reactor size in the
TSC-TCR generates a much lower magnitude of dc offset for the same asym-
metry in firing angles.

It should be noted that as long as the dc offset persists in the transformer flux,
harmonics in the magnetizing current continue to be injected in the network,
which may interact adversely with network-resonant impedances.

The 2nd harmonic instability is somewhat alleviated by connecting 60-Hz
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notch filters on the dc side of the measurement system to prevent any 60-Hz
oscillations from entering into the voltage-regulator control loop. At the same
time, it must be ensured that no feedback of the 2nd harmonics can take place
through the synchronization system. Doing so is generally achieved by employ-
ing phase-locked loop (PLL)-based synchronization systems, which have now
become almost standard in SVC synchronization systems.

The aforementioned countermeasures are still not adequate, as 2nd harmonic
interactions can occur through the TCR. Even through the firing is symmetrical,
the TCR current can still be asymmetrical and have a finite dc component. The
reason is that the TCR current is obtained as the integral of the voltage that
may have been already distorted with 2nd harmonics.

Balancing the conduction period in both the positive and negative half-cycles
also fails to offer an adequate solution. The only remedial measure that can be
implemented through the control system is a TCR balance circuit, which bal-
ances the integral of the TCR current in each polarity and thus annuls the pro-
duction of any dc current. (The operation of this circuit is discussed in Section
54.3.)

Another solution to this 2nd harmonic instability problem is by means of a
2nd harmonic power filter [18], [20], which prevents the passage of 2nd har-
monic currents into the network. This is, however, an expensive solution.

5.4.2.2 Reactor/Transformer Switching Near an SVC When a large
reactor or a transformer is energized near an SVC, the SVC coupling trans-
former can undergo saturation [20]. This activity may cause a considerable
magnitude of dc current to flow between the SVC coupling transformer and
the switched transformer or reactor. This phenomenon is slightly different than
that obtained as a result of ac system faults, in which case the dc current flows
only between the TCR and the coupling transformer.

The generation of dc current is dependent on the point on the voltage wave
at which the reactor is switched. If this switching occurs at the voltage zero,
maximal dc offset will be obtained. A case of reactor switching at voltage zero
in the vicinity of an open secondary transformer (which, in our case, is the SVC
coupling transformer) is shown in Fig. 5.36.

The reactor-switching—produced dc current flows through the source
impedance, setting up a dc voltage component in the bus voltage V. As this dc
voltage appears at the terminals of the transformer, a dc component develops
in both the transformer flux and the resulting magnetizing current. A dc-offset
current eventually starts circulating between the reactor and the transformer,
and the resulting 2nd harmonic distortion of the bus voltage is sustained for an
extended period of time (typically, tens of seconds), for the decay-time constant
of the dc current is very large because of the low resistance in the dc path.

In situations when the transformer happens to be the coupling transformer of
an SVC, a sustained 2nd harmonic voltage distortion at its terminals can cause
a 2nd harmonic instability, as discussed earlier.

To accelerate the decay of the dc-offset voltages, preinsertion resistors are
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Figure 5.36 An example of reactor switching near the transformer: (a) a circuit dia-
gram and (b) a transient response.

used while they energize large reactors on ac systems. The production of dc
offset can be avoided by employing breakers, the switching times of which can
be controlled accurately.
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5.4.2.3 Geomagnetically Induced Currents The influence of solar mag-
netic disturbances on power systems and, specifically, on SVCs is well docu-
mented in [19], [21], and [22]. The earth’s magnetic field is highly sensitive to
solar eruptions. These eruptions create a quasi-direct potential difference along
the surface of the earth. Consequently, slowly varying geomagnetically induced
direct currents flow in the power systems through the solidly grounded neutrals
of the transformers, causing dc saturation of transformers in the network that
may lead to significant 2nd harmonic distortion.

A distortion in the TCR voltage causes a dc offset to develop in the TCR
current that is equal in all the three phases and flows in the closed-delta config-
uration of the TCR. This dc offset, incidentally, is in a direction opposite that
of the transformer flux.

A distinctive feature of the geomagnetically induced voltage distortion is that
any kind of TCR control does not have a diminishing effect on this distortion,
as it is an externally induced phenomenon that continues to persist. On the other
hand, the 2nd harmonic distortion caused by such system disturbances as faults
or reactor switching can be influenced by TCR control, as these disturbances
are essentially finite-duration events.

5.4.2.4 Noise or Imbalance in the Control Systems Sometimes, spuri-
ous 60-Hz oscillations, or noise, is induced on the dc side of the voltage trans-
ducer, causing a dc component to develop in the TCR currents that may not
be the same in all the three delta-connected phases. Therefore, a finite dc cur-
rent flows in the SVC coupling transformer, eventually leading to 2nd harmonic
distortion of the bus voltage and associated undesirable effects.

A similar voltage distortion also results in certain situations when an unequal
spacing between firing angles produces unequal TCR conduction in the positive
and negative half-cycles.

5.4.3 TCR Balance Control

One cause of 2nd harmonic voltage distortion is the dc component in TCR cur-
rent, for which reason the SVC control systems in many applications are pro-
vided with a TCR balance control (TCRBC) [5]. The principle of the TCRBC
is to modulate the firing angle to allow a different amount of conduction in the
positive and negative polarity. Eventually, this activity reduces the dc compo-
nent to zero. The TCRBC control is designed to have a large time constant;
hence its operation does not conflict with the fast control dynamics of the SVC
voltage regulator.

A block diagram of the TCRBC is shown in Fig. 5.37. The dc component of
the TCR current is first measured through an averaging process. The instanta-
neous TCR current is integrated over each half-cycle, and the integral quantity
obtained is added to those corresponding to the preceding two half-cycles. The
average current, /7y, is then computed and updated every half-cycle. The aver-
aged TCR current is integrated to generate the balance regulator output signal,
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Figure 5.37 A block diagram of a basic TCR balance control (TCRBC).

ap, that determines the magnitude and polarity of the firing-angle modulation.
The firing angle is modulated by a signal that alternates at each half-cycle.

The operation of a TCRBC [5] is demonstrated in Fig. 5.38. A large 2nd
harmonic voltage distortion is created on the low-voltage side of the SVC cou-
pling transformer at 0.05 s by adding a 50% 2nd harmonic component to the
fundamental voltage. Doing so causes a substantial dc offset to appear in the
TCR current, with equidistant firing control. The TCRBC operation is initiated
at 0.1 s, which gradually reduces the dc component in the TCR current to zero.

The effectiveness of a TCRBC in the fault situation of Fig. 5.35 is illustrated
in Fig. 5.39, in which the 3-phase outputs of each major signal are shown. The
high speed of the TCRBC response is achieved mainly because of the large
gain of the balance regulator, which may not be possible to implement in all
situations owing to stability considerations.

One way of accelerating the decay of dc offset in the TCR current is by
incorporating an additional feedback of transformer flux. Because dc offset in
the TCR current is caused by distortion in the transformer voltage, which, in
turn, is caused by changes in the transformer flux, it is logical to expect that a
speedup in the TCRBC response can be achieved by modulating the firing angle
in response to the transformer flux change in addition to the average value of
the TCR current.

The flux change is, in fact, derived by passing the transformer flux through
a washout circuit. However, it can be equivalently obtained as the output when
the TCR branch voltage is passed through a low-pass filter. This equivalence
is illustrated in Fig. 5.40(a). The flux-change signal is filtered to remove any
fundamental-frequency component using a notch filter. Such filtering improves
the signal-to-noise ratio. The filtered-flux change signal is multiplied by a gain
and added with the averaged TCR current, as depicted in Fig. 5.40(b). The
enhancement in performance of the TCRBC with auxiliary flux-change input
is illustrated in Fig. 5.41. The offset in the TCR current is mitigated in a much
shorter time.

The considerations for design of the TCRBC to ensure stability under all
realistically possible system configurations are discussed in ref. [5].
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Low-Side Voltage (V) (pu)

Time (s)

Figure 5.38 Natural response to the 2nd harmonic voltage for 50% V> that is 90° out
of phase with V| (TCRBC is released at 0.1 s).
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Figure 5.40 (a) Practical measurement of flux change and (b) addition of the flux-
change signal to TCRBC.

5.5 APPLICATION OF THE SVC TO SERIES-COMPENSATED AC
SYSTEMS

The ac transmission networks are increasingly compensated by series capaci-
tors to enhance power-transmission capability and system stability. Hence, in
many applications, SVCs are installed in series-compensated ac systems. Spe-
cial problems are encountered from the interaction between SVC controls and
series-compensated networks [23]-[25], both of which are discussed here.

5.5.1 ac System—-Resonant Modes

Three kinds of resonances, as follows, are found in series-compensated ac sys-
tems.

5.5.1.1 Shunt-Capacitance Resonance This resonance is caused by the
interaction between the series inductance, contributed by the lines, transform-
ers, and generators, and the combined shunt capacitance, contributed by line
charging, power-factor-correction capacitors, and SVCs. This resonant mode is
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a feature of all transmission networks; it is not specific to series-compensated
lines. The typical frequency range of this mode is 80—100 Hz; the exact value
for a system is dependent on the network contingency. For instance, during
intense power swings the SVCs tend to become more capacitive and the reso-
nant frequency decreases. A very high impedance is offered by the network at
this shunt-resonant-mode (pole) frequency.

5.5.1.2 Series-Line Resonance This resonance results from the interac-
tion or energy interchange between the total line inductance and the series
capacitance installed in the line. The frequency of this series-resonant mode
increases with the level of series compensation, varying from zero with no series
compensation to typically 25 Hz. In the Hydro-Quebec James Bay system, for
instance, this resonant mode lies between 18 and 28 Hz. A characteristic of
this series-resonant mode (zero) is that minimum impedance is offered by the
network at the resonant frequency.

5.5.1.3 Shunt-Reactor Resonance The interaction between series capac-
itors and the total of shunt inductors located at different intermediate buses
causes the shunt-reactor mode (pole). The frequency of this mode varies from
several Hz to about 20 Hz, depending on the amount of shunt inductance. The
mode frequency increases during light load conditions, when the level of shunt-
inductive compensation employed is quite high. This mode is usually associated
with a very low damping, as the only resistance that can introduce damping
is provided by the line and shunt reactor, both of which have small losses (or
high Q-factors). Also, loads do not generate enough damping, for the low series
inductance of the line effectively appears in parallel to them.

A graphical illustration of these modes in a simplified representation of
the Hydro-Quebec network under weak load conditions [23] is presented in
Fig. 5.42. Note that the shunt-capacitance and shunt-reactor modes cause
peak impedances, whereas the series-line-resonant mode produces minimum
impedance.

The influence of these modes on SVC performance is explained with refer-
ence to the representative system [24] depicted in Fig. 5.43. This test system
models two parallel 735-kV lines, which are about 1000 km long. The equiv-
alent systems at both the sending end and the receiving end are assumed to
have a short-circuit capacity of 8000 MVA. The impedance angles of the loads
at the sending and receiving ends, corresponding to 90 Hz, are 86° and 80°,
respectively.

The impedance-versus-frequency characteristics of the study system, as
observed from the receiving-end bus and the SVC bus, are depicted in Figs.
5.44 and 5.45. Figure 5.44 illustrates the effect of introducing series compen-
sation in lines in the absence of shunt reactors, whereas Fig. 5.45 illustrates
the influence of adding shunt reactors, R, in the series-compensated network. It
is important to note that from the impedance-versus-frequency plots, different
impedance characteristics are observed at different locations in the network.



202 CONCEPTS OF SVC VOLTAGE CONTROL

Montreal
La Grande La Verendrye
| 30% 40%
750 km |/ |/ 250 km Load
| 3 Lines I\ I\ 3 Lines 2000 MW
Generation
4000 MVA 330 MVAR =
X=0.35pu B
- Equivalent
Line Parameters : Z; =0.0117 +j0.3271 Q/km 20,000 MVA
By =5.055 uS/km
(a)
ll’_ ____________ -
rmoTTT T T T B i i il
[ i '
AN

=

L

2500
5 2000( @/ /
= 1500 |
1000 1
500 @S e

100

Phase (deg.)
|
()]
o
-

0 20 40 60 80 100 120
Frequency (Hz)
(c)
Figure 542 (a) A simplified Hydro-Quebec network during degraded conditions; (b)

an equivalent representation using 7 models of transmission lines; and (c) the magnitude
and phase of positive-sequence impedance at the La Verendrye substation.

Also, the influence of the various resonant modes is a function of the location
where the concerned equipment is installed. Many resonant modes may exist
in complex interconnected networks, each exercising a different influence at
different locations.
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Figure 5.43 The representative ac system.

It is seen from Fig. 5.44 that the series-line, L, mode has a frequency of 24
Hz, whereas the shunt-capacitance mode has a frequency 80 Hz. The effect of
the series-line mode is more profound at the line midpoint than at the receiving
end. The series-compensated network offers a large impedance at low frequen-
cies when viewed from the midpoint. No such phenomenon, however, is seen
to occur at the receiving end.

Similarly, Fig. 5.45 shows that the shunt-reactor mode is much more critical
when viewed from the line midpoint than at the receiving bus. These resonances
play an important role in determining control-system stability and the choice
of voltage-regulator gains.

5.5.2 SVC Transient Response With Series-Compensated
ac Transmission Lines

The interaction between the SVC and the coupling-transformer saturation in
series-compensated ac transmission networks is discussed in this section. The
transformer saturation is dependent on the nature of the disturbance—small or
large. For instance, a reactor switching close to the SVC is considered a small
disturbance, whereas a 3-phase fault adjacent to the SVC constitutes a large dis-
turbance. Saturation of the transformer consequential to the disturbances causes
the generation of the full range of harmonics, creating overvoltages and dis-
tortion of the ac voltage that may last for many seconds. This phenomenon
is witnessed in networks irrespective of whether they are series compensated.
The only distinctive features of series-compensated networks are that the har-
monic currents generated by transformers and other magnetic devices are much
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Figure 5.44 The effect of adding series compensation to lines without shunt reactors
(a) at the receiving bus and (b) at the midpoint of 735-kV lines.

larger and exhibit a pulsating or modulated nature. As with non—series-compen-
sated lines, the control-system stability is largely sensitive to the TCR operating
point.

5.5.2.1 Reactor Switching A comparison of the effects of reactor switch-
ing in series-compensated and non—series-compensated systems is shown in
Fig. 5.46. In systems without series compensation, the transformer-magnetiz-
ing current may not be large enough to cause saturation; hence the line current
(the sum of the reactor current and the SVC current) decays monotonically.
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Figure 545 The effect of adding shunt reactors to the series-compensated network
(a) at the receiving bus and (b) at the midpoint of 735-kV lines.

In series-compensated ac networks, the reactor switching excites the subsyn-
chronous shunt-reactor mode (13 Hz, in this case) and a frequency component
of 13 Hz is superimposed on the SVC bus voltage. This 13-Hz voltage gener-
ates a 13-Hz flux component in the transformer that, when added to the initial
transformer flux, leads to saturation. In case of small disturbances, the total flux
is such that it causes only asymmetrical saturation, and the transformer starts
drawing a magnetizing current that is modulated at 13 Hz and comprises pulse
trains at a frequency of 13 Hz. This magnetization current, in turn, produces
a modulation of SVC bus voltage at 13 Hz. The SVC measurement system,
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Figure 5.46 Reactor switching with and without series compensation.

because of its demodulating effect, generates on the dc-side frequency compo-
nents of 47 Hz (60 — 13 Hz) and 73 Hz (60 + 13 Hz) from the 13-Hz addi-
tion phenomenon. Simultaneously, because of the 13-Hz modulation of SVC
bus voltage, the measurement system produces a 13-Hz frequency component
on the dc side of the transducer. The addition/modulation phenomenon [23] is
illustrated in Fig. 5.47.

Because of the modulated magnetizing currents of saturated SVC transform-
ers, a substantial difference (of the order of 200 MVAR, in some cases) is
noticed between the actual primary susceptance of SVCs and the susceptance-
order signal produced at the voltage-regulator output [23].

In addition to employing preinsertion resistors or breakers with precise clos-
ing times, the installation of reactors on the line side of series capacitors helps
alleviate the large, modulated harmonic currents.
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Figure 5.47 Explanation of the addition/modulation phenomenon.

5.5.2.2 Fault Application and Clearing When severe system faults occur
near the SVC and are subsequently cleared, the transformer saturation is of a
different nature than with reactor switching. The system response following the
clearance of a 3-phase fault close to an SVC bus is depicted in Fig. 5.48. The
magnitudes of the transformer-magnetizing current in both series-compensated
and non-series-compensated systems are quite similar; however, the nature of
the currents in both cases are very different.

The fault clearing results in the excitation of the shunt-reactor mode (13
Hz) in the SVC bus voltage. In some cases, however, the frequency of oscilla-
tion in the recovery voltage may increase slightly to, say, f; (15 Hz) from the
alteration of circuit reactance by the reactance of the saturated transformer. This
added oscillation at 15 Hz in the SVC bus voltage generates a 15-Hz flux in the
transformer. An important feature with large disturbances is that the total trans-
former flux (15-Hz flux and initial flux) is sufficiently large to saturate the SVC
transformer symmetrically. The magnetizing current then exhibits pulse trains
separated by half the time period of 15 Hz. In other words, the magnetizing
current is modulated at 2 - 15 Hz = 30 Hz, which also causes the modulation
of SVC bus voltage at 30 Hz.

In a network without series compensation, only odd- and even-harmonics
are generated in the magnetizing current. However, in series-compensated net-
works, the 30-Hz modulation of the 60-Hz magnetization current is reflected in
the frequency spectrum as a 60-Hz line, with two sidebands at 60 — 30 = 30 Hz
and 60 + 30 =90 Hz. Together with the fundamental, the odd harmonics are also
modulated at 30 Hz. Although even-harmonics are not produced because of the
symmetric saturation, sidebands do appear on either side of these frequencies.
For instance, the frequency spectrum of the magnetizing current exhibits fre-
quencies of 120 — 15 =115 Hz and 120 + 15 = 135 Hz. The range of frequencies
appearing in the transformer-magnetizing current is given in Fig. 5.49.

The demodulation effect of the SVC measurement system [23] on the differ-
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ent frequencies is explained in Fig. 5.50. The output of the voltage-measurement
system and, consequently, the susceptance-order signal B¢ includes a 30-Hz
component from the modulation of the 60-Hz SVC bus voltage (indicated in
the figure by arrow 1) together with 45 Hz and 75 Hz from the addition of a
15-Hz component to the SVC bus voltage (indicated in the figure by arrow 2).
Because the frequencies of 115 Hz and 135 Hz get added to the magnetization
current, they get translated to 45 Hz and 75 Hz on the dc side of the voltage
transducer (shown in the figure by arrow 3). If the ac network has a pole near
the 2nd harmonic, then the aforementioned frequencies can play a critical role
in determining the system stability.

Although from Fig. 5.48 it is seen that the total system current (SVC current
+ reactor current) decays very fast, this rapidity is caused only by the specific
SVC control parameters chosen in this study. In a general situation, the current
pulsations can be sustained and even amplified.
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5.5.3 Effect of the Shunt-Reactor Mode on the SVC Voltage

Controller

The shunt-reactor mode can adversely influence the stability of the SVC volt-
age regulator. The nature of this influence and the measures for eliminating the
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no-SVC voltage regulator and (b) fast-SVC voltage regulator.

undesirable interaction are discussed here. The effect of the TCR conduction
on this interaction is also discussed.

As noted previously, the demodulation effect of the voltage regulator pro-
duces frequency components 60 + f and 60 — f at the output in response to
the shunt-reactor-mode frequency, ;. The 60 + f; Hz signal corresponds to
the negative-sequence component of the shunt-reactor mode; the 60 — f; Hz
components correspond to the positive-sequence component of the shunt-reac-
tor mode.

The effect of the voltage regulator on the stability of these modes, as obtained
through eigenvalue analysis, is illustrated in Fig. 5.51. The variation in eigen-
values of these modes with changing inductances of the shunt reactor (or, alter-
natively, the frequency of the shunt-reactor mode, fsrm) are depicted in Fig.
5.51. In the absence of the SVC voltage regulator, the generation of positive-
and negative-sequence modes with increasing shunt inductance is demonstrated
in Fig. 5.51(a). When a high-gain voltage regulator is considered, it is seen that
the damping of the positive-sequence mode is reduced as the frequency of the
shunt-reactor mode exceeds 7 Hz. However, the voltage regulator improves the
damping of both modes if the fsgy < 7 Hz. It is emphasized that this behavior
may vary with one’s choice of system parameters.
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5.5.3.1 Effect of the TCR Operating Point The effect of the TCR oper-
ating point the on shunt-reactor mode is explained with reference to the study
system considered in ref. [23]. The parameters of the study system correspond
to the Hydro-Quebec system with one equivalent TCR of 440 MVA at 735 kV
and three equal TSCs having a total rating of 1200 MVAR at 735 kV. Hence, to
traverse over the full reactive-power range of the SVC, the TCR must go four
times from minimum to maximum conduction. The SVC currents are expressed
in per units on 1200 MVAR.

The sensitivity of the shunt-reactor mode to the TCR operating point is
depicted in the root loci of Fig. 5.52. As soon as the TCR conduction goes below
50%, the positive-sequence mode (45 Hz) becomes unstable. The negative-
sequence mode is, however, reasonably damped.

In the time domain, an example of this instability initiated by low TCR con-
duction is depicted in Fig. 5.53. This example corresponds to a step change in
the angle across the ac network, causing the SVC to traverse from zero output
(one TSC on and a fully conducting TCR) to about half the rated capacity (two
TSCs on and TCR near-minimum conduction). The unstable positive-sequence
mode having a 45-Hz frequency is reflected as increasing 45-Hz oscillations in
the TCR susceptance signal. These oscillations temporarily stop growing when
the limit-cycle operation is reached because of system nonlinearities.

5.5.3.2 Filtering of the Shunt-Resonant Mode As voltage-controller
instability is experienced from the presence of the shunt-reactor-mode fre-
quency at the input of the voltage-measurement system, an obvious choice
for mitigating this effect is the installation of a high-pass filter between the
potential-transformer outputs and the voltage transducer, as shown in Fig. 5.54.
The 80-Hz and 96-Hz notch filters are already in service in the Hydro-Quebec
system for counteracting the adverse interaction with shunt-capacitance-reso-
nant modes [23], [24]. The frequency response of these filters shows that the
inserted high-pass filter reduces the gain at low frequencies, but also that it
increases the phase.

The effectiveness of the high-pass filter is demonstrated by both frequency-
domain and time-domain analyses. Figure 5.55 shows the improvement in
damping of the positive-sequence mode (45 Hz) that leads to its stabiliza-
tion, although at the expense of negative-sequence-mode damping. The system
response with the 15-Hz high-pass filter is shown in Fig. 5.56. The system has
been stabilized, but the damping of both positive- and negative-sequence modes
is low.

Increasing the break frequency of the high-pass filter reduces the effect of the
shunt-reactor-resonant mode, but it may have an adverse impact on the damping
of the shunt-capacitance mode. Therefore, a trade-off is needed to select the
break frequency, for which studies have shown that 15-25 Hz constitutes a
good choice for the break frequency.

The interaction between the shunt-reactor-resonant mode and the TCR bal-
ance control also needs to be investigated thoroughly in each SVC application,
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Figure 5.53 An example of unstable interaction with the shunt-reactor mode.

for situations may arise when the bandwidth of the TCR balance control is
close to the shunt-reactor-resonant frequency and the system stability may be
endangered.
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5.6 3RD HARMONIC DISTORTION

Field tests have demonstrated that in the steady state, a small amount of unbal-
ance in voltage at the SVC bus can lead to a substantially high degree of unbal-
ance in the TCR currents, especially in systems exhibiting a high impedance
near the 3rd harmonic. In a specific situation, a 1% unbalance in the fundamen-
tal voltage translates into a 4% unbalance in TCR current.

Because the size of the TCR inductors is large, a small amount of unbalance
in the SVC bus voltage results in the generation of a high amount of positive-
and negative-sequence 3rd harmonic components in the TCR current. If the
effective system impedance, as viewed from the TCR terminals, is quite high
at the 3rd harmonic frequency, positive- and negative-sequence 3rd harmonic
voltages appear on the low-voltage SVC bus.

A 3rd harmonic distortion in the SVC bus voltage causes an increased unbal-
ance in TCR currents more than what would be caused by a simple unbalance
in supply voltages with a linear-system impedance. A sustained distortion in the
SVC bus voltage may lead to the maloperation of the TCR valves, which may
prevent them from conducting. (Even if they do conduct, they may not stay
in conduction for some cycles.) The whole process may aggravate the voltage
distortion even further, and the harmonics may take an inordinately long time
to decay.

The 3rd harmonic resonance can be mitigated by providing a 3rd harmonic
filter on the low-voltage SVC bus. This could be achieved by converting a part
of the fixed-capacitor banks into a damped 3rd harmonic filter. This technique
has been found to be highly successful in eliminating SVC tripping from har-
monic overload and minimizing the unbalance in the 60-Hz TCR current.

Another means for alleviating the 3rd harmonic distortion is by providing
current-balancing circuits in the SVC control system. These circuits change the
firing angle in each phase of the TCR to maintain an equal fundamental com-
ponent of reactive current in all phases. These circuits are slow-acting to avoid
interfering with the fast dynamics of the voltage regulator. However, it must be
noted that this method of individual-phase control may itself produce nonchar-
acteristic harmonics, including the 3rd, that must be taken care of appropriately.
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5.7 VOLTAGE-CONTROLLER DESIGN STUDIES

The proper design of the SVC voltage controller is critically dependent on the
proper modeling of the involved devices and the network-resonant phenomena
that might adversely affect the frequency range corresponding to the bandwidth
of the voltage regulator [23]-[25]. Additional caution needs to be exercised
while investigating SVC control action in series-compensated systems.

5.7.1 Modeling Aspects

Actual equipment models must be used for voltage-measurement systems, TCR
firing controls, synchronization systems, TCR balance control, and the voltage
regulator. Appropriate modeling of the network and loads is important to get a
realistic estimate of the damping provided by these components. In series-com-
pensated networks, the shunt-reactor mode damping is affected mainly by the
low-frequency (typically 20-Hz) resistances of series-compensated transmission
lines, shunt reactors, generators, motors, transformers, and feeders. For passive
elements, the dc resistance must be used instead of the 60-Hz values. Further-
more, in this frequency range of 20 Hz, the generators and motors exhibit appar-
ent negative resistance, thereby reducing the overall positive resistance of the
circuit and, consequently, the damping of the shunt-reactor mode.

5.7.2 Special Performance-Evaluation Studies

Because the performance of SVC control is strongly dependent on TCR conduc-
tion, for each system condition (corresponding to a contingency), the controller
action should be analyzed over the full range of SVC, from the zero-output
to the maximum-output condition. The most stringent cases under which SVC
stability must be examined are during zero-TCR conduction or when the SVC
is fully capacitive.

In series-compensated systems, the effect of TCR conduction on shunt-
reactor-mode damping should be investigated over the entire range of shunt-
reactor and series-capacitor compensation levels. Doing so ensures control sta-
bility over the full frequency range of the shunt-reactor mode. It is recom-
mended that the control solution to shunt-reactor mode instability be obtained
first, as this solution may significantly influence the SVC performance in other
contingencies [24].

5.7.3 Study Methodologies for Controller Design
The design and optimization of SVC voltage controller are usually performed
employing the following frequency-domain and time-domain techniques:

5.7.3.1 Impedance-Versus-Frequency Computations These studies are
conducted at different buses for different contingencies, such as faults and the
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loss of generation, loads, or critical lines. These investigations are then per-
formed for different system configurations, such as summertime networks and
wintertime networks in which the generation and load patterns differ signifi-
cantly. The results of these studies help identify the potential resonance prob-
lems that the SVC voltage controller can experience and for which adequate
measures must be taken.

5.7.3.2 Eigenvalue Analyses These studies use linearized models of the
SVC and the interconnected system about operating points. For series-com-
pensated systems, a network model valid over the frequency range 0-300 Hz
should be used. Eigenvalue analyses are simple to perform; as such, they are
used widely for performing preliminary controller optimization.

5.7.3.3 Simulation Studies Once optimal controller parameters have been
determined based on a small-signal eigenvalue analysis, the SVC performance
is investigated under transient situations caused by faults, for example, when all
system nonlinearities and transformer saturations are modeled. Problems such
as 2nd harmonic interaction can only be studied through nonlinear simulation
studies, not through eigenvalue analyses.

In the past, physical simulation studies were performed on the TNA using
scaled-down models of system components to correlate and validate the lin-
earized analysis results. However, TNA studies are quickly giving way to real-
time digital simulation for SVC study and design because of its reduced cost,
setup time, and model losses and damping. The digital simulation studies are
usually performed with EMTP/EMTDC programs, giving a greater level of
confidence in the controller design.

Finally, the designed SVC controller is field-tested [25] before it is commis-
sioned and put into service.

5.8 SUMMARY

This chapter presented different control issues related to the voltage-control
function of the SVC. The procedures for design of voltage regulator were
described, and the influences of network resonances and harmonic resonances
on the performance of SVC voltage control were discussed. (Modern power
systems are increasingly becoming series-compensated to enhance power trans-
fer.) This chapter also illustrated the impact of series compensation on the SVC
voltage control and its design.
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I CHAPTER 6

SVC Applications

6.1 INTRODUCTION

Static var compensators (SVCs) constitute a mature technology that is find-
ing widespread usage in modern power systems for load compensation as well
as transmission-line applications. In high-power networks, SVCs are used for
voltage control and for attaining several other objectives such as damping
and stability control. Although the voltage-control issue was discussed exten-
sively in Chapter 5, the concepts of SVC control in such applications as sta-
bility enhancement, damping subsynchronous oscillations, and improvement of
HVDC link performance are presented in this chapter. The principles of SVC
control in such applications are enunciated together with example cases. Basic
issues relating to the design of SVC controllers in different applications are
explained, and the essentials of design methodologies are presented. Also, fac-
tors involved in the determination of SVC ratings are described.

6.2 INCREASE IN STEADY-STATE POWER-TRANSFER CAPACITY

An SVC can be used to enhance the power-transfer capacity of a transmission
line, which is also characterized as the steady-state power limit. Consider a
single-machine infinite-bus (SMIB) system with an interconnecting lossless tie-
line having reactance X shown in Fig. 6.1. Let the voltages of the synchronous
generator and infinite bus be V;/6 and V,/L0°, respectively. The power trans-
ferred from the synchronous machine to the infinite bus is expressed as

ViV,
X

P-= sin 6 6.1)

For simplicity, if V| =V, =V, then
VZ
P——siné (6.2)
X

The power thus varies as a sinusoidal function of the angular difference of the
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Figure 6.1 The single-machine infinite-bus (SMIB) system: (a) an uncompensated
system and (b) an SVC-compensated system.

voltages at the synchronous machine and infinite bus, as depicted in Fig. 6.2.
The maximum steady-state power that can be transferred across the uncompen-
sated line without SVC corresponds to 6 = 90°; it is given by

V2
Pax = (6.3)
P Q
4Pax F--====-m - o

9] i
; 1
8 i
o Qsvc/
2 i
B |
& 2Pmax """""""" |
= Pe |
C 1
© |
g Prax t-=---7 7 N J:
o | P

0 /2 T

Rotor Angle, 6

Figure 6.2 The variation of line real-power flow and SVC reactive-power flow in a
SMIB system.
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Let the transmission line be compensated at its midpoint by an ideal SVC.
The term ideal corresponds to an SVC with an unlimited reactive-power rating
that can maintain the magnitude of the midpoint voltage constant for all real-
power flows across the transmission line. The SVC bus voltage is then given
by V,uL6/2.

The electrical power flow across the half-line section connecting the gener-
ator and the SVC is expressed as

_ v sin i
“ X2 2

(6.4)

The power transfer in the other half-line section interconnecting the SVC, and
the infinite bus is also described by a similar equation. Assuming further that
Viw=V1=V,=V, Eq. (6.4) can be rewritten as

sin — (6.5)

which is depicted graphically in Fig. 6.2. The maximum transmittable power
across the line is then given by

22
PCmax = T (66)

which is twice the maximum power transmitted in the uncompensated case and
occurs at 6/2 = 90°. In other words, the midpoint-located ideal SVC doubles
the steady-state power limit and increases the stable angular difference between
the synchronous machine and the infinite bus from 90° to 180°.

If the transmission line is divided into n equal sections, with an ideal SVC at
each junction of these sections maintaining a constant-voltage magnitude (V),
then the power transfer (P7) of this line can be expressed theoretically by

P = sin — (6.7)

’

The maximum power, P/ .., that can be transmitted along this line is
nV?/X. In other words, with n sections the power transfer can be increased
n times that of the uncompensated line. It may be understood that this is only a
theoretical limit, as the actual maximum power flow is restricted by the thermal
limit of the transmission line.

It can be shown that the reactive-power requirement, Qgsyc, of the midpoint
SVC for the voltage stabilization is given by Eq. (6.8) [1].
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Figure 6.3 Power-angle curves of a SMIB system: curve (a) for an uncompensated
case; curve (b) for an ideal midpoint SVC with unlimited rating (Qsyc > 4Pmax); curve
(c) for a fixed capacitor connected at its midpoint; and curve (d) for a midpoint SVC
with limited rating (Qsvc = 2Pmax)-

4v? B
Osvc = ~ <1 — Cos 2) (6.8)

Figure 6.2 also depicts the variation of Qgyc with 4. It is seen that to double
the power transfer to 2Py, the required reactive-power rating of the SVC
is four times the maximum power transfer in an uncompensated case, that is,
4P ax- Such high-rated SVCs may not be economically feasible.

The power-transfer increase achievable with realistic SVCs of limited ratings
[1] is depicted in Fig. 6.3. Curve (a) shows the power-angle relationship for the
uncompensated case. Curve (b) shows the same relationship for an ideal SVC
of a large reactive-power rating Qsyc in excess of 4Pp,x. Curve (c) represents
the power-angle curve for a midline-located fixed capacitor. This curve is based
on the corresponding equivalent reactance between the synchronous generator
and the infinite bus. If an SVC incorporating a limited-rating capacitor as in
the preceding text (Qsvc = 2Pmax) 1 connected at the line midpoint, it ensures
voltage regulation until its capacitive output reaches its limit. In case the sys-
tem voltage declines further, the SVC cannot provide any voltage support, and
behaves as a fixed capacitor. Curve (d) of Fig. 6.3 represents the power-angle
curve that shows this fixed-capacitor behavior and demonstrates that the real-
istic maximum power transfer will be much lower than the theoretical limit of
2Ppax if the SVC has a limited reactive-power rating.

6.3 ENHANCEMENT OF TRANSIENT STABILITY

An SVC significantly enhances the ability to maintain synchronism of a power
system, even when the system is subjected to large, sudden disturbances.
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Figure 6.4 Power-angle curves depicting transient-stability margins in the SMIB
system: (a) the uncompensated system and (b) the SVC-compensated system.

6.3.1 Power-Angle Curves

An enhancement in transient stability is achieved primarily through voltage con-
trol exercised by the SVC at the interconnected bus. A simple understanding of
this aspect can be obtained from the power-angle curves [2], [3] of the uncom-
pensated and midpoint SVC—compensated SMIB system.

Consider both the uncompensated and SVC-compensated power system
depicted in Fig. 6.1. Assume that both systems are transmitting the same level
of power and are subject to an identical fault at the generator terminals for an
equal length of time. The power-angle curves for both systems are depicted in
Fig. 6.4 [1]. The initial operating point in the uncompensated and compensated
systems are indicated by rotor angles §; and 6.;. These points correspond to
the intersection between the respective power-angle curves with the mechanical-
input line Py, which is same for both the cases.

In the event of a 3-phase-to-ground fault at the generator terminals, even
though the short-circuit current increases enormously, the active-power out-
put from the generator reduces to zero. Because the mechanical input remains
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unchanged, the generator accelerates until fault clearing, by which time the rotor
angle has reached values 6, and 6, and the accelerating energy, A; and Acy,
has been accumulated in the uncompensated and compensated system, respec-
tively. When the fault is isolated, the electrical power exceeds the mechanical-
input power, and the generator starts decelerating. The rotor angle, however,
continues to increase until 63 and 6.3 from the stored kinetic energy in the rotor.
The decline in the rotor angle commences only when the decelerating energies
represented by A, and A, in the two cases, respectively, become equal to the
accelerating energies A; and Ac;.

The power system in each case returns to stable operation if the post-fault
angular swing, denoted by 63 and 6¢3, does not exceed the maximum limit of
Omax and 8. max, respectively. Should these limits be exceeded, the rotor will not
decelerate. The farther the angular overswing from its maximum limit, the more
transient stability in the system. An index of the transient stability is the avail-
able decelerating energy, termed the transient-stability margin, and is denoted
by areas Apargin and Ac marein in the two cases, respectively. Clearly, as A¢margin
significantly exceeds Apargin, the system-transient stability is greatly enhanced
by the installation of an SVC.

The increase in transient stability is thus obtained by the enhancement of the
steady-state power-transfer limit provided by the voltage-control operation of
the midline SVC.

6.3.2 Synchronizing Torque

A mathematical insight into the increase in transient stability can be obtained
through the analysis presented in the text that follows. (See also ref. [4].)

The synchronous generator is assumed to be driven with a mechanical-power
input, Py;. The transmission line is further assumed to be lossless; hence the
electrical power output of the generator, Pg, and the power received by the
infinite bus are same. The swing equation of the system can be written as

M —— =Py — Pg (6.9)

where M = the angular momentum of the synchronous generator
6 = the generator-rotor angle

For small-signal analysis, the Eq. (6.9) is linearized as

d?As

M -
dr?

— APy — AP (6.10)

The mechanical-input power is assumed to be constant during the time of anal-
ysis; hence APy, = 0. The linearized-swing equation then becomes
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d2A6
AP 6.11)
or
d2AS 1 oPg
aa L ( i )M 5 A 6.12)

where Kg = the synchronizing power coefficient

the slope of the power-angle curve

OP;/98

or

d’As K,

The characteristic equation of the differential equation (6.13) provides two
roots:

AuA = +VK /M (6.14)

If the synchronizing torque Ky is positive, the resulting system is oscillatory
with imaginary roots:

)\1,)\2:ijws (615)
where
wy =V Ks/M (6.16)

On the other hand, if the synchronizing torque K is negative, the roots are real.
A positive real root characterizes instability. The synchronizing-torque coeffi-
cicent is now determined for both the uncompensated and SVC-compensated
systems. The details of the analysis are presented in Appendix B of this book.

6.3.2.1 Uncompensated System The electrical power, P, transferred
from the generator across the lossless uncompensated tie-line is given by Eq.
(6.1). The corresponding synchronizing torque is expressed by

o vy
0

Ksy = 0s 6 (6.17)
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6.3.2.2 SVC-Compensated System The power transfer, Pc, from the
generator across the lossless uncompensated tie-line is given by Eq. (6.4). It
can be alternatively expressed in terms of an equivalent transfer reactance, Xr,
between the generator bus and the infinite bus. (See Appendix B.)

RAZ

Pc X

sin 6 (6.18)

where

XZ
XT:X*TBS (619)

The net SVC susceptance, Bg, is given by

By = % 7 (6.20)

where X; = V2,./Q;, = the total inductive reactance of the SVC
X, = V2,./Ocr = the total capacitive reactance of the SVC
Viom = the nominal voltage
QOir, Q. = the inductive- and capacitive-reactive-power rating of the SVC
o; = the conducting fraction of the TCR
o, = the conducting fraction of the TSC (= 1 for the fixed capacitor)

The SVC adjusts «; and o, to maintain a constant voltage, V,, at the connecting
bus.

The synchronizing-torque coefficient of the uncompensated system (see
Appendix B) is expressed as

Ks= (6.21)

8PE - V1V2C055 + V1V25in5 2 X2
85 B XT VmXT 4XT

Thus the pure-voltage control operation of the SVC increases the synchronizing-
torque coefficient by the following amount:

AKs=Ks — Ksy (6.22)

Substituting from Eq. (6.17) in Eq. (6.21) gives

ViV,cos 6
AKg=—"2""7 (X _ X))+
5 XX; ( T)(

P\* Xx?
2
Vin > 4Xr (023)
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The frequency of oscillation also increases by a factor

AKg
Ks

1+ (6.24)

An enhanced synchronizing torque implies an increase in the transient-stabil-
ity margin of the power system. An SVC thus augments the transient stability
of the power system.

6.3.3 Modulation of the SVC Bus Voltage

We have seen from the previous section that an SVC can improve the transient
stability of a power system by maintaining the midpoint voltage constant. Now,
however, it is shown that if an appropriate modulation of the SVC bus voltage
is permitted, the transient stability can be substantially augmented as compared
to the constant-voltage control strategy of SVC [4].

This concept is illustrated through the set of power-angle curves depicted
in Fig. 6.5. Curve (a) illustrates the power-angle curve of the system without
SVC, whereas curve (b) illustrates the same for the system compensated by an
ideal SVC of an unlimited reactive-power rating. When the real-power output

2Py === mmmmmmmmmmm e m e
Q
o}
=
g
= Pmax _______
Q //
as S /
y
p R
M F==
A
o

Rotor Angle, 6

Figure 6.5 Power-angle curves of a SMIB system: curve (a) for an uncompensated
case; curve (b) with an ideal midpoint-connected SVC; curve (c) with a midpoint-con-
nected fixed capacitor; and curve (d) with a midpoint-connected fixed inductor.
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of the synchronous generator gradually exceeds the surge-impedance loading
(SIL), the SVC tends to become increasingly capacitive. As long as the SVC
remains within its capacitive-controllable range, the power-angle curve remains
the same as curve (b) until point A is reached, when the capacitance limit of
SVC is attained. Beyond point A, the power-angle curve switches to curve (c),
or curve ORAB, which corresponds to the power-angle curve of a fixed capacitor
having the full rating of the SVC capacitor. This curve relates to an effective
transfer reactance Xy, with positive By, that is less than the transmission-line
reactance X [see Eq. (6.19)].

However, when the power transfer is less than the SIL, the SVC is inductive,
with continuously varying levels of inductive-reactive power. If the SVC reac-
tance is fixed at some inductive value, the power-angle curve changes to curve
(d), which is below curve (a). In this case, the transfer reactance X7 becomes
more than X because of the negative Bg.

To begin, let us examine the case of first-swing stability, in which the rotor
angle increases following a fault and goes through an overswing. The decelerat-
ing energy, which also represents the synchronizing coefficient, is indicated by
the hatched area A;. This behavior relates to a constant-voltage control strategy
of the SVC. If a higher voltage is established momentarily by making the SVC
more capacitive, additional decelerating energy, shown by area ARS, would be
made available. The full capacitor-swing curve is chosen only to illustrate this
concept. Increasing the voltage temporarily thus restricts overswing and allows
higher critical fault-clearing time.

Once the rotor angle reaches its maximum value, it tends to reverse, or back-
swing. It is important to minimize this backswing to ensure transient stability.
For a constant-voltage control of the SVC, the developed accelerating power
is indicated by A,. However, if the SVC reactive power is rapidly changed
to establish a slightly lower terminal voltage—momentarily—at the instant of
maximum overswing, an additional accelerating torque, indicated by area OST,
becomes available. This reduces the magnitude of backswing.

A control strategy of modulating the SVC bus voltage instead of keeping it
strictly constant thus aids in substantially improving the overall transient sta-
bility of the study system. An example of the advantage achieved by adopting
the voltage-modulation control strategy, in comparison to constant-voltage reg-
ulation, is presented in ref. [4]. Figure 6.6 depicts the performance of the SVC
following a severe fault in a power system. The time variations in the generator-
rotor angle, real-power transfer, bus voltage, and SVC susceptance are depicted
for the two SVC control strategies, and the behavior of the uncompensated sys-
tem is also presented. In the absence of an SVC, the fault clearing results in
severe voltage depression followed by system instability. A voltage-modula-
tion control strategy rapidly stabilizes the oscillations in the rotor angle, power
transfer, and terminal voltage, as compared to the constant-voltage control of
SVC. Thus, higher power transfer becomes feasible with enhanced transient
stability.

Voltage-modulation control strategies are implemented through auxiliary



ENHANCEMENT OF TRANSIENT STABILITY 231

135 1

0.2 +
0 t t t {
0 0.5 1 1.5 2
Time (s)
pu
0.3t Bs
n
HL
] -~ ’ I/
1 \ ),
0.15 1 / \\ // \\ II
] \ / \ !
! U \ I \ 1
J| , \ ! \ !
i \ L) /
o4 \ / LW ! )
[y 7t — 7 i
0 05 /1 v 15 / 2
1 L__t S /
Time (s)

Figure 6.6 The system response for severe disturbance, Py = 0.9 pu: curve (a) without
SVC; curve (b) with SVC (0.27-pu capacitance/0.07-pu inductance) with the optimum
control strategy; and curve (c) with SVC (0.27-pu capacitance,/0.07-pu induction) with
the constant-voltage control strategy.
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controllers of the SVC, which are discussed in detail in the next section
(although within the context of damping improvement).

6.4 AUGMENTATION OF POWER-SYSTEM DAMPING

The power-transfer capacity along a transmission corridor is limited by sev-
eral factors; for example, the thermal limit, the steady-state stability limit, the
transient-stability limit, and system damping. In certain situations, a power sys-
tem may have inadequate—even negative—damping; therefore, a strong need
arises to enhance the electrical damping of power systems to ensure stable,
oscillation-free power transfer. A typical scenario of the magnitude of vari-
ous limits, especially where damping plays a determining role [5], is depicted
graphically in Fig. 6.7.

Oscillations in power systems are caused by various disturbances. If the
system is not series-compensated, the typical range of oscillation frequencies
extends from several tenths of 1 Hz to nearly 2 Hz. Several modes of oscillation
may exist in a complex, interconnected power system.

The behavior of generator oscillations is determined by the two torque
components: the synchronizing torque and damping torque. The synchronizing
torque ensures that the rotor angles of different generators do not drift away
following a large disturbance. (In other words, the synchronizing torque binds
the different generators into synchronism, assuring transient stability.) In addi-
tion, the magnitude of the synchronizing torque determines the frequency of
oscillation. Meanwhile, damping torque influences the decay time of oscilla-
tions. Even if a power system is stable, the oscillations may be sustained for a
long period without adequate damping torque.

Examined in this chapter is the concept of the SVC’s ability to not only
impart but also enhance the damping torque in a power system through SVC
controllers.

Steady-State-Stability Limit (MW)

Thermal Limit
(MW)
Transient-Stability Limit (MW)
A /
/

Electrical Damping Limit (MW)

Figure 6.7 Comparison of different limits on the power flow.
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6.4.1 Principle of the SVC Auxiliary Control

The SVCs are employed primarily for voltage control; they do not contribute
to system damping. In the following analysis, it is shown that by incorporating
auxiliary control, an SVC can significantly improve the electrical damping of
power systems [1].

Consider the SMIB system depicted in Fig. 6.1. The SVC regulates the mid-
point voltage to V,,. Let

V= |V1| sin(wt + 6)
Vi = |V sin| wz + 0
m=|Vm w Y
2
Vs = |Va| sin(wr) (6.25)

where, for the sake of simplicity, it is assumed that |V| =|V,| = V.

The linearized-swing equation for this system with constant mechanical-
input power is given by Eq. (6.11). The electrical power Pg (= P¢) transmit-
ted across the line, although given by Eq. (6.4), is rewritten as follows for a
sending-end voltage magnitude, V.

VVi 0

in — 2
X2 sin 5 (6.26)

Pg=

An incremental change in electrical power is obtained by linearizing Eq. (6.26)
as

P P P
APg = P AV + oPr AVm+aa—5E

v v, Ad (6.27)

It is further assumed that the sending-end voltage is constant; thus, AV = 0.
Substituting APg from Eq. (6.27) in Eq. (6.11) results in

d*(A8)  OPg oPg
ar Ty, AVt 5

A6=0 (6.28)

Equation (6.28) describes the small-signal dynamic behavior of the system, in
which the effect of the SVC is represented by the middle term

oPg
[( v, > AVm] (6.29)

If the SVC is operated to maintain the midpoint voltage V,, strictly constant,
as is done for voltage control, AV,, becomes zero, in which case Eq. (6.28)
reduces to
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dz(Aé) N 0P
dr? 06

A6=0 (6.30)
The characteristic equation corresponding to Eq. (6.30) is

, 1 oPg

Sor | =0 6.31)

0

The roots of Eq. (6.31) lie on the imaginary axis that result in undamped oscil-
lations in the rotor angle 6 with a frequency of

1 oPg
M 96

(6.32)

Wp =

0

where dPg/dé = the synchronizing power coefficient

It is clearly evident that an SVC operating on a pure-voltage control mode
is unable to provide any system damping. However, the SVC can contribute
to system damping if it is allowed to modulate the midpoint voltage instead of
maintaining it strictly constant. Specifically, the midpoint voltage can be mod-
ulated as a function of d(Ad)/dt, that is,

d(Ad)

AV, =K
dt

(6.33)

where K = the constant

Substituting Eq. (6.33) in Eq. (6.28) results in a modified incremental-swing
equation:

2
d=(A8)  OPg % d(Ad) N oPg

M e + Vo |, a7 % 0A5 =0 (6.34)
The corresponding characteristic equation is
s+ 285+ w2 =0 (6.35)
where
2g- K 9P (6.36)



AUGMENTATION OF POWER-SYSTEM DAMPING 235

With the introduction of voltage-modulating control, the SVC transforms the
power system into a positively damped system. From Eq. (6.35), it is seen that
the roots now lie on the left half of the s plane, and any oscillations in the rotor
angle will decay with time. Such an additional control feature is termed auxil-
iary control, supplementary control, or power-swing damping control (PSDC).
One effective signal for improving system damping, as seen in this analysis, is
the variation in bus frequency f, for it relates to the rotor-angle oscillations:

d(Ad)
dt

Af (6.37)

An intuitive insight into the mechanism of PSDC is obtained as follows:
At any instant, if d(Ad)/dt or Af is positive, it is implied that the rotor is
tending to accelerate from the buildup of kinetic energy within it. This buildup
can be alleviated by adjusting the SVC control so that the generator electrical
power output is increased during that particular time interval, which requires
an increase in the SVC terminal voltage as explained from Eq. (6.4). On the
other hand, if d(Ad)/dt is negative, indicating rotor deceleration, the electrical
power output of the generator must be decreased by reducing the SVC terminal
voltage through damping-controller action.

In some situations, to achieve rapid damping, the output of the auxiliary
damping controller is fed directly to the firing controller. The voltage regulator
is completely bypassed, and the delays associated with the voltage controller
are eliminated.

The auxiliary controllers of the SVC greatly enhance the flexibility and per-
formance capability of the SVC without requiring any increase in its rating.

6.4.2 Torque Contributions of SVC Controllers

The influence of dynamic devices on the behavior of different electromechani-
cal modes can be explained through the associated synchronizing and damping
torques. A modal analysis approach [6], [7] is now explained, wherein the sys-
tem variables are separated into their modal components and each electrome-
chanical mode is treated independently. The responses of each mode are finally
combined to result in the overall system behavior.

6.4.2.1 Effect of the Power System A simple representation of an elec-
tromechanical mode in a power system excluding SVC is depicted in Fig. 6.8.
In this figure, M; denotes the effective inertia of all machines impacting the
ith mode; D; and K; denote the modal damping and synchronizing coefficients,
respectively; w;, denotes the system-base frequency; and §; and w; denote the
angle and frequency of the ith electromechanical mode.
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Figure 6.8 A block diagram depicting the modal damping- and synchronizing-torque
contributions of a power system.

(6.38)

Also,

s =j2xf; (6.39)
where f; = the modal frequency

It is emphasized that the synchronizing and damping torques are the com-
bined contribution of controllers of all dynamic devices present in the system,
including generator-excitation systems. The contribution of the SVC is derived
separately.

6.4.2.2 Effect of the SVC The influence of SVC is integrated in the
response of the ith electromechanical mode [6], [7], as shown in the modi-
fied block diagram Fig. 6.9. This diagram comprehensively demonstrates the
individual effects of the SVC voltage regulator as well as the SVC auxiliary
PSDC. It has already been shown that the SVC can provide damping to the
power system only if the auxiliary damping controllers are incorporated in the
SVC control, which modulate the bus voltage in response to a control signal
sensitive to power oscillations.

Although both synchronizing- and damping-torque coefficients are influ-
enced by the generator-excitation systems, only the damping torque is affected
by the system loads and turbine governors.

SVC Voltage Regulator This generates a susceptance-reference signal,
ABgyc;, that primarily causes the bus voltage to change by AV; through a func-
tion Kyg;(s) representing the network response. The same susceptance output,
ABsvyc;, also generates a synchronizing-torque contribution by acting through
a function Krp;(s). The SVC voltage regulator is represented by the transfer
function Vieg;(s):
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Figure 6.9 A block diagram showing the modal damping- and synchronizing-torque
contributions of the power system, the SVC voltage regulator, and the SVC PSDC.

K
Viegi(s) = ﬁ (6.40)

The modal voltage at the SVC bus is influenced by the modal speed w; and,
consequently, by the modal angle §;, both of which impart their contribution
through the frequency-dependent function Kys;(s),

SVC PSDC An auxiliary control signal, Axg;, is provided as input to the SVC
PSDC. As explained previously, this signal must be a function of modal speed
or modal angle Ad;, to which its relationship must be expressed through the
transfer function K,s;(s). The SVC PSDC is modeled by the transfer func-
tion PSDC,(s) that contributes an additional modulating input, AV 4, to
the voltage regulator. The SVC susceptance, ABsyc;, generates an inner-loop
response, AXj;;, which influences the auxiliary signal through the transfer func-
tion K ,p;(s).

The power system of Fig. 6.9 with SVC voltage and auxiliary controllers is
simplified to the system depicted in Fig. 6.10 to clearly illustrate the damping
and synchronizing effect of each system component.

The contribution of the power system without SVC to the modal-accelerating
torque is obtained through the transfer function Kp;(s):



238 SVC APPLICATIONS

Kpi(s)
ATpi Contribution of
AT, 1 Aw; Power System
Modal-Accelerating M;s; Without SVC

Torque
Contribution of
SVC Voltage
Regulator

PSDC Inner Contribution of SVC PSDC

Loop

Figure 6.10 A simplified block diagram showing the damping- and synchronizing-
torque contributions of the different controllers on the ith power-swing mode.

Wp

Kpi(s) = Di(s) + Ki(s) (6.41)

1

SVC Voltage Control The closed-loop transfer function of the voltage con-
troller is given by

Vregi

e (6.42)
1+ VregiKVBi

Vioopi = Kvi

Because the bandwith of the voltage-regulator loop is much greater than the
frequency of the electromechanical-swing mode, Viop; Will generally have a
magnitude close to unity and a phase lag of 5°-20°.

The net modal-synchronizing-torque component, AT, contributed by the
SVC voltage regulator in response to modal speed is obtained as follows
through the transfer function:

Ky; = KrpiKysi

(6.43)

where Ky; has a phase angle close to —90°.

SVC PSDC The effectiveness of the SVC auxiliary PSDC is dependent
mainly on the following three factors:

1. Controllability, in which the ability of the auxiliary input to control the
modal-accelerating torque is represented through the block Kox;(s):
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V .
Kci= Krg; # (6.44)
VBi

2. Observability, in which the sensitivity of the selected auxiliary signal
to the modal-speed variations is modeled through the transfer function
Koxi(s):

Koxi = Kxsi + KvsiKxp;

(6.45)

3. Inner-loop sensitivity, in which the sensitivity of the selected auxiliary
signal to the output of the PSDC is manifested through the block Ky;(s):

(6.46)

In general, all the transfer functions depicted in Figs. 6.8-6.10 are frequency-
dependent for a general power system with several controllable devices. How-
ever, if the SVC is located far away from the other controllers, these transfer
functions reduce to real functions for the relevant range of frequencies.

6.4.3 Design of an SVC PSDC

The design of an SVC PSDC is explained through a case-study power system,
as presented in refs. [6] and [7]. This power system comprises two similarly
large areas interconnected by a tie-line and compensated at the midpoint by an
SVC, as shown in Fig. 6.11. Each area is modeled by an equivalent generator
with an excitation system, a power-system stabilizer, and a turbine governor.
The equivalent generators in each area generate about 1 pu (10 GW) of power
that is used largely to supply the local load. A maximum of 0.1 pu power can be
transmitted along the tie-line corresponding to 90° angular separation between
the areas. This tie-line has a reactance of 10 pu on the area base.

The SVC is installed to enhance the power-transfer capability of the tie-line.
The system exhibits an inter-area mode of 0.5 Hz, and correspondingly, the
SVC voltage-regulator parameters are set at Kg = 20 pu/pu (slope = 5%) and

3 2
Area 1 | | | Area 2
10 GW 10 GW

SvVC
L 1.5 GVA Ly

Figure 6.11 The two-area case-study power system.
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Figure 6.12 Controllability K.; as a function of inter-tie power transfer.

Tgr =0.2 s. The TCR susceptance is rated at 0.15 pu on the area base; the SVC
capacitance is chosen to ensure 1 pu voltage for all levels of power flow.

6.4.3.1 Controllability The effectiveness of an SVC in controlling power
swings is examined through the plot of controllability, K ;, as a function of inter-
tie power transfer [6] illustrated in Fig. 6.12. The power transfer is represented
by the angular separation between areas 1 and 2 of the two-area case-study
power system. If power flows from area 1 to area 2, the angle of separation
is positive. The controllability is seen to increase with transmitted power, indi-
cating that the SVC becomes more effective in damping-power oscillations,
which is a very desirable feature. However, a concern is the change in the sign
of controllability when the direction of power flow reverses. This change must
be considered when damping controllers are designed.

6.4.3.2 Influence of SVC Sites and the Nature of Loads The SVCs are
normally located at the following sites:

1. Buses experiencing maximum voltage excursions.

2. Buses where an SVC of a given rating can impart maximum electrical
damping to the power system.

3. Buses where the critical voltage-sensitive loads are connected.

4. The electrical midpoint of transmission lines connecting two areas, where
maximum voltage swings are likely in the absence of an SVC.

The natural availability of a step-down transformer with the appropriate sec-
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Figure 6.13 Controllability K.; as a function of SVC location and load types.

ondary or tertiary voltage levels also serves as an economic criterion for SVC
placement at a bus.

Although the guidelines in the preceding list are generally followed, they are
intuitive; thus they need mathematical validation. In the case-study system of
Fig. 6.12, a controllability plot is obtained as a function of an SVC’s distance
from the exporting area—with the load types as the parameter [6]—as shown
in Fig. 6.13. It is evident from the controllability variation that the midpoint-
located SVC is most effective in damping the power swings. Furthermore, if the
loads are constant impedance or constant current, the siting of an SVC close
to the receiving end or importing area may result in negative damping, thus
jeopardizing the system.

It may not be advisable to modulate the SVC bus voltage if the SVC is
located in a load area [6], [7]. Varying the voltage changes both the load power
and the generator-output power that flows in the line. The two effects may
conflict with each other as the operating point changes, for which reason it may
not be possible to damp the local swing mode in a robust manner. A beneficial
effect can still be imparted by stiffening the system with the pure voltage control
of SVC.

In this example, controllability has been obtained in respect of the only one
existing power-swing mode. In multimachine systems, controllability variation
needs to be examined for the different electromechanical or swing nodes that
occur in the system. It may be noted that the ideal SVC location for damping
one node may be different from that corresponding to another mode. In such
a situation, a careful choice fo location must be made that is based on system
requirements and objectives.

Sometimes, multiple SVCs on the distribution side are more effective than
a large SVC at the transmission level [8]. One reason is that multiple SVCs
improve the power quality; another is that they offer direct reactive-power sup-
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port to the loads during power swings, especially to the induction-motor loads.
The SVCs should, however, be separated by substantial impedances as far as
possible to avoid local controller interactions, as explained in Chapter 9.

6.4.3.3 Selection Criteria for PSDC Input Signals An appropriate
choice of control signal for an auxiliary PSDC is critical in securing requisite
levels of electrical damping in power systems. The control input can comprise
only one signal or a combination of signals for a given application. In either
case, the following factors must be considered for selecting an auxiliary signal:

1.

The sensitivity of the control signal to the power-swing modes—the
observability, as discussed in Section 6.4.2.2. This sensitivity must be
great, particularly at higher power levels; it is only at these levels that
the real need for damping arises.

The effectiveness, or robustness, of the control signal in making positive-
damping contributions over widely varying system-operating conditions.
Positive damping must be ensured, even if the direction of the power flow
reverses.

. The choice between locally measurable signals and remotely communi-

cated signals. Usually preferred over remote signals, locally measurable
signals are more easily and reliably measured without any communication
delays. However, there is, another school of thought that is in favor of
remote signals, often espousing the highly reliable and successful oper-
ation of HVDC links based on telecom signals, as well as the recent
advances in implementing very fast communication systems.

Signals such as accelerating power of critical generators could still
prove to be the best controller signals. It is argued [9] that despite the
cost and risk of transmitting such signals to remote controller locations,
they may still provide better performance than the locally measured sig-
nals. In the worst case, these high-quality remote signals may still be used
as reference for comparing the performance of local signals or even as a
backup in case the local signals prove inadequate.

The vulnerability to local PSDC inner-loop instability. The signal should
achieve a required level of damping through the auxiliary damping con-
troller, without inducing any local instabilities in the SVC controller itself,
by keeping the inner-loop gain low. This local instability can occur if the
selected control signal is highly sensitive to the SVC output.

. A minimum sensitivity of the control signal to other power-system swing

modes. For instance, in a transmission-line application, the SVC must
respond only to the power swing on the line; it must not respond to some
other local oscillation modes in the areas connected to the line, for a sub-
stantial control range may be lost in damping those modes for which the
SVC may not be able to control satisfactorily.

The possibility of adverse interaction with other controllable power-sys-
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tem devices. The control signal must have as low a sensitivity to the
response of other stabilizing controllers as possible for avoidance of local
instabilities within the controller bandwidth.

7. A small sensitivity of the signal to random noises occurring in the power
system. Some fraction of this noise may lie with the bandwidth of the
power swings. Thus the controller must be ensured to respond only to
true power-system swings, not to any noise component.

6.4.3.4 Input Filtering The control inputs must be filtered appropriately to
avoid interacting with the electrical phenomena outside the required control
bandwidth of the SVC [8].

A high-pass filter is usually provided on the low-frequency side to prevent
a large response during power damping, or long-term settling after a generator
outage, or even a load rejection. Low-pass filtering is incorporated to eliminate
interaction with the high-frequency torsional-oscillation modes. Adverse inter-
action with specific resonant modes, such as network resonances, is precluded
by means of the application of notch filters.

A high-frequency cutoff around 0.05 Hz (3-s washout time constant) and a
double low-pass cutoff of about 4 Hz (40-ms time constant) has been found
from experience to be a good starting point for filter design. The filters can be
fine-tuned after the complete controller design has been accomplished.

6.4.3.5 General Characteristics of PSDC Input Signals Some of the
locally measurable individual signals that can be potential inputs of the SVC
PSDC are as follows:

SVC Bus Frequency This relates directly to the changes in the rotor speed
if they are measured close to the generating bus. However, its sensitivity to
actual speed variation diminishes with increasing distance from the generator,
especially so at the line midpoint where the SVC is installed.

SVC Bus Voltage This is the main SVC control signal, as the device is pri-
marily used in power systems for voltage regulation. The voltage magnitude is
a function of the angular difference across the tie-line connecting the two areas.
The drawback with using bus voltage as a damping-control signal is that it is
highly sensitive to the SVC output susceptance and results in an undesirably
high inner-loop sensitivity.

Active-Power Flow The integral of incremental active power is dependent on
the rate of angle change. This fact is evident from the linearized-swing equation
of a generator given in Eq. (6.10), assuming that the mechanical-input power
remains constant over the duration of controller action.

Active Component of the Line Current Line-current flows are also influenced
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by the angular difference across the tie-lines. However, the specific line from
which this signal should be extracted needs to be chosen judiciously.

Line-Current Magnitude The utility of the line-current magnitude signal lies
in its inclusion of the effects of all other current components that are caused by
system disturbances and which may be superimposed on the main fundamental-
current wave.

6.4.3.6 Performance of PSDC Input Signals The traits of the aforemen-
tioned signals are examined in the context of the two-area case-study system of
Fig. 6.11. The active power and the active line current are considered positive
when they flow from area 1 to area 2, and the power and current signals are
measured on the line connected to area 1.

The observability Kox; and magnitude of inner-loop sensitivity for the dif-
ferent signals are plotted in Fig. 6.14 as a function of power transfer, with the
line impedance as parameter [7]. Positive angular separation indicates the power
transfer from area 1 to area 2; negative angular separation, the power transfers
from area 2 to area 1.

The observability K py; is a complex quantity, of which only the magnitude is
plotted in Fig. 6.14(a). In fact, the phase angle of observability does not change
greatly with an operating condition other than the sign reversal. However, this
is not true with the phase angle of inner-loop sensitivity K;y;, which under-
goes marked variations. Figure 6.14(b) shows the magnitude plot of inner-loop
sensitivity K;x;. The following observations are made:

Observability The line-current magnitude, voltage, and frequency all display
increasing observability with power transfer, which is a desirable feature. There
is, in fact, a change of sign when the direction of power flow reverses. The
magnitude of observability is highest when the line-current magnitude signal is
followed closely by the voltage; however, this magnitude for the bus frequency
is two orders lower than that of the line-current magnitude signal. The active-
power flow and the line-current active component show diminished observabil-
ity for large levels of power transfer—without, however, any sign reversal when
the power-flow direction changes.

Inner-Loop Sensitivity Magnitude The factor Kjy; is highly sensitive to the
operating conditions. The bus voltage, frequency, power flow, and active current
all display increasing K;y; with the power flow, whereas the line-current mag-
nitude shows an opposite trend. The bus-voltage signal exhibits the maximum
level of unacceptable inner-loop sensitivity. The highest value of inner-loop
sensitivity for the bus voltage is obtained with maximum shunt compensation,
provided to ensure the maximum power transfer corresponding to the weakest
network. On the other hand, a similar scenario appears for the line-current mag-
nitude signal with minimum shunt compensation corresponding to the strongest
network configuration.
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Figure 6.14 Observability and inner-loop sensitivity of various input signals versus
the inter-tie power transfer and impedance: (a) observability K gy; (pu/pu) and (b) inner-
loop sensitivity |Krx;i| (pu/pu).

6.4.3.7 SVC PSDC Requirements The transfer function of the PSDC for
a control signal, x, relating modal torque to modal speed, as obtained from Fig.
6.10, is given by
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o PSDC,(s) oy
Gpci(s) = Koxi(s) T~ PSDC.(5) - K1xi(s) Kci(s) . (6.47)

Two features are obvious from Eq. (6.47):

1. The PSDC can impact the system damping significantly if the inner-loop
gain is low—even less than unity—for all power-system—operating con-
ditions.

[PSDC. ()| | Krximax| < 1 (6.48)

where |Kjximax| is the maximum value of inner-loop gain magnitude
under all system conditions. In such a situation, the damping produced by
the auxiliary controller is directly proportional to the PSDC transfer func-
tion. Since both the gain and phase of the inner-loop sensitivity undergo
significant variation with the operating condition, it is a desirable that the
PSDC damping contribution be made impervious to the inner-loop behav-
ior. This is ensured by the fulfillment of the condition in Eq. (6.48).

2. The damping contribution is rendered independent of the PSDC if the
inner-loop gain is high, that is, if

|PSDCx(S)| |K1Ximin| > 1 (649)

where Kjy;min 1S the minimum value of the inner-loop gain magnitude
under all system-operating conditions. The damping torque then becomes
a function of the system characteristics as reflected in observability Koy;
and controllability K ;.

For the auxiliary controller to generate positive damping, the transfer func-
tion, Gpc;(s), should be essentially real and positive. If a margin value of the
inner-loop gain can now be specified, the maximum gain of the PSDC can be
computed for a reference-case power-system—operating condition.

PSDC e 6.50
xi(Dmax) — GMILlKIX[max| ( . )
0rxi = —angle{K cirKoxir } (6.51)

where PSDC,ipmax) = the frequency response of transfer function
PSDC,(s) at complex frequency, s;, for imparting
maximum damping to the ith mode employing the
auxiliary control signal x
si = j2nf;
fi = the frequency of ith power-swing mode
Orxi = the angle of PSDC,; for the reference case that
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ensures the validity of Gpc;(s), thereby contributing
positive-damping torque (the reference-case power-
operating condition is usually chosen to correspond
to a heavy-power transfer scenario)

GM;;, = the prespecified gain margin of the inner loop,
typically greater than 10 dB

Kcir, Koxigr = the controllability and observability constants for the
reference case

Performance of Different Signals Every control signal provides a differ-
ent level of maximum damping to the system. The various control signals, x,
employable as inputs to the PSDC are compared in terms of the maximum
damping contribution, D max,;, which they can make corresponding to ith swing
mode for varying operating conditions.

D maxy; = Real{KCiPSDCxi(D max) } (652)

where D max,; = the maximum damping achievable with control signal x
corresponding to swing mode i.

At any operating condition, D max,; is computed using PSDC,;pmax) corre-
sponding to an angular separation of 70° as a reference case and an inner-loop
gain margin of 10 dB. Plots are obtained of D max,; as a function of power
transfer between the two areas for each signal [7]; these are depicted in Fig.
6.15.
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Figure 6.15 The maximum PSDC damping contributions with a 10-dB inner-loop gain
margin.
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The line active current offers the maximum damping of all signals because
of a very small inner-loop sensitivity. However, both line active current and
power change the sign of their damping contributions if the direction of power
flow reverses. The bus-voltage signal provides positive damping for all levels
of power transfer in either direction, just like the line-current magnitude, but
the level of generated damping is seriously restricted by a very high inner-loop
sensitivity. The line-current magnitude provides substantial positive damping
irrespective of the power-flow direction. It is relatively insensitive to SVC con-
trol action and thus becomes the preferred signal among those considered.

The general performance of a controller-transfer function can be simply
explained in terms of its gain-and-phase variations with frequency [8]. The con-
troller generates a pure-damping influence if the controller has a purely pro-
portional gain, that is, the phase shift between the output and control signal is
zero. As the phase shift increases, the synchronizing influence improves with a
corresponding increment in the swing-mode frequency. The damping effect, on
the other hand, declines with phase shift and becomes negative when the phase
shift exceeds 90°. The phase-lead provides a desynchronizing effect, and it corre-
spondingly reduces the synchronizing torque, which is highly undesirable.

An effective controller-transfer function should generally provide a phase
shift of 0 to 45° over the frequency range of the swing mode to be damped
[10]. The gain should be selected so it can use the full rating of the SVC during
the most critical exigency.

6.4.3.8 Design Procedure for a PSDC The following procedure is sug-
gested in refs. [6] and [7] for the design of the auxiliary PSDC.

1. The controller is designed primarily for the dominant swing-mode fre-
quency.

2. The desired phase angle of the controller-transfer function is obtained
from Eq. (6.51) corresponding to the pure-damping condition. This phase
angle is a function of the controllability and observability constants.

3. An operating point signifying a heavy-power transfer scenario is chosen,
and a specific magnitude of system damping is selected for this scenario.
The desired controller gain is that which ensures the specific magnitude
of damping for the chosen operating point subject to the following con-
ditions:

a. an inner-loop gain margin of at least 10 dB is satisfied for the most
constraining network configuration;

b. a maximum level of interaction with subsynchronous modes is
ensured; and

c. a noise amplification beyond an acceptably small limit is not permit-
ted.

4. The efficacy of the PSDC controller must be established for both forward
and reverse power flow in the tie-line.
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Figure 6.16 The structure of a simple PSDC.
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A tentative value of controller gain can be obtained by performing stability
simulations for the worst system configuration in the absence of PSDC and
noting the maximum variation in the auxiliary signal magnitude. The gain may
be chosen as that which can cause the SVC reactive power to traverse its entire
controllable range for this peak variation in the auxiliary control signal.

A typical PSDC controller comprises a lead-lag stage, a washout stage, and a
high-frequency—filtering stage, together with a gain [7] as shown in Fig. 6.16.
The filter is designed to pass the swing-mode-frequency signal while allow-
ing for any variation in this frequency from system conditions. It rejects fre-
quencies associated with non—power-swing modes, such as subsynchronous tor-
sional oscillations and modes relating to noise signals that override the auxiliary
control signals. In some cases, this noise may be within the bandwidth of the
power-swing frequencies. The control system, therefore, needs to be designed
carefully; too high a gain must be avoided.

The technique for PSDC controller design, although described for a two-area
system, is also valid for a three-area system [6], [7] or a multi-area system. In
this cases, however, more than one power swing mode is likely to exist. The
effectiveness of the same SVC is dependent on the location of the loads as
well as its own placement. The controllability of a mode may improve if the
SVC is located close to the midpoint of that mode shape. In the event that the
midpoints of different modes are at different locations, the damping benefit,
which the SVC can provide for one mode, will not be the same as that for the
other modes.

6.4.3.9 Case Study The PSDC design for a midpoint-located SVC in
the two-area system depicted in Fig. 6.11 is presented in the following case
study [6], [7]. The performance of different auxiliary control signals is also
described.

A large power-transfer scenario is chosen in which a 70° angular difference
exists across the tie-line. The desired damping level is selected as that which
the system inherently has with zero power transfer across the tie-line.

The gain-and-phase data for various auxiliary control signals are computed
according to the technique described previously and are compiled in Table 6.1.
It may be noted that the stipulated damping level is not achieved by bus voltage
and frequency signals because of the inner-loop gain-margin constraint.

After resorting to careful engineering judgment, the controllers for each
auxiliary signal are designed to satisfy the gain-and-phase requirements. The
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TABLE 6.1 Damping-Controller Characteristics (0.5 Hz)

Gain (pu/pu) for

Inner-Loop

Pure-Damping Desired Inner-Loop Worst-Case

Input Signal Phase Shift Damping Constraint Gain Margin
Voltage -121° 2.5 0.35 10 dB
Frequency +162° 345° 20 10 dB
Power +93° 14 14 15dB
I active +91° 1.5 1.5 39dB
I magnitude +91° 1.5 1.5 22 dB

“This gain would achieve the desired damping if the inner-loop gain margin were >10 dB; however, the
actual inner-loop gain would prevent the attainment of the desired damping, even with a much higher
damping- control gain.

magnitude and phase characteristics for the controller based on the line-current-
magnitude signal, as an example, are depicted in Fig. 6.17, and the controller
parameters are indicated as well. The PSDC gain is usually fine-tuned on the
basis of root-loci studies of the critical system modes.

The performance of two control signals—active power and line-current
magnitude—in response to large disturbances is obtained through time-domain
simulation and is illustrated in Fig. 6.18. The power-reversal scenario is
depicted as well.
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Figure 6.17 The sample transfer function of damping controller with 7,, input.
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The following observations are made:

1. With the damping controller, the first-swing oscillations in both the area-
separation angle and the midpoint bus-voltage signals are decreased. This
decrease shows that the PSDC controller can also be effective in improv-
ing first-swing stability, especially if the disturbance causes the system to
oscillate close to its stability limit.

2. Some additional oscillations are visible in the active-power control sig-
nal, have a frequency higher than the power-swing frequency, and are
enhanced by inner-loop dynamics. It may be noted that the gain mar-
gin with the line-current magnitude controller is higher than with the
active-power controller; therefore, the oscillations generated by inner-
loop dynamics have a greater tendency to appear in the active-power
damping signal.

3. During power reversal, the damping provided by the active-power con-
troller becomes negative while the line-current magnitude controller con-
tinues to impart positive damping to the system. The imparted damping is
a product of the controllability and observability indices from Eq. (6.47).
For this system, it is noted that from Fig. 6.12, the system controllability
changes sign with power reversal. The observability of the line-current
magnitude also correspondingly changes sign, although not that of the
active power; hence this activity leads to a positive damping for the line-
current magnitude signal but not for active power. Therefore, an adaptive
controller may be required for the active-power signal that changes the
sign of the PSDC controller output with the direction of the power flow.

6.4.4 Composite Signals for Damping Control

A detailed analysis of SVC control with several single individual-control sig-
nals, together with the associated controller design, was presented in the pre-
vious section. In some situations, not one but a combination of two or more
signals may prove advantageous. The auxiliary controller output would then
be a composite sum of the outputs of two different controllers, each having a
different input-control signal.

In an alternative situation, two or more locally available signals may be alge-
braically manipulated to compute a new composite signal that can be fed to a
single auxiliary PSDC controller. A computed signal, which has been shown to
be of significant value, is described in the following text.

6.4.4.1 Frequency of Remotely Synthesized Voltage This involves the
frequency computation of a remote-area ac voltage or a remote-generator inter-
nal voltage using locally measurable SVC bus voltage and transmission-line-
current signals, together with the knowledge of the intervening impedance
between the SVC bus and the remote bus [7], [11], [12].
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SvC

Figure 6.19 An SVC installed at the midpoint of a critical line in a multi-area system.

Consider the example system shown in Fig. 6.19. The synthesized voltage,
Visyn, of the remote bus (area 1) is expressed as

Vl syn — VSVC + Zsyan
= VSVC + (Rsyn +szyn)TS (653)

where Ry, and Xy, represent the resistance and reactance, respectively, of the
synthesizing impedance.

The relation given in Eq. (6.53) can be rewritten in terms of phase quantities
as

Vi syna — Vsvea + RsanSa + Xsyn(iSc - iSb)
Vi synb — Vsvep + RsanSb + Xsyn(iSa - iSc)
Vl sync — VSVCC + RsanSc + Xsyn(iSb - iSa) (654)

A frequency transducer is then employed to determine the frequency of Vi gyn,.
This PSDC signal responds primarily to the swings of the concerned remote
area, but it also responds to some extent to the swings of all other areas con-
nected to the bus.

The synthesizing impedance is chosen to be the actual value or a represen-
tative measure of the transmission-line impedance between the SVC bus and
the inertial center of the area. As this impedance may vary over a period of
time because of the network reconfiguration, an average value is generally cho-
sen. The magnitude of this impedance may also be made a function of system
status—namely, the breaker position.

The synthesized-frequency signal is highly effective for two reasons: (1)
the signal virtually resembles modal speed, resulting in a high-observability
Koxi(s), and (2) the inner-loop gain K;x;(s) is minimal with this signal.

An implementation of a PSDC with a synthesized-frequency signal is
depicted in Fig. 6.20. Appropriate low-pass filtering is built in to avoid inter-
action with other oscillatory modes, such as those of torsional vibrations. A
high-pass filter is also built in to preclude any steady-state offset. The bandpass
filter is designed to eliminate any system noise overriding the control signal.
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Vsve 4 @ Veyn Frequency | Afsyn PSDC
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Figure 6.20 Implementation of a PSDC with a synthesized-frequency signal.

6.4.4.2 Case Study The application of a multiple-input, synthesized, mod-
ulating signal in improving steady-state stability is presented in this case study
[11], [12] that relates to the system of Example 5.2 (Chapter 5). The damp-
ing torque technique is employed to examine the efficacy of different control
signals for reactive-power modulation of a midline-located SVC in a SMIB sys-
tem. The electrical damping torque results are correlated with those obtained
from eigenvalue analysis.

The synthesized signal is termed computed internal frequency (CIF) [11],
[12] and involves the computation of the internal-voltage frequency of the
remotely stationed generator, using locally measured bus voltage, transmission-
line current at the SVC bus, and the equivalent reactance between the generator
internal voltage and SVC bus.

The efficacy of the CIF in improving power-transfer capability is compared
with two other signals—line-reactive power flowing into the SVC bus and the
SVC bus frequency, f;. The PSDC auxiliary controller G(s) is assumed to be
a first-order lead-lag transfer function of a design based on root-loci studies.

(6.55)

G(S)KB< 1+ST1>

1+sT,

Root-Loci Analysis As the objective of SVC control is to enhance power-
transfer capacity, the auxiliary controller parameters are determined at an
operating-generator power level of (P,) 800 MW that is close to the network
limit of 980 MW. For different auxiliary controllers, the loci of critical eigen-
values are obtained with varying controller parameters, each taken one at a
time. Based on these root loci, a range is selected for different parameters (K,
T, and T,) in which a high degree of stabilization is provided to the critical-
system nodes. Power-transfer limits are then evaluated for different combina-
tions of parameters in these ranges. The controller parameters, which result in
the maximum power transfer, are chosen as optimal for the particular auxiliary
controller. A comparison of different auxiliary controllers is presented in Table
6.2.

The CIF auxiliary controller results in the highest power transfer of 980 MW,
implying the full use of transmission-network capacity and representing a 60%
enhancement over the power-transfer limit of 610 MW attained by pure voltage
control of the SVC. It is further found [11], [12] that even with an error of £10%
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TABLE 6.2 Comparative Study of Different SVC Auxiliary Controllers
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Auxiliary None
Control (Voltage Bus Line
Signal Controller) Frequency Reactive Power CIF
Optimal parameters
Kp — —-0.065 -0.035 -0.4
T, — 0 0.044 0
T, — 0.03 0.02 0.03
Eigenvalues with optimal
parameters for P,= 800 MW
Generator 0.186 *j4.34 -0.132 +j4.31 —-0.046 +j5 —4.131 +£7.52
-32.0+,0.874 -36.9,-2.89 -32.3,-28.6 -30.9,-1.29
-2.89 -27.7-j10 -3.02 -3.3
-0.893 +j0.97 -0.9 +,0.97 -0.62 + j0.85 -0.584 + j1.25
AVR -0.893 —j0.97 -0.9-0.97 -0.62 —j0.85 -0.584 —j1.25
-26.0 £,24.1 -26.3+22.72 -26.1+,24.3 -25.9+,22.9
Network -3.2 ;3496 -3.2 +;3496 -3.2 3496 -3.2 %3496
—-13.2£,2470 -13.2£,2470 —-13.2£,2470 -13.2 £ 2469
-3.2+,2868 -3.2+,2868 -3.2+,2868 -3.2+,2868
-14.9 + 1841 -14.9 + ;1841 —14.9 + 1842 -14.0 ;1842
-12.9+;1000  -12.91 ;1003 —-13.0 +,1000 -13.3 ;1002
-23.8£,369 -1.16 + 362 -26.8 £,379 -23.1+355
-23.5+,313.5 -23.3+;314.1 —24.9 £313 -25.0+;316
svC —544.3 £j65.8 —-540.3 +j87.8 —544.0+,73.3 -539.0 +80.1
-5.63+,313.2 -5.66 7307 —-0.32 £,323 -7.7 %293
-49.5£99.8 -78.0 95 -8.0£55.9 -26.7 +j159
—27.7+j10 -138.1 -108.3
Power limit (MW) 610.2 911 868.5 980

in the estimation of equivalent inductance Lg, the efficacy of the signal did not
get degraded.

Damping-Torque Analysis As the stability of the study system is predomi-
nantly dependent on the low-frequency (1-2 Hz) rotor-oscillation mode, the elec-
trical torque components are evaluated in the frequency range 0-15 rad/s. The
variation of electrical damping torque with frequency for the pure-voltage con-
troller (without auxiliary control) and with different auxiliary SVC controllers
is depicted in Fig. 6.21. The corresponding variation of synchronizing torque
is illustrated in Fig. 6.21. The rotor-mode eigenvalues for various controllers
obtained from Table 6.2, together with the damping and synchronizing torques
corresponding to these rotor-mode frequencies, are displayed in Table 6.3.

It is observed that damping torque is positive for line-reactive power, bus fre-
quency, and CIF auxiliary controllers, all of which exhibit stable rotor modes.
Damping torque is, however, negative for voltage controller, which has an
unstable rotor mode, and the magnitude of damping torque is higher if the rotor-
mode eigenvalue for any controller has a more negative real part. Therefore, a
correlation is seen between the damping torque and eigenvalue analysis with
respect to the stability of the rotor mode. The high-synchronizing torque asso-
ciated with the CIF signal results in a higher rotor-mode frequency.
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Figure 6.21 The electrical damping torque for an SVC voltage controller and different
auxiliary controllers: (a) the voltage controller; (b) the line-reactive power; (c) the bus
frequency; and (d) the CIF.

This study demonstrates that in a SMIB system, auxiliary signals based on
frequency, such as bus frequency or CIF, lead to higher power transfers relative
to other signals. The CIF provides maximum damping to the rotor mode at the
considered operating point and results in the highest power transfer of all the
signals investigated, clearly indicating the importance of high observability of
the mode to be damped in the auxiliary control signal. The synthesized signal
CIF contains the effect of the swing mode in the highest measure and is thus
most effective.

6.4.5 Alternative Techniques for the Design of SVC Auxiliary
Controllers

Once an appropriate location of SVC has been determined, the auxiliary con-
troller design can be accomplished by any of the following techniques:

o phase-and-gain margin technique (described in this chapter)

e pole-placement technique (see refs. [3] and [13])

e linear quadratic Gaussian (LQG) control (see ref. [14])
 optimal robust control and H., optimization (see refs. [15]-[17])
o fuzzy control (see refs. [18] and [19])

e artificial neural network (ANN) control (see ref. [20])

e genetic algorithms (see ref. [21])
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TABLE 6.3 Electrical Damping and Synchronizing Torques for SVC Voltage
Controllers and Different Auxiliary Controllers

Electrical Synchronizing
SvC Rotor-Mode Damping Torque
No. Aucxiliary Signal Eigenvalue Torque (pu) (pu)
1 None (voltage controller) 0.19+j4.34 0.084 4.28
2 Line reactive power 0.044 +j5.00 0.02 5.7
3 SVC bus frequency 0.133 +j4.31 0.06 4.2
4 CIF 4.13 £j7.53 1.2 9.4

6.5 SVC MITIGATION OF SUBSYNCHRONOUS RESONANCE (SSR)

Subsynchronous resonance (SSR) is a well-understood phenomenon [22]-[27].
It is defined by the IEEE as an

electric power condition where the electric network exchanges energy with a
turbine/generator at one or more of the natural frequencies of the combined sys-
tem below the synchronous frequency of the system.

Subsynchronous oscillations in the torsional system of the steam turbine—gen-
erator may be caused by series compensation of transmission lines or by adverse
interaction with HVDC controls, speed governors, and generator-excitation con-
trols. If uncontrolled, these oscillations may lead to a permanent damage in the
turbine-shaft system.

The SSR manifests itself through three forms [26]:

1. Induction generator effect (involving the electrical system alone).

2. Torsional interaction (involving both the electrical and mechanical sys-
tems).

3. Transient torque (involving both the electrical and mechanical systems
but initiated by severe disturbances, such as faults).

The SSR alleviation strategies were developed and tested on the IEEE’s First SSR
Benchmark System [28] that presented severe SSR problems with four torsional
modes spread over a wide range of frequencies. The decrement factor (i.e., the
real part of the eigenvalues of the critical torsional modes with varying line-series
compensation levels) is depicted in Fig. 6.22. The complete system eigenvalues
for the four critical series-compensation levels are given in Table 6.4.

6.5.1 Principles of SVC Control

One of the means for obliterating torsional interaction between the torsional
system of the generator and the series-compensated network is to install an SVC
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Figure 6.22 The real part of unstable eigenvalues of torsional and electrical modes
for the IEEE’s First Benchmark System (P, = 1 pu, pf = 0.9 lag).

at the generator terminals. The SVC is essentially a shunt-connected inductance,
through which the current is modulated in response to the rotor oscillations or
generator speed.

The generator speed is chosen as the control signal because it includes com-
ponents of all prime-mover modes that need to be damped. Such an SVC has
been referred to in the literature [29]-[32] as dynamic stabilizer and modulated-
inductance stabilizer (MIS). This SVC is equipped with only a speed-devia-
tion controller, not the voltage regulator that constitutes an integral component
of normal SVCs. An interesting feature is that even though the SVC reactive
current acts through the transmission system, the SVC control action is not
dependent on the generally varying transmission-system reactances [29]. In the
absence of generator torsional oscillations, the SVC acts as a steady and con-
tinuous reactive load.

The SVC for SSR stabilization provides current amplification at resonance,
for which reason it is placed at the generator terminals for maximum efficacy.
A positive damping is ensured if the SVC reactive current is modulated 180°
out of phase with the generator-rotor velocity deviation. In other words: If the
rotor velocity increases, the SVC reactive current is made to decrease, and vice
versa [29].

It may be recalled that this control philosophy is similar to that employed
for enhancing generator damping to improve the power transfer. When the rotor
velocity increases, the reduction in the SVC inductive current enhances the elec-
trical output of the generator. For a constant mechanical input, this enhancement
leads to a reduction in the kinetic energy of the rotor, resulting in an eventual
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TABLE 6.4 System Eigenvalues of IEEE’s First SSR Benchmark System
Without SVC (P, =11 pu, pf = 0.9 lag)

Mode Identification ~ X4=0.185pu  X(3y=0.285pu  X(5=0.380 pu  X((4)=0.470 pu
Mode 5 —0.0 £298.16 —0.0 £298.16 —0.0 £;298.18 —0.0 £;298.18
Mode 4 +1.705 +£;202.34 —0.077 £;202.62 -0.057 £,202.74 -0.047 +,;202.78
Mode 3 +0.054 £160.71 +1.633 £;160.18 -0.055£,;160.30 —0.040 +;160.41
Mode 2 +0.007 £127.06 +0.024 £;127.12 +0.753 £126.74 -0.016 +126.90
Mode 1 +0.044 £99.20  +0.112£;99.47  +0.369 £;100.26 +5.406 + j98.62
Mode 0 —0.366 +8.27 —0.425 £9.32 -0.533 £10.54  -0.707 £;12.01
Electrical mode —5.497 £j202.96 —4.981£;160.81 -3.781%;126.6 -7.421+£;99.76
Supersynchronous

mode —4.614 £j551.22 —4.651£j593.26 —4.655%j626.72 —4.675 +£j654.73
Generator-rotor -0.157 -0.234 -0.307 -0.381

circuits and -3.348 -3.589 -3.869 -4.220

controllers -21.32 -21.381 —21.475 -21.573

-32.99 -33.216 -33.512 —33.905

decrease in the rotor velocity. The difference in the two schemes, however, lies
in the behavior of the SVC controllers. In case of power-transfer augmenta-
tion, the damping is introduced in the lower inertial frequency range 0.1-2 Hz,
whereas in the case of SSR suppression, the damping is initiated in the higher
torsional-frequency range 10-40 Hz.

The effectiveness of SVC control in damping the SSR is critically dependent
on the phase shift between the SVC control input (generator-speed deviation)
and the SVC-implemented susceptance change at the interconnected bus. These
phase shifts are caused mainly by the inherent thyristor-firing delay (see Chapter
4) and the filter in the speed-deviation measurement system.

From ref. [32], it is shown that, ideally, a zero phase shift in the control
system will result in positive damping for all the torsional modes. In practi-
cal circuits, the phase shifts are minimized to less than 10° by introducing the
appropriate phase lead-lag circuits in the control system. This narrow range of
acceptable phase shift can be substantially enhanced by using an SVC with a
primary-voltage control loop and an auxiliary controller with generator-speed
deviation as the control signal [33].

An SVC having only the speed-auxiliary controller damps all the torsional
modes, thereby ensuring the mitigation of torsional interaction. However, it has
a tendency to reduce the damping associated with the electrical mode, which
may result in an SSR from the induction-generator action. To preclude such an
eventuality, poleface-damper windings are provided simultaneously in the syn-
chronous generators. A successful implementation of the speed-signal filtering
has been reported in the field [34].

The deterioration of the electrical mode damping with a speed-auxiliary sig-
nal is compensated by the addition of the voltage regulator to the generator
speed-auxiliary control. The bus-voltage signal contributes the electrical state to
the SVC control. This SVC configuration can therefore counteract successfully
the torsional oscillations at all critical levels of series compensation, as well as
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TABLE 6.5 System Eigenvalues With SVC Control (P, = 1 pu, pf = 0.9 lag)

Mode Identification ~ X4y =0.185pu  X3)=0.285pu X, =0.380pu X ;) =0.470 pu
Mode 5 0.0£,298.16  —0.0%,;298.16 -0.0 £,298.16 -0.0 £,298.16
Mode 4 —-2.020 +£;213.00 -0.307 £,;207.04 -0.143 £;206.53  -0.077 +;206.35
Mode 3 -0.049 +£160.99 -1.845%157.27 -0.403+£;162.29 -0.233+;161.99
Mode 2 -0.021 +;127.11 -0.004 £;127.03  -0.405+;126.43  -0.157 +;127.38
Mode 1 -0.258 £j99.94  -0.127 £j99.75 -0.008 £99.16  —0.491 +;94.97
Mode 0 -0.550+;8.40  -0.623 £;9.38 -0.710 £10.40  -0.837 +;11.69
Electrical mode -3.187 +£;200.55 -3.090 £165.74 —4.452+;131.37 —4.105 +;106.97
Supersynchronous

mode -3.716 +£j551.86 -3.694 £594.31  -3.698 £625.07 -3.714 +652.93

Electrical system

—5.653 +356.53

~5.611 £ j356.62

-5.548 £ j356.65

-5.430 £ 356.78

Generator-rotor -0.640 -0.633 -0.622 -0.602
circuits and -3.825+;2.51 -3.841 £;2.31 -3.862 £;2.09 -3.890 £j1.74
controllers -20.540 -20.577 -20.620 -20.679

—29.958 £0.981 -29.286 -28.530 -27.883
-154.517 -30.715 -31.571 -32.350
—154.434 —154.644 —155.153

—655.01 —655.13 —655.38 —655.593

the electrical self-excitation from the induction-generator effect that occurs at
high levels of series compensation.

The damped eigenvalues of the IEEE’s First SSR Benchmark Model, with
complete SVC controls for the four critical levels of series compensation, are
given in Table 6.5. The time-domain simulation of SVC performance in damp-
ing mode 3, as an example, is illustrated in Fig. 6.23.

6.5.2 Configuration and Design of the SVC Controller

The speed-auxiliary controller is a proportional controller when it is used
both alone [29]-[32], [34] and in conjunction with a voltage regulator [33].
A reactive-power controller proposed in ref. [35] uses a torsional monitor to
measure medium-pressure—turbine speed, two low-pressure—turbine speeds, and
generator-shaft speed in the IEEE’s First Benchmark System to obtain the modal
speeds for damping the torsional oscillations. A reliable speed measurement is
done through a multitoothed wheel that generates a carrier signal in which the
frequency is many orders of magnitude different than that of the modulating-
signal frequency [33]. In case speeds of different shaft reactions need to be
obtained, several optical disc pickups are installed at these shaft locations.
An SVC with a single-input—signal-output (SISO) proportional—integral
derivative (PID) auxiliary-speed controller, in conjunction with a voltage regu-
lator, is proposed in ref. [36] for damping torsional oscillations. The auxiliary
PID controller is designed by shifting two SSR eigenvalues to prespecified loca-
tions. Because pole placement is possible for only two SSR eigenvalues with an
SISO controller, a single-input—multiple-output (SIMO) controller is suggested
for allowing the assignment of more SSR modes [37]. This SVC auxiliary con-
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Figure 6.23 Damping of torsional mode 3 with an SVC, where Sgp = the speed devi-
ation of the HP turbine rotor mass; Sg = the speed deviation of the generator rotor
mass; Vr = the generator terminal voltage; Qs = the SVC reactive power; Ty_; = the
mechanical shaft torque in HP-IP section; and 77-g = the mechanical shaft torque in
LP-GEN section.
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troller is implemented by a multiple proportional—integral (MPI) controller with
one medium-pressure—turbine speed, two low-pressure—turbine speeds, and one
generator-shaft speed as the feedback signals. The supplementary control signal
resulting from this control scheme contains the components of four torsional-
mode frequencies. With appropriately designed controllers, satisfactory damp-
ing is provided for all the torsional modes under different operating conditions
and a wide range of line-series compensation levels. In fact, any SVC con-
troller designed for SSR mitigation must damp all the torsional modes for all
critical levels of series compensation, as well as control the induction generator
effect—based SSR that occurs at high levels of series compensation.

The SVCs described in the preceding text for damping subsynchronous oscil-
lations are connected at the generator terminals for the sole purpose of SSR
mitigation. An alternative concept is described in refs. [38] and [39], in which
a midline-located SVC in a series-compensated SMIB system is used for both
power-transfer improvement and SSR stabilization. The SVC employs a voltage
regulator and a combination of two auxiliary controllers. One auxiliary signal is
the magnitude of the line current, whereas the other is the CIF of the generator,
and the root-loci technique is used for designing both controllers. This control
scheme requires adaptive controllers, which need careful implementation.

The SVC used for SSR mitigation offers the following advantages: As a
shunt device, it need not carry the full generator current, and it provides damp-
ing of all torsional oscillations, initiated by any means, within the bandwidth
of the controller. In addition, it is insensitive to system frequency variations.

Because this device is critical in damping torsional oscillations, care must
be exercised to minimize faults in the zone of its installation. Due considera-
tion is also necessary for circumventing the harmonics generated by the SVC.
A multiwinding coupling transformer is usually employed [31] to reduce the
injected 5th and 7th harmonics.

6.5.3 Rating of an SVC

An SVC sizing relationship is proposed in ref. [29] according to the average
shunt-reactor inductance, L;, as given by

L= (6.56)

where A = the deviation in the shaft-oscillation angle
m = the SVC modulation index (m = 1 for full SVC modulation)

L, = the generator inductance

A pessimistic estimate of the maximum rotor-angle deviation that the SVC
is expected to control is taken to be that which can cause permanent deformation
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of the generator shaft. The SVC is assumed to be modulated completely, that
is, the full rating of the SVC is used for SSR damping.

If a generator-rotor velocity deviation, w,A, of 0.01 pu is permitted for a
lower torsional mode having frequency w, = 0.412 pu, the average SVC induc-
tance is obtained as (0.412)(0.19)/0.01 = 7.828 pu for a generator inductance
of 0.19 pu. This inductance necessitates an SVC of a steady-state MVA rat-
ing (1.0)?/7.828 pu = 0.128 pu of the generator rating, corresponding to 1-pu
terminal voltage. As the rating relates to average conditions, an SVC of twice
the rating, that is, 0.256 pu, may be used. It should be noted that because the
rating was computed for one torsional mode, the rating would be different for
the other modes; hence an appropriate size may be selected that can damp all
the torsional modes.

6.6 PREVENTION OF VOLTAGE INSTABILITY

Voltage instability, the subject of intense research since 1980 [3], is caused by
the inadequacy of the power system to supply the reactive-power demand of
certain loads, such as induction motors. A drop in the load voltage leads to
an increased demand for reactive power that, if not met by the power system,
leads to a further decline in the bus voltage. This decline eventually leads to
a progressive yet rapid decline of voltage at that location, which may have a
cascading effect on neighboring regions that causes a system voltage collapse.

6.6.1 Principles of SVC Control

The voltage at a load bus supplied by a transmission line is dependent on
the magnitude of the load, the load-power factor, and the impedance of the
transmission line. Consider an SVC connected to a load bus, as shown in Fig.
6.24(a). The load has a varying power factor and is fed by a lossless radial
transmission line. The voltage profile at the load bus, which is situated at the
receiver end of the transmission line, is depicted in Fig. 6.24(b).

For a given load-power factor, as the transmitted power is gradually
increased, a maximum power limit is reached beyond which the voltage col-
lapse takes place. In this typical system, if the combined power factor of the
load and SVC is appropriately controlled through the reactive-power support
from the SVC, a constant voltage of the receiving-end bus can be maintained
with increasing magnitude of transmitted power, and voltage instability can be
avoided.

6.6.1.1 A Case Study An SVC can be used successfully to prevent voltage
instability. The case study presented here demonstrates the application of SVC
to mitigate voltage instability in a radial system loaded by a large composite
load of induction motors and static loads, all under steady-state and transient
conditions [40].
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Figure 6.24 (a) An SVC connected at the load bus by a radial transmission line sup-

plying a load and (b) the voltage profile at the receiving end of a loaded line with a
varying power factor load.

The 400-kV radial case-study system [40] shown in Fig. 6.25 involves power
supply over a double-circuit transmission line to a load center that comprises
a 50% large induction motors (IM) and 50% static loads. An FC-TCR SVC is
connected to the tertiary of a 3-winding load transformer, and the SVC voltage
controller is of the PI type.

The instability is caused by tripping one of the transmission lines and is
detected from eigenvalue analysis. The postdisturbance response for 1 s period
is shown in Fig. 6.26. In the absence of the SVC, the load voltage falls to a level
of 0.8 pu in 80 ms after the initial transients and falls further to a magnitude
of 0.57 pu in less than 1 s. The onset of induction-motor instability occurs at
a voltage of 0.8 pu. With falling terminal voltage, the induction-motor load-
reactive power starts increasing rapidly, leading to eventual voltage collapse.
If the induction motor loads are completely replaced by static loads of same
value, voltage instability does not occur.

When an appropriately designed SVC is connected at the load bus, the post-
disturbance system performance alters to that depicted in Fig. 6.27. After the
damping of fast initial transients, the load voltage stabilizes in about 50 ms.
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Figure 6.25 A case-study system.

The final value of the stabilized load voltage is a function of the capacitive-
reactive-power rating of the SVC, which can be improved further by additional
steady-state voltage-regulating devices. It is evident that this voltage stabiliza-
tion is achieved only from the rapid response offered by the SVC. A breaker-
switched shunt capacitor of equivalent rating as the SVC is unable to prevent
voltage collapse.

Voltage instability is also illustrated through voltage-susceptance diagrams,
where it is shown that if the slope of the voltage-susceptance characteristic is
negative, voltage collapse may result. A detailed analysis presented in ref. [41]
demonstrates that an SVC can successfully extend stable operation into that zone.

6.6.2 Configuration and Design of the SVC Controller

As the primary purpose of an SVC is voltage control, a PI-type voltage regulator
is generally sufficient. The controller parameters are optimized using eigenvalue
analysis to give fast, stable responses over the full range of expected network
impedances and also without any adverse interactions with the power-system
oscillation modes.

In some situations, voltage dips may also be accompanied by system oscil-
lations, as in the case of critical synchronous motor loads supplied by a distri-
bution feeder [42]. An auxiliary damping control may then need to be installed
along with the voltage regulator. A small-signal Hopf bifurcation analysis [43]
has shown that an SVC with auxiliary control increases system loadability. The
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Figure 6.26 The system transient response for opening one circuit in Fig. 6.25 (50%
IM load without a SVC).

principles of voltage-controller design were presented in Chapter 5; the concepts
of auxiliary power-swing damping control were discussed in Section 6.4.

6.6.3 Rating of an SVC

Steady-state considerations determine the capacitive rating of an SVC. During a
critical outage, the capacitive-reactive power needed to regulate the load voltage
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to a marginally stable level is selected as the capacitive range of SVC. Alter-
natively, once the critical bus that needs reactive-power support is identified,
the SVC rating is chosen based on the capacitive-reactive power required to
maintain the bus voltage at the minimum estimated SVC voltage-control range
for the specified maximum loading condition or the voltage-collapse point [44].
The collapse is indicated by the system Jacobian’s increasing singularity at that
loading point and is obtained through load-flow studies. The inductance rating
is chosen to be that which can restrict the dynamic overvoltages at the SVC bus
to 10%. This is determined from transient studies for critical-load rejections.

It is shown in ref. [44] that the system loading cannot be increased beyond
a maixmum value, irrespective of the size of the SVC connected at the criti-
cal bus. One means of obtaining the optimal SVC rating is maximization of a
performance index, f,, where

No(MW)
B — 6.57
T Osvc(MVAR) 657

where Ao = the maximum system loading
QOsvc = the SVC MVAR rating

The point of maximum f), corresponds to the maximum load increase at the
minimum MVAR compensation level. This reactive-power level is chosen to
be the optimal SVC rating.

6.7 IMPROVEMENT OF HVDC LINK PERFORMANCE

The HVDC converters consume significant amounts of reactive power—as high
as 60% of the rated active power [45]. Although a part of this reactive com-
ponent is supplied by the ac harmonic filters, the remainder must be pooled in
by the ac system. If the ac system is strong, that is, its short-circuit level is
typically greater than four times the dc link power, the ac system has a reason-
ably adequate capability to supply the balance of reactive power to the HVDC
converter.

However, an HVDC transmission system connected to weak ac systems
presents unique problems of stability, temporary overvoltages, and recovery
after faults. Dynamic reactive-power support at the HVDC terminals can allevi-
ate some of these problems. Traditionally, synchronous compensators have been
employed for this purpose, as they provide continuously controllable reactive
power as well as improve the system short-circuit level. Equipping them with
advanced excitation systems enhances their speed [46].

An SVC offers the advantage of rapid response, lower maintenance, higher
reliability, easier installation, and a lack of contribution to the fault current
as compared to synchronous compensators. For these reasons, the SVC has
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emerged as an attractive technoeconomic alternative for providing voltage con-
trol at HVDC terminals.

6.7.1 Principle and Applications of SVC Control

The major benefits of SVC application in HVDC transmission systems are

1. voltage regulation,
2. support during recovery from large disturbances, and
3. suppression of temporary overvoltages.

6.7.1.1 Voltage Regulation Reactive-power support is needed to maintain
nominal voltage at the HVDC terminals, especially during peak power trans-
fers. An optimal voltage is also required at the HVDC bus to minimize losses
in the ac line feeding the HVDC link. Mechanically switched capacitors, of
which more than one is needed for supplying reactive power, do not consti-
tute an effective solution because of their discrete nature of operation and their
finite switching capability. An SVC is an efficient means of providing voltage
regulation as well as minimizing line loss because of the SVC’s smooth, rapid
control with no limitation on the number of switchings [46].

6.7.1.2 Suppression of Temporary Overvoltages An SVC can effi-
ciently curb the temporary overvoltages resulting from load rejections. It is
reported [46] that in the event of simultaneous blocking of all the HVDC poles
in a 1000-MW link, a £200-MVAR SVC can limit the overvoltage to about 1.1
pu; in the absence of the SVC, the overvoltage will reach levels of 1.3-1.4 pu.
The installation of the SVC allows a greater flexibility in HVDC link operation
during weak network situations; otherwise, several operating restrictions need
to be imposed for limiting overvoltages.

6.7.1.3 Support During Recovery from Large Disturbances Contin-
gencies in the power system, such as faults, have a debilitating effect on the
power transfer in the HVDC link, leading to either temporary or total load rejec-
tions. The major contribution of the SVCs is their stabilizing effect on the volt-
age that aids greatly in the fast recovery of the HVDC link after fault clearing
[47].

A performance comparison of fixed and dynamic compensation at the HVDC
inverter terminal of a very weak ac system is presented in the following case
studies [48]. A fixed-compensation choice relates to fixed capacitors, whereas
the dynamic-compensation choice comprises three schemes: a synchronous
compensator (SC), a static var compensator (SVC), and a combined SC-SVC.
The capacitive ranges of all schemes are identical. One case study corresponds
to a permanent dc block; the other, to a 3-phase-to-ground inverter fault.

In the first case study, the inverter ac root mean square (rms) voltage during
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Figure 6.28 The inverter ac bus voltage during a permanent inverter block.

a permanent inverter block is as depicted in Fig. 6.28. An initial overvoltage
peak of 1.7 pu results. Fixed capacitors do not provide any voltage control
action, but the voltage reduces to 1.37 pu from the transformer saturation. The
SVC provides the fastest overall control of overvoltage, although it is unable
to influence the first peak. The SC successfully reduces the first overvoltage
peak to 1.3 pu, but it provides a sluggish response later (similar observations
have been reported in refs. [46] and [49]). This first overvoltage peak reduction
suffers because the SVCs in closed-loop control cannot respond faster than one-
and-a-half cycles, whereas an SC can provide a near-instantaneous response by
increasing the short-circuit level of the system. The SC also introduces low-
frequency (2-Hz) oscillations from its rotor dynamics. The SVC-SC combi-
nation not only reduces the overvoltage peak to an intermediate value, but it
also provides a response time similar to that of the SVC case. The rotor-mode
oscillations are also reduced substantially.

In the second case study, the inverter dc power during a 5-cycle, 3-phase-to-
ground fault at the inverter bus for the four schemes is as illustrated in Fig. 6.29.
Although the SVC is the fastest acting device by itself, it provides the slowest
response. This behavior brings forth a special characteristic of the SVC—that
in very weak ac systems, the TSC component of the SVC tends to decrease
the effective short-circuit ratio (ESCR), which can cause system instability by



IMPROVEMENT OF HVDC LINK PERFORMANCE 271

"sc 'svc'ysc’

o o
o [

©
~

Inverter dc Power (pu), LLL-G

0.2

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 6.29 The inverter dc power during a 5-cycle, 3-phase-to-ground fault at the
inverter bus.

repeated commutation failures as the TCR firing angle is changed. To obviate
this instability, the firing angle of the inverters is reduced and then gradually
ramped back. Doing so significantly slows the recovery process with the SVC.
The power recovery with the fixed capacitor is quicker, but the fastest power
recovery occurs in the case of SC-SVC combination.

Where the ac system is not as weak as considered in the second case study,
the SVC installation allows a greater flexibility in the HVDC link operation
[46].

6.7.2 Configuration and Design of the SVC Controller

The SVC control system normally includes a voltage regulator. The gain is
determined from root-loci investigations, and the choice of the gain—time con-
stant is influenced by ac system strength, as discussed in Chapter 5. It may be
recalled that a large regulator gain tends to make the control system unstable
as the system short-circuit impedance increases [50].

The ESCR of the ac system changes with the reactive-power output of the
SVC [48]. To provide voltage support during low voltages, the SVC increases
its capacitive-reactive-power output by lowering its capacitive reactance. This
decrease leads to a reduction in the ESCR, which may be crucial in case of weak
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ac-receiving systems. In one study [48], the ESCR was shown to vary from 1.37
to 0.94 as the SVC traversed from a fully inductive to fully capacitive state.

6.7.2.1 Interactions Between the SVC and the HVDC The SVC volt-
age regulator has been shown to favorably impact the HVDC current controller
at the lower frequencies (<10 Hz), where the overall stability improves in the
inverter mode operation [46], [50]. In some cases, saturation of the SVC trans-
former during energization leads to an accompanied saturation of the HVDC
converter transformer, which is caused by the bus-voltage distortion.

6.7.3 Rating of the SVC

The inductive rating of the SVC is chosen to be that which can reduce the likely
highest temporary overvoltage following a disturbance (such as permanent dc
block) to within acceptable limits. The fixed capacitors and filters are assumed
to be connected at the inverter bus in this evaluation.

The capacitive rating of the SVC must be such that it can completely fulfill
the reactive-power demand of the inverter terminal at the rated power and volt-
age, thereby ensuring a unity power factor at the ac bus. Additional capacitance-
reactive power may also be provided for improved handling of undervoltage
situations.

6.8 SUMMARY

Static var compensators (SVCs) have been in the power industry for nearly the
past three decades. It is therefore a mature technology that now has wide appli-
cations [51]-[54], [55]-[59]. This chapter presented the various applications of
SVCs, such as enhancement of power transfer, improvement of transient sta-
bility, increase in system damping, suppression of SSR, alleviation of voltage
instability, and dynamic compensation of HVDC converters. The principles of
control and methodology of SVC controller design were presented, with exam-
ples for each application.
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I CHAPTER 7

The Thyristor-Controlled Series
Capacitor (TCSC)

7.1 SERIES COMPENSATION

7.1.1 Fixed-Series Compensation

Series capacitors offer certain major advantages over their shunt counterparts.
With series capacitors, the reactive power increases as the square of line current,
whereas with shunt capacitors, the reactive power is generated proportional to
the square of bus voltage. For achieving the same system benefits as those of
series capacitors, shunt capacitors that are three to six times more reactive-
power—rated than series capacitors need to be employed [1]-[3]. Furthermore,
shunt capacitors typically must be connected at the line midpoint, whereas no
such requirement exists for series capacitors.

Let Qs and Qg be the ratings of a series and shunt capacitor, respectively,
to achieve the same level of power transfer through a line that has a maximum
angular difference of dy,,x across its two ends. Then

Qse - 2 6max
QShtan( > > (7.1)

Specifically, for 6 max of 35°, Qs Will be approximately 10% of Q.. Even though
series capacitors are almost twice as costly as shunt capacitors (per-unit var)
because of their higher operating voltages, the overall cost of series compen-
sation is lower than shunt compensation.

7.1.2 The Need for Variable-Series Compensation

Compensation of transmission lines by series capacitors is likely to result in
the following [4]:

1. enhanced base-power flow and loadability of the series-compensated line;
2. additional losses in the compensated line from the enhanced power flow;
and
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3. increased responsiveness of power flow in the series-compensated line
from the outage of other lines in the system.

Studies [4] have revealed that with increasing level of fixed-series compen-
sation, even though the losses in remaining transmission lines decrease, the
overall system losses are exacerbated from the enhanced losses in the series-
compensated line. Also, the increased sensitivity or responsiveness of the com-
pensated line to other network outages may cause a line loading that exceeds
the enhanced loadability level of the line itself. These undesirable effects can
be avoided by employing variable levels of series compensation instead of fixed
compensation. Series compensation can be varied, depending on the enhance-
ment of power transfer desired at that time, without affecting other system-per-
formance criteria.

7.1.3 Advantages of the TCSC

Use of thyristor control in series capacitors potentially offers the following
little-mentioned advantages:

1. Rapid, continuous control of the transmission-line series-compensation
level.

2. Dynamic control of power flow in selected transmission lines within the
network to enable optimal power-flow conditions and prevent the loop
flow of power.

3. Damping of the power swings from local and inter-area oscillations.

4. Suppression of subsynchronous oscillations. At subsynchronous frequen-
cies, the TCSC presents an inherently resistive—inductive reactance. The
subsynchronous oscillations cannot be sustained in this situation and con-
sequently get damped.

5. Decreasing dc-offset voltages. The dc-offset voltages, invariably resulting
from the insertion of series capacitors, can be made to decay very quickly
(within a few cycles) from the firing control of the TCSC thyristors.

6. Enhanced level of protection for series capacitors. A fast bypass of the
series capacitors can be achieved through thyristor control when large
overvoltages develop across capacitors following faults. Likewise, the
capacitors can be quickly reinserted by thyristor action after fault clearing
to aid in system stabilization.

7. Voltage support. The TCSC, in conjunction with series capacitors, can
generate reactive power that increases with line loading, thereby aiding
the regulation of local network voltages and, in addition, the alleviation
of any voltage instability.

8. Reduction of the short-circuit current. During events of high short-cir-
cuit current, the TCSC can switch from the controllable-capacitance to
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the controllable-inductance mode, thereby restricting the short-circuit cur-
rents.

7.2 THE TCSC CONTROLLER

The basic conceptual TCSC module comprises a series capacitor, C, in paral-
lel with a thyristor-controlled reactor, Lg, as shown in Fig. 7.1(a). However, a
practical TCSC module also includes protective equipment normally installed
with series capacitors, as shown in Fig. 7.1(b).

A metal-oxide varistor (MOV), essentially a nonlinear resistor, is connected
across the series capacitor to prevent the occurrence of high-capacitor over-
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Figure 7.1 A TCSC module: (a) a basic module and (b) a practical module.
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Figure 7.2 A typical TCSC system.

0.5L,

voltages. Not only does the MOV limit the voltage across the capacitor, but it
allows the capacitor to remain in circuit even during fault conditions and helps
improve the transient stability.

Also installed across the capacitor is a circuit breaker, CB, for controlling
its insertion in the line. In addition, the CB bypasses the capacitor if severe
fault or equipment-malfunction events occur. A current-limiting inductor, Ly,
is incorporated in the circuit to restrict both the magnitude and the frequency
of the capacitor current during the capacitor-bypass operation.

If the TCSC valves are required to operate in the fully “on” mode for
prolonged durations, the conduction losses are minimized by installing an
ultra—high-speed contact (UHSC) across the valve. This metallic contact offers a
virtually lossless feature similar to that of circuit breakers and is capable of han-
dling many switching operations. The metallic contact is closed shortly after the
thyristor valve is turned on, and it is opened shortly before the valve is turned
off. During a sudden overload of the valve, and also during fault conditions,
the metallic contact is closed to alleviate the stress on the valve.

An actual TCSC system usually comprises a cascaded combination of many
such TCSC modules, together with a fixed-series capacitor, Cr. This fixed-
series capacitor is provided primarily to minimize costs. A conceptual TCSC
system with basic TCSC modules is shown in Fig. 7.2. The capacitors—Cy, C,

., C,—in the different TCSC modules may have different values to provide
a wider range of reactance control. The inductor in series with the antiparal-
lel thyristors is split into two halves to protect the thyristor valves in case of
inductor short circuits.

7.3 OPERATION OF THE TCSC

7.3.1 Basic Principle

A TCSC is a series-controlled capacitive reactance that can provide contin-
uous control of power on the ac line over a wide range. From the system
viewpoint, the principle of variable-series compensation is simply to increase
the fundamental-frequency voltage across an fixed capacitor (FC) in a series-
compensated line through appropriate variation of the firing angle, o [5]. This
enhanced voltage changes the effective value of the series-capacitive reactance.
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Figure 7.3 A variable inductor connected in shunt with an FC.

A simple understanding of TCSC functioning can be obtained by analyzing the
behavior of a variable inductor connected in parallel with an FC, as shown in Fig.
7.3. The equivalent impedance, Zq, of this LC combination is expressed as

1 . .
ZLeq = (] > H (JoL)=-j (7.2)
wc 1
©Co L
w

The impedance of the FC alone, however, is given by —j(1/wC).

If wC—(1/wL) > 0 or, in other words, wL > (1/wC), the reactance of the FC
is less than that of the parallel-connected variable reactor and that this combina-
tion provides a variable-capacitive reactance are both implied. Moreover, this
inductor increases the equivalent-capacitive reactance of the LC combination
above that of the FC.

If wC—(1/wL) =0, a resonance develops that results in an infinite-capacitive
impedance—an obviously unacceptable condition. If, however, wC — (1/wL) <
0, the LC combination provides inductance above the value of the fixed inductor.
This situation corresponds to the inductive-vernier mode of the TCSC operation.

In the variable-capacitance mode of the TCSC, as the inductive reactance of
the variable inductor is increased, the equivalent-capacitive reactance is grad-
ually decreased. The minimum equivalent-capacitive reactance is obtained for
extremely large inductive reactance or when the variable inductor is open-cir-
cuited, in which the value is equal to the reactance of the FC itself.

The behavior of the TCSC is similar to that of the parallel LC combination.
The difference is that the LC-combination analysis is based on the presence
of pure sinusoidal voltage and current in the circuit, whereas in the TCSC,
because of the voltage and current in the FC and thyristor-controlled reactor
(TCR) are not sinusoidal because of thyristor switchings. The exact analysis of
this condition is presented in Section 7.5.

7.3.2 Modes of TCSC Operation

There are essentially three modes of TCSC operation [3], [6]-[8]; these are
illustrated in Fig. 7.4 and described in the following text.
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Figure 7.4 Different operating modes of a TCSC: (a) the bypassed-thyristor mode;

(b) the blocked-thyristor mode; (c) the partially conducting thyristor (capacitive-vernier)
mode; and (d) the partially conducting thyristor (inductive-vernier) mode.

7.3.2.1 Bypassed-Thyristor Mode In this bypassed mode, the thyristors
are made to fully conduct with a conduction angle of 180°. Gate pulses are
applied as soon as the voltage across the thyristors reaches zero and becomes
positive, resulting in a continuous sinusoidal of flow current through the thyris-
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tor valves. The TCSC module behaves like a parallel capacitor—inductor com-
bination. However, the net current through the module is inductive, for the sus-
ceptance of the reactor is chosen to be greater than that of the capacitor.

Also known as the thyristor-switched-reactor (TSR) mode, the bypassed-
thyristor mode is distinct from the bypassed-breaker mode, in which the circuit
breaker provided across the series capacitor is closed to remove the capacitor or
the TCSC module in the event of TCSC faults or transient overvoltages across
the TCSC.

This mode is employed for control purposes and also for initiating certain
protective functions. Whenever a TCSC module is bypassed from the violation
of the current limit, a finite-time delay, 7 gelay, must elapse before the module
can be reinserted after the line current falls below the specified limit.

7.3.2.2 Blocked-Thyristor Mode In this mode, also known as the wait-
ing mode, the firing pulses to the thyristor valves are blocked. If the thyristors
are conducting and a blocking command is given, the thyristors turn off as
soon as the current through them reaches a zero crossing. The TCSC module is
thus reduced to a fixed-series capacitor, and the net TCSC reactance is capac-
itive. In this mode, the dc-offset voltages of the capacitors are monitored and
quickly discharged using a dc-offset control [9] without causing any harm to
the transmission-system transformers.

7.3.2.3 Partially Conducting Thyristor, or Vernier, Mode This mode
allows the TCSC to behave either as a continuously controllable capacitive
reactance or as a continuously controllable inductive reactance. It is achieved
by varying the thyristor-pair firing angle in an appropriate range. However,
a smooth transition from the capacitive to inductive mode is not permitted
because of the resonant region between the two modes.

A variant of this mode is the capacitive-vernier-control mode, in which
the thyristors are fired when the capacitor voltage and capacitor current have
opposite polarity. (Refer to Fig. 7.8, to be discussed later.) This condition
causes a TCR current that has a direction opposite that of the capacitor current,
thereby resulting in a loop-current flow in the TCSC controller. The loop current
increases the voltage across the FC, effectively enhancing the equivalent-capac-
itive reactance and the series-compensation level for the same value of line cur-
rent. To preclude resonance, the firing angle « of the forward-facing thyristor, as
measured from the positive reaching a zero crossing of the capacitor voltage, is
constrained in the range o, < « < 180°. This constraint provides a continuous
vernier control of the TCSC module reactance. The loop current increases as
o is decreased from 180° to opin. The maximum TCSC reactance permissible
with o = arip s typically two-and-a-half to three times the capacitor reactance
at fundamental frequency.

Another variant is the inductive-vernier mode, in which the TCSC can be
operated by having a high level of thyristor conduction. In this mode, the direc-
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tion of the circulating current is reversed and the controller presents a net induc-
tive impedance.

Based on the three modes of thyristor-valve operation, two variants of the
TCSC emerge:

1. Thyristor-switched series capacitor (TSSC), which permits a discrete con-
trol of the capacitive reactance.

2. Thyristor-controlled series capacitor (TCSC), which offers a continuous
control of capacitive or inductive reactance. (The TSSC, however, is more
commonly employed.)

7.4 THE TSSC

A TSSC scheme consists of a series connection of multiple TCSC modules
together with a fixed-series capacitor, as shown in Fig. 7.2. The thyristor pairs
operate either in the blocked mode or the bypassed mode, thus acting as
switches that are off or on, respectively. The inductors Ly, L, . . ., L, in Fig.
7.2 are replaced by small current-limiting inductors for suppressing any trans-
ient current flow through the thyristor valves during switching. With each valve
switching, the corresponding series capacitor is either inserted or removed from
the transmission-line circuit.

Many capacitive-reactance steps are made possible by installing capacitors
of different reactances. One such scheme has n — 1 capacitors, each having
a reactance of (0.5X¢/n) and one capacitor of reactance 0.5X¢. Appropriate
switchings can result in the following combinations of effective reactances:

0.5X
Xegr = ncp, p=0,1,2,...,2n (7.3)

The TSSC offers the following benefits compared to mechanically switched
series capacitors:

1. The thyristor switches allow an unlimited number of operations without
any wear. This capability is used to alter the degree of line compensation
more frequently and to achieve a greater control over the power flow.

2. Exact switching instants (point-of-voltage waveforms) can be selected
with thyristors, which significantly minimizes the switching transients.
In contrast, the switching of mechanical breakers is unsynchronized.

3. A very rapid speed of response, in which the time between the initiation
of a control signal and a capacitor insertion, or bypass, is typically less
than a half-cycle (8 ms for 60 Hz). Thus, in case a major tie-line suffers an
outage, the power-transfer capability of an alterative line can be increased
rapidly through the TSSC.

4. No generation of harmonics.
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5. A possibility that minimizing thyristor-valve losses in a TSSC can be
accomplished by using UHSCs.

The TSSC scheme is quite satisfactory when only stepwise control of
transmission-line reactance is considered adequate. However, when continuous
control is desired, the other variant—the TCSC—is employed.

7.5 ANALYSIS OF THE TCSC

The analysis of TCSC operation in the vernier-control mode [3] is performed
based on the simplified TCSC circuit shown in Fig. 7.5. Transmission-line cur-
rent is assumed to be the independent-input variable and is modeled as an exter-
nal current source, ig(¢). It is further assumed that the line current is sinusoidal,
as derived from actual measurements demonstrating that very few harmonics
exist in the line current. However, the analysis presented in the following text
may be erroneous to the extent that the line current deviates from a purely sinu-
soidal nature. Operating conditions resulting in this phenomenon are rare, and
the expressions derived in the following text are used widely.
The current through the fixed-series capacitor, C, is expressed as

d
C % —ig(t) — ir(1) - u (7.4)

The switching variable # = 1 when the thyristor valves are conducting, that is,
when the switch S is closed. On the other hand, u = O when the thyristors are
blocked, that is, when switch S is open. The thyristor-valve current, ir(t), is
then described by

()
N
is(t)

Figure 7.5 A simplified TCSC circuit.
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Ldir
dt

=Uc- U (7.5)

Let the line current, is(f), be represented by
is(t) =1, cos wt (7.6)

Equations (7.4) and (7.5) can be solved with the knowledge of the instants of
switching. In equidistant firing-pulse control, for balanced TCSC operation, the
thyristors are switched on twice in each cycle of line current at instants #; and
t3, given by

h=—— 71.7)

(7.8)

where (3 is the angle of advance (before the forward voltage becomes zero). Or,
B=7—c; 0 < B < Bmax (7.9
The firing angle « is generated using a reference signal that can be in phase

with the capacitor voltage. The thyristor switch S turns off at the instants ¢, and
t4, defined as

b=t +— (7.10)
w

fa=t3+ — (7.11)
w

where « is the conduction angle, which is assumed to be the same in both the
positive and the negative cycle of conduction. Also,

=28 (7.12)

Solving the TCSC equations (7.4)—(7.6) results in the steady-state thyristor cur-
rent, ir, as

) k2 cos B
lT(t) = m Im | cos wt — cos kB

cos w,t| ; -BLwt<B  (7.13)

where
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1
W, = ——— (7.14)
VLC
Wy 1 1 Xc
k= A ——  ——= =4 — 7.15
1) ol oC Xy ( )

and X is the nominal reactance of the FC only. The steady-state capacitor
voltage at the instant wz = —3 is expressed by

Im X
vey = % (sin B — kcos Btan kf3) (7.16)

At wt =, i7 =0, and the capacitor voltage is given by
Ve(wt = B3) =vc2 = —Uct (7.17)

The capacitor voltage is finally obtained as

Im X

vty = X (G ik P Gnwt): Ber<p (18)
k% — cos

ve(t) = ven + Im X(sin wt — sin B); Bwt<m—f (7.19)

Because the nonsinusoidal capacitor voltage, vc, has odd symmetry about the
axis wt = 0, the fundamental component, V¢, is obtained as

4 /2
Vep=— “ vc(?) sin wt d(wt) (7.20)
™ Jo

The equivalent TCSC reactance is computed as the ratio of Vg to I,,:

Ver X2 26 + sin 23
— =Xc -
Iy Xc—X1) T

Xtcsc =

N 4X% cos? B (ktan kB — tan B)
Xc—Xp) (k2-1) T

(7.21)

Alternatively, the net reactance of the TCSC in per units of X, denoted by
Xnet(= Xtcsc/X ), can be expressed as
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Figure 7.6 Variation of the TCSC reactance with firing angle c.

- Xc o +sin o N 4X ¢ cos?(a/2)
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. [k tan(ka /2) — tan(o /2)]

T

Xnet =1

(7.22)

The variation of per-unit TCSC reactance, (Xtcsc/Xc¢), as a function of fir-
ing angle « is depicted in Fig. 7.6. It is noted from Eq. (7.21) that a parallel
resonance is created between X; and X¢ at the fundamental frequency, corre-
sponding to the values of firing angle o, given by

Qs =T~ Qm— 1) =20 m=1,2 (7.23)
2w,
or alternatively,
Bres=@m—1) oy m=1,2 (7.24)
2w,

The different resonances can be reduced to one by a proper choice of k =
(w,/w) in the range 90° < a < 180° or 0 < § < 90°. For instance, in the Kayenta
TCSC [10], [11], the choice of inductance as 0.0068 H (henries) across the
15-Q (ohms) series capacitor (C = 177 uF) results in only one resonance at o«
= 143°. If, however, the inductance is 0.0034 H, two resonances at o = 160°
and at o = 101° will occur.
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At the resonant point, the TCSC exhibits a very large impedance and results
in a significant voltage drop. This resonant region is avoided by installing limits
on the firing angle. The typical value of the firing angle resulting in resonance
is 145°. Filters are provided in the synchronizing and timing circuits, ensuring
that any transients or distortions in the ac system voltage do not affect the TCSC
control-system performance. Nevertheless, it is clear that the vernier operation
of the TCSC can only enhance the apparent reactance in both capacitive and
inductive domains. It is not possible for the TCSC to reduce the reactances.

Because the TCSC is used mainly as a capacitive device, the convention is to
define positive reactance as capacitive and negative reactance as inductive—just
the opposite of the convention used in circuit analysis and load-flow studies.
The implication of different values of X, can be given in terms of the root
mean square (rms) value of line current Iy, [6]. For instance,

Xhet = +1 pu implies that the thyristors are not conducting.

Xhet = +2 pu implies that the thyristors are fired so that the resulting
circulating current in the FC-TCR loop causes a 60-Hz
voltage of 2.0 - X¢/ljipe pu to appear across the FC, which
lags behind the line current by 90° (i.e., capacitive).

Xnet = —1 pu implies that the thyristors are fired so that the resulting
circulating current in the FC-TCR loop causes a 60-Hz
voltage of 1.0 - X¢lyie to appear across the FC, which leads
the line current by 90° (i.e., inductive).

The rms-capacitor voltage V¢, the rms-capacitor current, /¢, and rms-thyris-
tor current, /7, are plotted in Fig. 7.7(a) as functions of the reactor in per-
unit conduction [6]. In the capacitive mode, I¢ > Ir; in the inductive mode,
Ic < Iy. The resulting circulating current in the capacitive mode causes the
capacitor current, capacitor voltage, and (consequently) the apparent capacitive
reactance to increase with the thyristor conduction. The corresponding varia-
tion of the TCSC net reactance X, with per-unit reactor conduction is also
superimposed for comparison in Fig. 7.7(b) [6]. The permissible range of the
firing angle is therefore determined by the FC voltage and current ratings.

The TCSC voltage, line current, capacitor current, TCR current, and valve
voltage for the capacitive-vernier and inductive-vernier modes are depicted in
Figs. 7.8(a) and (b), respectively; the actual TCSC voltage and thyristor current
for different operating points in the capacitive and inductive regions are plotted
in Fig. 7.9(a) and (b), respectively [6]. In Fig. 7.9(a), the solid line indicates
the TCSC operating in the blocked-thyristor mode, with an X, of 1 pu; the
dashed lines indicate the thyristor current values, giving X = 1.5 pu and 2
pu. In Fig. 7.9(b), the solid line indicates the bypassed-thyristor mode, with an
Xnet = —0.15 pu; the dashed lines indicate the thyristor current levels, giving
Xhnet = —0.5 pu and —1 pu.
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Figure 7.7 Variation of the TCSC voltage, currents, and reactance with per-unit TCR
conduction: (a) currents (pu on Ijipe), voltage (pu on X¢ - line); (b) Xnet (pu on X¢).

7.6 CAPABILITY CHARACTERISTICS

Although TCSC design is based on the application requirements, the operational
limits are determined by the characteristics of different TCSC components. The
important limits are described in the following list:

1. Voltage limits, of which the maximum amount across any operating equip-
ment (including series capacitors) is determined by the equipment’s insu-
lation level. The constraint on voltage may vary with the duration of volt-
age application. For short durations (typically less than 2 s), the overvolt-
age limit of the MOV is more critical than that of the capacitor.
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Figure 7.8(a) TCSC waveforms in the capacitive mode of operation (a = 150°).

2. Current limits, which may need to be imposed on the currents in the
thyristor valve, FC, and surge inductor to prevent overheating. Harmonics
also cause heating and therefore have a constraining effect on the TCSC
operation.

3. Firing-angle limits of the thyristors, which must be carefully restricted so
that the TCSC does not venture into the resonant region (even temporar-

ily).
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Figure 7.8(b) TCSC waveforms in the inductive mode of operation (a = 130°).

7.6.1

The capability characteristics of a single-module TCSC in the voltage
line—current plane is depicted in Fig. 7.10 [6]. These characteristics are illus-
trated for continuous-time applications, short-duration implementations (30
min), and 1-10 s. In both capacitive and inductive zones, the operation is gener-
ally constrained between the minimum and maximum reactance limits. Certain
other voltage-, current-, and harmonic-related limits also exist that constrain the

The Single-Module TCSC

operating range, as described in the following text.
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Figure 7.9 Variation of the TCSC voltage and thyristor current with an operating
point: (a) capacitive and (b) inductive.

In the capacitive region, the maximum apparent capacitive reactance is cho-
sen based on the TCSC design so that the TCSC does not venture close to or
into the inherently unstable resonant point. The maximum Xtcgc is typically
2-3 pu, as expressed in per units of X¢. This restriction is imposed in the form
of a maximum advance angle, 3, limit. The minimum TCSC capacitive reac-
tance is obtained when the thyristors are blocked, corresponding to o = 180°
and the absence of thyristor-current flows and relating to Xtcsc = 1 pu. As the
line current increases, the TCSC voltage increases until the maximum voltage
limit of the TCSC is reached, as indicated in Fig. 7.10. This limit is dependent
on the duraction of the voltage application.

In the inductive-reactance zone, the maximum reactance limit is also selected
to prevent the TCSC from operating in the resonant region. This limit is attained
at low line currents and is expressed in terms of the maximum firing-delay
angle. A maximum inductive reactance of 2 pu is typical; the minimum induc-
tive reactance limit is reached when the thyristors are fully conducting, cor-
responding to o = 90°. With increasing line current, harmonics are generated
that cause not only the heating of the reactor and thyristors but also peak volt-
ages close to the voltage limits of the capacitors and MOV, which is indicated
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Figure 7.10 The V-I capability characteristics for a single-module TCSC.

by a time duration—dependent constant-voltage limit in the capability curve. At
high line currents, the maximum thyristor current in the inductive-vernier mode
constrains the TCSC operation.

Alternatively, the TCSC capability can be expressed in a reactance—line-cur-
rent plane, as shown in Fig. 7.11. The dynamic range of the TCSC reactance is
reduced with increasing line current. As discussed previously, a smooth transi-
tion from the inductive to capacitive region is not possible. The TCSC usually
operates in the first quadrant of both the V-I and X-I characteristics.

7.6.2 The Multimodule TCSC

In several power-system applications, such as power-flow control and damping
enhancement, a smooth variation in the line reactance is desirable that can be
achieved by splitting a single TCSC into multiple modules and operating them
independently in the inductive and capacitive modes.

Splitting a single TCSC into two modules, each with a half-MVA rating,
results in a V-I capability curve with both similar and dissimilar operation, as
noted in Fig. 7.12 [6]. Similar operation of both modules in either the capaci-
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Figure 7.11 The X-I capability characteristic for a single-module TCSC.

tive or inductive mode produces a capability curve identical to that of a single-
module TCSC, as expected, whereas dissimilar operation results in an inter-
mediate characteristic, as noted in Fig. 7.12. In the figure, both the minimum
capacitive- and minimum inductive-reactance limits vanish, and a continuous
transition from the capacitive to the inductive domain becomes feasible.

The V-I and X-I capability curves for a multimodule TCSC are depicted in
Fig. 7.13 and Fig. 7.14, respectively [6]. (The details of X-I characteristics are
presented in Section 7.10.1.) It is evident that the greater the number of TCSC
modules, the more expansive the controllable range of the TCSC for the same
total MVA rating of the TCSC, (although achieved at a greater cost).

In the multimodule case, the modules are only switched in or out if the
desired TCSC reactance is lower than the nominal capacitive reactance of the
bank. The vernier operation is resorted to only when the reactance order is
greater than the rated capacitive reactance of the bank.

7.7 HARMONIC PERFORMANCE

The harmonic currents generated in the TCR branch during vernier operation
tend to flow in the parallel combination of the FC and the equivalent harmonic
impedance of the ac power system. Components of the harmonic-current flow
in both the FC and the ac system determine the harmonic voltages introduced
therein. However, as the impedance of the FC is very low compared to the
equivalent ac system, the harmonics circulate predominantly in the TCR-FC
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Figure 7.14 The X-I capability characteristic for a multimodule TCSC.

loop and do not leak into the ac system. Hence the line current in the TCSC
system continues to remain sinusoidal, which is also substantiated by actual
field measurements; for example, the total voltage-harmonic distortion in the ac
system from a TCSC installation [12], corresponding to a capacitive operation
at o = 147°, has been reported to be less than 1.5%.

Nonetheless, the capacitor voltage does contain odd harmonics of the fun-
damental frequency of the order

h=2m—1, m=1,2 (7.25)

Magnitudes of different harmonic voltages, V (), expressed as per units of the
fundamental component, Vp, are given by

Ve(h) 077 [ sin B(1 — h) . sin B(1 + h)
Ver  h (1-h) (1+h)

0.77 cos B sin{B(k — h)} . sin{B(k + h)}
~h cos kB (k — h) k +h)

(7.26)

The harmonic components of the capacitor voltage are plotted in Fig. 7.15
as a function of the apparent TCSC reactance over its complete range, and
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Figure 7.15 Harmonics in the capacitor voltage.

they are expressed in per units of the capacitor voltage occurring without any
thyristor current. The capacitor offers a very low impedance path for higher
harmonics, thereby reducing their appearance in any significant measure in the
capacitor voltage. Only the lower-order harmonics—namely, the 3rd, 5th, and
9th—predominate. The variation of different harmonic components as a func-
tion of line current is illustrated in Fig. 7.16. In both capacitive and inductive
regions, the maximum harmonic distortion of the capacitor voltage generally
occurs at a value of line current that is lower than the rated current.

Practical TCSC projects do not employ a power-line filter, as the harmonic
content introduced by the TCSC in the line is very minimal. In the Slatt instal-
lation [6], the worst-case harmonic current is comparable to the exciting current
of a large transformer of similar rating.

7.8 LOSSES

The TCSC losses [6]-[8] comprise the following:

1. the series-capacitor losses;
2. the reactor-conduction loss;
3. the thyristor-conduction loss; and

4. the switching losses from heating the snubber resistor when voltage step
occurs across the snubber capacitor, as well as from heating the thyristor
during the recovery process.
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Figure 7.16 The TCSC harmonic voltages as a function of line current: (a) the maxi-
mum capacitive vernier and (b) the maximum inductive vernier.

The various component losses and the resulting total loss are illustrated in
Fig. 7.17 [6] for the different operating modes of TCSC. Figure 7.17(a) shows
the FC losses during the blocked-thyristor operation mode; Fig. 7.17(b) shows
the losses in the capacitive-vernier operation mode corresponding to the maxi-
mum capacitive-reactance limit; Fig. 7.17(c) shows the different loss compo-
nents in the bypassed-thyristor operation mode for the minimum inductive-reac-
tance operation; and Fig. 7.17(d) shows the losses corresponding to the maxi-
mum inductive-reactance limit operation in the inductive-vernier mode. The
inductive operation results in increased losses relative to the capacitive oper-
ation. These losses are expressed as a percent of the continuous TCSC MVA
rating—MV AR ,;;,—defined as

MVARnom - 3Irated : Vrated (727)

When multiple modules are used, the minimum loss that occurs corresponds
to the blocked-thyristor operation mode of all thyristor modules, that is, with
Xnet = 1 pu. At other operating points, the losses depend on the reactance order.
The multimodule TCSC loss characteristic with six modules is shown in Fig.
7.18 for two magnitudes of line current. Figure 7.18(a) depicts the losses when
the line current is half the rated value, whereas Fig. 7.18(b) depicts the losses
when the line current equals the rated magnitude.
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Figure 7.19 Cycle-by-cycle buildup of TCR inductor current.

7.9 RESPONSE OF THE TCSC

The steady state of the TCSC after an input change is usually achieved after
several cycles. The steady state is reached when the half-cycle pulse of the
inductor current becomes symmetrical about the zero crossing of the capacitor
voltage. Also at this time, the capacitor voltage at the instant of thyristor firing
becomes equal in magnitude—albeit with opposite polarity—to the capacitor
voltage at the instant of thyristor turn-off. An 8-cycle buildup of inductor cur-
rent [13] for a firing angle of 130° is shown in Fig. 7.19, in which only the
positive half-cycle is displayed. The factors affecting the response time of the
TCSC [10], [12], [14] are as follows:

1. Initial operating point. 1llustrated in Fig. 7.20 [14] is the line-current
response for the Kayenta TCSC system, as obtained through EMTP sim-
ulation for equal step change in the TCSC conduction angle at different
initial operating points. The effects of synchronization with the TCSC
voltage and the line current are exemplified by parts (a) and (b), respec-
tively, of the figure. Note that this open-loop TCSC response resembles
that of a fourth-order transfer function, Z(s) [12].

w2

(1 +s7)2(s2 + 2wés + w?)

Z(s) = (7.28)

2. Magnitude of step change in firing angle. A step change in the firing
angle at a high level of TCR conduction causes a sluggish response,
whereas the same firing-angle step change at a low level of TCR con-
duction results in a fast, oscillating response. This substantial varia-
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Figure 7.20 The line-current response to equal step change in the conduction angle
at different operating points for a Kayenta TCSC: (a) synchronization with capacitor
voltage and (b) synchronization with line current.

tion in TCSC response time is caused by the TCR interaction with the
TCSC capacitance—transmission-line reactance combination. The TCSC
response differs slightly when the firing-angle synchronization is done
with respect to the zero crossings of the line current instead of the zeroes
of the TCSC voltage. The difference is more visible when step change is
made at higher initial-conduction angles. In practical systems, synchro-
nization with respect to zeroes of line current is preferred, as the line-cur-
rent signal is quite stable and free from harmonics, unlike the capacitor-
voltage signal.

3. Resulting level of series compensation. The TCSC response slows down

if the requested change in capacitive reactance results in very high levels
of series compensation [10].

System impedance. Shown in Fig. 7.21 is the TCSC response in a closed-
loop-current control mode as a function of system strength. The response
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Figure 7.21 The TCSC current-controller response for different system strengths.

time is seen to increase with the ac system strength [12]—in other words,
the TCSC responds faster in weak ac systems.

a. Unbalanced operation. The TCSC can operate successfully with sym-
metrical control in all the three phases, even when a significantly large
unbalance exists in the line loadings of the three phases.

b. Choice of reactor size. The maximum capacitance impedance can be
realized with different reactor sizes, but the component ratings and the
firing-angle control range will differ in each case. For some TCSC
capacitors, a large reactor results in a lower circulating current and,
consequently, diminished current ratings for the reactor and the thyris-
tor valves. In addition, the range of the firing angle is also enhanced
[13]. The eventual choice is based on an economic analysis of each
individual case.

The reactor size is also chosen so that the resonance between the
FC and the inductor is below the 3rd harmonic. The ratio between the
reactance of inductor and that of the FC, as adopted in practical TCSC
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installations, is typically around 0.133 [6]. The natural frequency of
the FC and the reactor typically ranges between 120 and 150 Hz. The
Kayenta TCSC installation uses 145 Hz; the Slatt TCSC substation,
127 Hz [15], [16].

7.10 MODELING OF THE TCSC

A TCSC involves continuous-time dynamics, relating to voltages and currents
in the capacitor and reactor, and nonlinear, discrete switching behavior of thyris-
tors. Deriving an appropriate model for such a controller is an intricate task.

7.10.1 Variable-Reactance Model

A TCSC model for transient- and oscillatory-stability studies, used widely for
its simplicity, is the variable-reactance model [17], [18] depicted in Fig. 7.22. In
this quasi-static approximation model, the TCSC dynamics during power-swing
frequencies are modeled by a variable reactance at fundamental frequency. The
other dynamics of the TCSC model—the variation of the TCSC response with
different firing angles, for example—are neglected [10], [12], [14].

It is assumed that the transmission system operates in a sinusoidal steady
state, with the only dynamics associated with generators and PSS. This assump-
tion is valid, because the line dynamics are much faster than the generator
dynamics in the frequency range of 0.1-2 Hz that are associated with angular-
stability studies.

As described previously, the reactance-capability curve of a single-module
TCSC, as depicted in Fig. 7.11, exhibits a discontinuity between the induc-
tive and capacitive regions. However, this gap is lessened by using a multi-
mode TCSC. The variable-reactance TCSC model assumes the availability of a
continuous-reactance range and is therefore applicable for multimodule TCSC
configurations. This model is generally used for inter-area mode analysis, and
it provides high accuracy when the reactance-boost factor (= Xtcsc/X¢) is less
than 1.5.

rif Xaux Xiixed
Xmax

I =>Power-Scheduling X’Efé{ [Haes [T XTCSCJrZ Xotal | 1 | Xtotal
Vrcsc—| Controller ++ ] 1+ sTrcsc &/ Zpase pu
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u

Figure 7.22 A block diagram of the variable-reactance model of the TCSC.
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7.10.1.1 Transient-Stability Model In the variable-reactance model for
stability studies, a reference value of TCSC reactance, X.¢, is generated from a
power-scheduling controller based on the power-flow specification in the trans-
mission line. The reference X ¢ value may also be set directly by manual control
in response to an order from an energy-control center, and it essentially repre-
sents the initial operating point of the TCSC; it does not include the reactance of
FCs (if any). The reference value is modified by an additional input, X o4, from
a modulation controller for such purposes as damping enhancement. Another
input signal, this applied at the summing junction, is the open-loop auxiliary
signal, X,ux, which can be obtained from an external power-flow controller.

A desired magnitude of TCSC reactance, X4, is obtained that is imple-
mented after a finite delay caused by the firing controls and the natural response
of the TCSC. This delay is modeled by a lag circuit having a time constant,
Ttcsc, of typically 15-20 ms [19]. The output of the lag block is subject to
variable limits based on the TCSC reactance-capability curve shown in Fig.
7.14. The resulting Xycsc is added to the Xgxeq4, Which is the reactance of the
TCSC installation’s FC component.

To obtain per-unit values, the TCSC reactance is divided by the TCSC base
reactance, Zpase, given as

2
Zbase = TN A (729)

where kVycsc = the rms line-line voltage of the TCSC in kilovolts (kV)
MVA, = the 3-phase MVA base of the power system

The TCSC model assigns a positive value to the capacitive reactance, SO Xl
is multiplied by a negative sign to ensure consistency with the convention used
in load-flow and stability studies. The TCSC initial operating point, X, for
the stability studies is chosen as

Xref - Xtotal - Xﬁxed (730)

The reactance capability curve of the multimodal TCSC shown in Fig. 7.14
can be simply approximated by the capability curve shown in Fig. 7.23. This
figure can be conveniently used for the variable-reactance model of TCSC, and
the capability curve that the figure depicts includes the effect of TCSC transient-
overload levels.

It should be noted that the reactance limit for high currents is depicted in Fig.
7.23 as a group of discrete points for the different modules. During periods of
overcurrent, only some TCSC modules move into the bypassed mode, for the
bypassing of a module causes the line current to decrease and thus reduces the
need for the remaining TCSC modules to go into the bypass mode. However,
for the case of modeling, only one continuous-reactance limit—denoted by a
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Figure 7.23 A simplified reactance-capability curve of a multimodule TCSC.

vertical line in Fig. 7.23—is considered for all TCSC modules. The typical
TCSC data that can be used for stability studies are listed in Tables 7.1 and
7.2. All reactances are expressed in per units on X¢; all voltages, in per units
on ILyeq - X¢; and all currents, in amps.

In the capacitive region, the different TCSC reactance constraints are caused
by the following:

1. The limit on the TCSC firing angle, represented by constant reactance
limit X pax o-

2. The limit on the TCSC voltage V Cy.y. The corresponding reactance con-
straint is give by

TABLE 7.1 Typical TCSC Data for Stability Studies (TCSC with
Capacitive-Vernier Capability Only)

Input Typical
Data Description Units Value
kV.ea Rated rms line-line voltage kilovolts —
IL..q  Rated rms line current amperes —
Xc Nominal TCSC reactance ohms —
Xfixed Fixed compensation ohms —
Tresc Time constant associated with the TCSC seconds 0.015
firing control
Xoypass ~ TCSC reactance for the bypass mode pu of X¢ -0.15
Xmax 0 Upper limit of TCSC reactance pu of X¢ 3
VCy.n  Maximum voltage of the capacitive-vernier  pu of IL g * X¢ 2
region for the transient overload
ILian Maximum transient line current pu of IL yeq 2
Tyetay Protective-bypass recovery delay seconds 0.025

“— indicates that the value is dependent on a specific application.
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TABLE 7.2 Typical TCSC Data for Stability Studies (TCSC with
Inductive-Vernier Capability Only)

Input Typical

Data Description Units Value

Xmin 0 Lower limit of TCSC reactance pu of X¢ -2

VLian Maximum voltage of the inductive-vernier puof IL,eq* Xc 0.6
region for the transient overload

ILian Maximum line current for full-conduction puof ILeq * Xc 2

operation for inductive-region transient overload

I Lraled
1 line

Ximax ve = (VCian) (7.31)

3. The limit on the line current (/Ly,,) beyond which the TCSC transpires
into the protective-bypass mode:
Xmax Tine — °° for liine < ILian * I Lrated
= Xpypass for line > I Liran * I Lraed (7.32)

The effective capacitive-reactance limit is finally obtained as a minimum of
the following limits:

Xmax limit — min(Xmax 0> Xmax Ve, Xmax I]ine) (733)

In the inductive region, the TCSC operation is restricted by the following
limits:

1. The limit on the firing angle, represented by a constant-reactance limit
Xmin 0-

2. The harmonics-imposed limit, represented by a constant-TCSC-voltage
limit VLy,,. The equivalent-reactance constraint is given by

I Lrated

line

Xmin VL — (VLtran) (734)

3. The limit on the fundamental component of current that is permitted to
flow through the thyristors in the bypassed-thyristor mode during a trans-
ient. This current limit is also expressed as a minimum-reactance limit:

ILTtran . ILrated : (1 - bepass)
Iline

Xminizr =1~ (7.35)

The final inductive-reactance limit in the inductive-vernier operation is
obtained as a maximum of the foregoing constraints:

Xmin limit — lnax()(min 0> Xmin VL, Xmin ILT) (736)



308 THE THYRISTOR-CONTROLLED SERIES CAPACITOR (TCSC)

X1csc
Xc
IL
X, rated
mi()» line *VCiated
,Lrated .
I line temp
ILrated .
II' tran
Xc=1pu e

|

|

| .

lLrated =1 pu : ILtemp ILtran [Lllmed
rate
X bypass \I
ILT g "Tlemp ITan
ILrated .
line tran
XminO lLrated .
I line temp
IL rated |
II’ rated
ine

Figure 7.24 The X-I capability characteristic of a multimodule TCSC indicating time-
dependent overload limits.

If a TCSC is not expected to operate in the inductive-vernier mode, the
minimum-reactance limit is Xpypass irrespective of the line-current magnitude.

7.10.1.2 Long-Term-Stability Model The capability curves of the TCSC
depend on the duration for which the voltage- and current-operating conditions
persist on the TCSC. In general, two time-limited regions of TCSC operation
exist: the transient-overload region, lasting 3—10 s, and the remporary-overload
region, lasting 30 min; both are followed by the continuous region. The overall
reactance-versus-line-current (X-I) capability curve of the TCSC is depicted in
Fig. 7.24, with the relevant data presented in Table 7.3.

For long-term dynamic simulations, an overload-management function needs
to be incorporated in the control system. This function keeps track of the TCSC
variables and their duration of application, and it also determines the appropriate
TCSC overload range, for which it modifies the Xpax timit and Xmin limic- It then
applies the same modifications to the controller.

The variable-reactance model does not account for the inherent dependence
of TCSC response time on the operating conduction angle. Therefore, entirely
incorrect results may be obtained for the high-conduction-angle operation of
the TCSC or for whenever the power-swing frequency is high (>2 Hz) [15].
However, the model is used widely in commercial stability programs because
of its simplicity, and it is also used for system-planning studies as well as for
initial investigations of the effects of the TCSC in damping-power oscillations.
A reason for the model’s widespread use lies in the assumption that controls
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TABLE 7.3 Typical TCSC X-I Curve Data for Long-Term-Stability Studies

Input Typical
Data Description Units Value

VCieqa Maximum voltage of the capacitive-vernier region  pu of IL . - X¢ 1.15
for the continuous operation

VCemp Maximum voltage of the capacitive-vernier region  pu of ILyyeq - X¢ 1.5
for the temporary overload

ILiemp Maxium temporary line current pu of IL yeq 1.35

VL.ea  Maximum voltage of the inductive-vernier region  pu of [Leq - X¢ 0.3
for continuous operation

VLemp ~ Maximum voltage of the inductive-vernier region  pu of ILyeq - Xe  —0.45
for the temporary overload

ILT,.q Rated line current for full-conduction operation in  pu of IL g 1.35
the inductive region
ILT ., Maximum line current for full-conduction pu of IL yeq 1.35
operation for the inductive-region temporary
overload
Tian Maximum time for transient overload condition seconds 3-10
Tiemp Maximum time for temporary overload condition  seconds 1800
Reset,,, Reset for the transient-overload capability multiple of Ty, 2
Reset,emp, Reset for the temporary-overload capability multiple of Tiepy 2

designed to compensate the TCSC response delay are always embedded in the
control system by the manufacturer and are therefore ideal. Hence the response
predicted by the model is a true replica of actual performance. In situations
where this assumption is not satisfied, a more detailed stability model is required
that accurately represents the inherent slow response of the TCSC.

7.10.2 An Advanced Transient-Stability Studies Model

An alternate TCSC model for transient-stability studies has been developed [15],
[20] that effectively solves the differential equations pertaining to the TCSC
capacitor and the TCR. The TCSC model is invoked at every half-cycle of the
line current. A variable is used to store the instantaneous capacitor voltage at the
line zero crossing—at the end of each half-cycle—to be used as the initial con-
dition for the next sample process. The TCR is represented by a current source
updated by the fundamental component of TCR current that the model calculates
at each half-cycle. Also, the model incorporates the effects of both thyristor firing
and synchronization. The triggering instant is a function of the signal that is used
for synchronization, such as the TCSC voltage or line current.

The model is compatible with conventional transient-stability programs in
that it updates the capacitor voltage at every half-cycle while the stability pro-
gram updates the line current with the same frequency. It is also flexible enough
to integrate not only controls for minimizing the TCSC-response delay but
higher-order controls as well. Although slightly complex, the model correlated
closely with EMTP results of TCSC performance.
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7.10.2.1 TCSC Controller Optimization and TCSC Response-Time
Compensation The fourth-order transfer function of Eq. (7.28), representing
the open-loop response of the TCSC, is incorporated in the closed-loop model of
the TCSC to optimize the controller parameters [12], [14]. An alternate method
for TCSC modeling, one that is based on Poincare mapping [21], is proposed
in ref. [14] in which the Jacobian of the Poincare map is used to calculate the
open-loop dynamic response of the Kayenta TCSC. Figure 7.20 illustrates the
response of the line current to identical step change in the conduction angle
at different operating points. The Jacobian-based results correlate closely with
those obtained from a detailed EMTP simulation demonstrating the efficacy of
the alternate method.

A closed-loop, conduction-angle-control scheme is proposed in ref. [14] to
minimize the sensitivity of TCSC response to the operating point, as shown in
Fig. 7.25. The desired conduction angle is denoted by o4, whereas the mea-
sured conduction angle is denoted by o,,. The difference between 0., and o, is
fed to a proportional-integral (PI) controller that attempts to reduce this differ-
ence to zero in the steady state. The measured o, is updated twice in a given
time period, whereas the desired conduction signal can vary continuously in
response to higher-level controllers.

A closed-loop response that is fairly independent of the operating point is
obtained with the proportional-controller gain, K,, and the integral-controller
gain, K;, as follows:

K, =—10 ex l 65‘”“*] 737
p= P > (7.37)

K; =23 24 expl(01eq — 65)/2] (7.38)

for o < 64°, which typically results in 1 pu < Xtcsc < 3 pu.

The performance of the closed-loop, conduction-angle controller for similar
step changes in the conduction angle, as in the open-loop response shown in Fig.
7.20, is illustrated in Fig. 7.26 for synchronization with line current. Except for
very high conduction angles, the closed-loop TCSC response is almost inde-
pendent of the operating point in the capacitive region. Furthermore, the re-
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Figure 7.25 The TCSC closed-loop, conduction-angle controller.
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Figure 7.26 Response of the closed-loop, conduction-angle controller.

sponse is much less oscillatory; it settles in half the time taken in the open-loop
case.

7.10.3 Discrete and Phasor Models

A linearized discrete-time model of the TCSC-compensated line is proposed
in ref. [22] that uses samples at the peaks of capacitor voltage. Even though
the discrete models are accurate, their derivative is somewhat complicated and
may not easily interface with the phasor-based models of other power-sys-
tem devices, such as generator and transmission lines. Simple continuous-time,
large-signal dynamic models for TCSC are proposed in ref. [23] that are based
on the representation of voltages and currents as of the time-varying Fourier
series type and use the dynamics of short-term Fourier coefficients, with certain
simplifications. These phasor models integrate well with the standard phasor
models of power-system components, and they are almost of order of magni-
tude faster than that of any detailed time-domain simulation.

7.10.4 Modeling for Subsynchronous Resonance (SSR) Studies

Although EMTP models of the TCSC are highly accurate and used widely for
SSR mitigation studies, these models cannot be used for small-signal-stabil-
ity analysis and are too time-consuming for optimization of TCSC controller
parameters.

For SSR studies, the variable-reactance model discussed previously does
not provide accurate results unless the torsional oscillations occur at frequen-
cies substantially lower than the synchronous frequency. The variable-reactance
model is also inadequate because it does not represent the passive damping asso-
ciated with the “open-loop” operation of the TCSC [24], [25], that is, when the
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TCSC operates at a specified conduction angle irrespective of the generator
rotor-angle oscillations. Passive damping, which varies with the steady-state
conduction angle of the TCSC, has a substantial influence on the dynamics of
the power system. Closed-loop operation with very low feedback gains is also
assumed to resemble open-loop operation.

Poincare map linearization is used in ref. [24] to calculate the passive damp-
ing of the TCSC and its highly substantial effect on modal dampings of the
subsynchronous torsional modes. A linearized TCSC model based on the same
technique has been developed in ref. [26] for SSR studies. This model includes
thyristor-triggering logic, the synchronization system, and such higher-level
controls as power-oscillation damping loop, and it also effectively represents the
passive damping of the TCSC controller as well as the active damping offered
by the higher-order controls.

In the Poincare map—based approaches, the inputs are assumed to remain
constant over one half-cycle period. By remaining constant, the inputs limit the
TCSC model—effective bandwidth to 0-120 Hz, a range that is still adequate
for SSR studies because the torsional modes lie within the 0-60 Hz range.

The overall modeling approach presented in ref. [26] is to develop a sampled
data model of the TCSC and derive a continuous-time/linear-time—invariant
model that correlates with the discrete model. This model is then used for the
study of subsynchronous oscillations.

Independent modular modeling of the TCSC and the network is feasible
about an operating point if the steady-state solution of the TCSC-compensated
system can be approximated by nominal quantities in the d—g reference frame.
This approximation is possible only if the TCSC constitutes a small percent of
the total series compensation of the line [25], which in general is true for exist-
ing TCSC installations. However, modular modeling is not valid in systems
where a strong harmonic interaction exists between the TCSC and the network
[24]—a situation that usually happens when the entire series compensation is
provided by the TCSC.

A modular small-signal TCSC model is derived in ref. [25] by linearizing the
half-cycle-period Poincare map associated with sampling the TCSC capacitor
voltage twice at every cycle. A modular, dynamic-phasor model of the TCSC
has been developed for SSR studies in ref. [27]; it is used as an alternative to
the sampled data—based models. The phasor TCSC model is efficient and can
be integrated readily with phasor-based representations of other power-system
components.

7.11 SUMMARY

This chapter described the basic operating principles of the (TCSCs). The capa-
bility characteristics of TCSCs we presented, as was a discussion on the har-
monics and losses associated with the TCSCs. Different models of varying com-
plexities were described for various power-system studies.
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I CHAPTER 8

TCSC Applications

8.1 INTRODUCTION

Thyristor-controlled series capacitors (TCSCs) can be used for several power-
system performance enhancements, namely, the improvement in system stabil-
ity, the damping of power oscillations, the alleviation of subsynchronous res-
onance (SSR), and the prevention of voltage collapse. The effectiveness of
TCSC controllers is dependent largely on their proper placement within the
carefully selected control signals for achieving different functions. Although
TCSCs operate in highly nonlinear power-system environments, linear-control
techniques are used extensively for the design of TCSC controllers.

In addition to discussing the foregoing TCSC uses, this chapter describes
the performance of two recent TCSC installations: one in Sweden, the other in
Brazil.

8.2 OPEN-LOOP CONTROL

The open-loop impedance control, is the most basic type of TCSC control, used
primarily for power-flow control. The control system is depicted in Fig. 8.1. The
desired steady-state level of series compensation or line power flow is expressed
in the form of a reactance reference applied to the controller. The controller is
modeled by a delay block that represents TCSC action; its magnitude is typi-
cally chosen as 15 ms [1]. The controller outputs a reactance-order signal that
is linearized to obtain the necessary firing angle; then, the firing-angle signal is
transmitted to the firing-pulse generator, which issues the gating pulses for the
TCSC thyristors to implement the desired reactance.

X

Xret X des 1 Xtesc
¥ 1+ sTrcsc
X

min

Figure 8.1 A TCSC constant-impedance controller.
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8.3 CLOSED-LOOP CONTROL

8.3.1 Constant-Current (CC) Control

In the constant-current (CC) control, the desired line-current magnitude is fed
as a reference signal to the TCSC controller, which strives to maintain the actual
line current at this value. A typical TCSC CC-controller model [2] is depicted in
Fig. 8.2. The 3-phase current is measured and rectified in the measurement unit.
The rectified signal is passed through a filter block that comprises a 60-Hz and
a 120-Hz notch filter as well as a high-pass filter. The emanating signal is then
normalized to ensure per-unit consistency with the reference-current signal.

The controller is typically of the proportional-integral (PI) type that outputs
the desired susceptance signal within the preset limits, as discussed in Chapter
4. A linearizer block converts the susceptance signal into a firing-angle signal.

An operation-mode selector unit is generally used for TCSC protection.
During short-circuit conditions, at which time the current through the metal-
oxide varistor (MOV) exceeds a threshold, the TCSC is made to switch to the
bypassed-thyristor mode or the thyristor-switched reactor (TSR) mode. In this
mode, the thyristors conduct fully (¢ = 180°), reducing both the TCSC volt-
age and the current substantially and thereby reducing the stress on the MOV.
During the clearance of faults, the “waiting mode” is implemented; when the
capacitors are brought back into the circuit, a dc-voltage offset builds up that
is discharged into this waiting mode.

The steady-state control characteristic of the CC control on the Vycsc — I
(the TCSC voltage—line current) plane is depicted in Fig. 8.3(a). The convention
used in the figure is to treat the capacitor voltage as positive (which is opposite
of the convention used in load flow). The characteristic is divided into three
segments: OA, AB, and BC. Segments OA and BC represent the maximum and
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Linearization Waiting ~ TSR Synchronization
Block Mode Mode Signal
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/_N>Operat|on Model 5| pyise L
Y Selector Generator|Firing
Pulses

Figure 8.2 A TCSC constant-current (CC) controller model.
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Figure 8.3 The TCSC control characteristics: (a) CC control and (b) CA control.

minimum TCSC reactance limits, respectively. Segment AB represents the con-
trol range in which the TCSC reactance is varied through the firing control to
maintain a specified line current, /.

8.3.2 Constant-Angle (CA) Control

This control is useful and relevant for situations in which transmission paths
exist in parallel with the TCSC-compensated line. The control objective dur-
ing transient or contingency situations is to keep the power flow unchanged
in the parallel paths while allowing variations in the power transmitted across
the TCSC-compensated line. To keep the power flow constant in shunt paths
necessitates maintaining the angular difference constant across the lines, thus
imparting the name constant-angle control, or CA control, to this strategy. If
the voltage magnitudes at the two line ends are assumed to be regulated, then
maintaining a constant angular difference implies maintaining a constant-volt-
age drop, V;, across the line.

The control objective while neglecting the line resistance is expressed as [3]

Vi=11X1r — Vrcsc = K = Virer (8.1)
or
1
I = o (K + Vrcsce) (8.2)
IR
or
V.
Lt — (IL - —;CSC ) -0 (8.3)
LR

where K = the constant = V er
I} = the magnitude of current in the TCSC-compensated line
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X g = the net line reactance, including the effect of the fixed
capacitor = X; — Xpc

Vrese = the voltage across the TCSC (positive for capacitive voltage;
negative for inductive voltage)

It = the reference current = K/X g = Vi et/X1r
X; — the total-line inductive reactance

Xrc = the reactance of the fixed capacitor in the line (if any)

As mentioned previously, TCSCs are usually employed is conjunction with
fixed capacitors for minimizing cost and improving control efficacy.

The control characteristic for CA control in the Vycsc — I, plane is depicted
in Fig. 8.3(b). Line segment AB represents the control range, having a slope
Xir. Segments OA and BC represent the minimum and maximum TCSC reac-
tance limits, respectively. The CA control is highly effective in reducing power
swings.

The TCSC control-system block diagram, incorporating features of both CC
and CA control, is shown in Fig. 8.4. In this figure, T,, indicates the time con-
stant associated with the measurement circuit, which is generally a first-order
low-pass filter. Similar measurement circuits are assumed for both TCSC-volt-
age and line-current measurements. In CC control, the multiplier block S is set
to zero, whereas in CA control, S is assigned the value 1/X;z. The regulator
is primarily a PI controller that is occasionally in cascade with a phase-lead
circuit, as shown in Fig. 8.5. If pure-integral action is required, Kp is set to
Zero.

For CC control, the integral gain K; is considered positive. In this control
scheme, a positive current-error signal implies that the TCSC capacitive reac-
tance must be increased to enhance the line current and thereby reduce the error
signal, and in the CA control, the gain K; is treated negative. If the current-
error signal is positive, it is noted from Egs. (8.1)-(8.3) that the net voltage
drop V. in the line is less than the reference V., necessitating a decrease in

Xref
Regulator —>

1 @— s Vrcsc

1+sT,

+

I

Figure 8.4 A block diagram of a CC or CA controller.
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Figure 8.5 A block diagram of the regulator.

the TCSC voltage Vrcsc and consequently in the TCSC reactance Xrtcsc (or
Xer). For this reason, K; is assigned a negative sign in CA control.

Although the TCSC firing delays are modeled by a single time constant of
15 ms, they may be ignored in electromechanical-stability studies [1], [4], as
their effect is insignificant.

An elaborate case study for a single-machine infinite-bus (SMIB) system
that depicts the influence of constant line-power control and CA control of the
TCSC is presented in ref. [5]. It is demonstrated that the CC and CA strategies
are suitable only in SMIB systems having two or more parallel transmission
paths. In case a critical contingency causes an outage of the parallel transmis-
sion paths, the line-power scheduling, controller must be disabled. If, however,
the TCSC is equipped with additional damping controllers, the paths should be
retained to ensure satisfactory damping levels during an outage.

8.3.3 Enhanced Current Control

To improve the damping of certain oscillatory modes, such as subsynchronous
oscillations, an optimized, derivative line-current feedback is embedded in the
TCSC controller, as depicted in Fig. 8.6 [2], [6]. In this control system, the volt-
age regulator is a simple PI controller slightly different from the one depicted
in Fig. 8.2. The optimized current controller is shown to successfully damp sub-
synchronous oscillations for all levels of line-series compensation [2], unlike a
conventional controller, which provides very low damping to an SSR mode.

8.3.4 Constant Power Control

The block diagram of a typical TCSC power controller is depicted in Fig. 8.7
[2], [6]. The line power flow is computed from the measured local voltage and
current signals after the abc—a30 transformation. The calculated power signal is
converted into a per-unit quantity and filtered, then fed to the summing junction
of the power controller. The reference signal, Pf, denotes the desired level
of real-power flow in the TCSC-compensated line, and the power controller
has a PI structure. The remaining control-system components were described
previously.
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Figure 8.6 An optimized TCSC CC structure.

The TCSC power controllers are usually effective if used as slow controllers
for damping power oscillations or subsynchronous oscillations. An attempt to
increase the controllers’ speed by reducing the power-controller time constant,
T,, renders the response oscillatory. Usually, T, is set to 100 ms.

8.3.5 Enhanced Power Control

The need to keep TCSC power controllers slow is potentially detrimental to
the power system, as it extends the post—fault system recovery period. A much-
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Figure 8.7 A conventional TCSC power-control structure.
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Figure 8.8 An enhanced TCSC power-control structure.

improved TCSC power controller that combines the beneficial influences of
both power control and current control is depicted in Fig. 8.8 [2], [6]. It con-
sists of two control loops—a fast, inner-current control loop and a slow, outer-
power control loop. The power controller provides the current-reference signal
for the current controller. Such a controller allows a fast TCSC response to sys-
tem faults, yet it also allows a desired slow response to the electromechanical
oscillations.

8.3.6 Firing Schemes and Synchronization

An equidistant firing scheme is most commonly employed in TCSC control.
However, in some special situations in which the damping of the electrical self-
excitation modes is needed, individual firing control is shown to be advanta-
geous [2]. The TCSC firing controls are most effective when they are synchro-
nized with line-current zero crossings primarily because the line current con-
stitutes an almost sinusoidal signal. Synchronization with TCSC-voltage zero
crossings may lead to erroneous results, as this voltage is beset with substantial
harmonics and spurious noise signals.

8.4 IMPROVEMENT OF THE SYSTEM-STABILITY LIMIT

During the outage of a critical line in a meshed system, a large volume of power
tends to flow in parallel transmission paths, which may become severely over-
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loaded. Providing fixed-series compensation on the parallel path to augment the
power-transfer capability appears to be a feasible solution, but it may increase
the total system losses. Therefore, it is advantageous to install a TCSC in key
transmission paths, which can adapt its series-compensation level to the instan-
taneous system requirements and provide a lower loss alternative to fixed-series
compensation.

The series compensation provided by the TCSC can be adjusted rapidly to
ensure specified magnitudes of power flow along designated transmission lines.
This condition is evident from the TCSC’s efficiency, that is, ability to change
its power flow as a function of its capacitive-reactance setting:

sin (8.3)

where P, = the power flow from bus 1 to bus 2
V1, V, = the voltage magnitudes of buses 1 and 2, respectively
X; — the line-inductive reactance

X = the controlled TCSC reactance combined with fixed-series-
capacitor reactance

6 = the difference in the voltage angles of buses 1 and 2

This change in transmitted power is further accomplished with minimal
influnece on the voltage of interconnecting buses, as it introduces voltage in
quadrature. In contrast, the SVC improves power transfer by substantially mod-
ifying the interconnecting bus voltage, which may change the power into any
connected passive loads. The freedom to locate a TCSC almost anywhere in a
line is a significant advantage.

Power-flow control does not necessitate the high-speed operation of power-
flow control devices. Hence discrete control through a TSSC may also be ade-
quate in certain situations. However, the TCSC cannot reverse the power flow
in a line, unlike HVDC controllers and phase shifters.

8.5 ENHANCEMENT OF SYSTEM DAMPING

The TCSC can be made to vary the series-compensation level dynamically
in response to controller-input signals so that the resulting changes in the
power flow enhance the system damping [7]-[13]. The power modulation
results in a corresponding variation in the torques of the connected synchronous
generators—particularly if the generators operate on constant torque and if pas-
sive bus loads are not installed [14].

The damping control of a TCSC or any other FACTS controller should gen-
erally do the following:
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1. stabilize both postdisturbance oscillations and spontaneously growing
oscillations during normal operation;

2. obviate the adverse interaction with high-frequency phenomena in power
systems, such as network resonances; and

3. preclude local instabilities within the controller bandwidth.
In addition, the damping control should

1. be robust in that it imparts the desired damping over a wide range of
system operating conditions, and

2. be reliable.

8.5.1 Principle of Damping

The concept of damping enhancement by line-power modulation can be illus-
trated with the two-machine system depicted in Fig. 8.9 [14]. The machine
SM; supplies power to the other machine, SM,, over a lossless transmission
line. Let the speed and rotor angle of machine SM; be denoted by n; and ¢,
respectively; of machine SM;, denoted by 5, and ¢,, respectively.

During a power swing, the machines oscillate at a relative angle A¢ (=
@2 — ¢1). If the line power is modulated by the TCSC to create an additional
machine torque that is opposite in sign to the derivative of the rotor-angle devi-
ation, the oscillations will get damped. This control strategy translates into the

Ap =@ ¢
SM1 P SM2
B
OA HO
171 M2P2

Figure 8.9 The TCSC line-power modulation for damping enhancement.
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following actions: When the receiving end—machine speed is lower than the
sending end—machine speed, that is, Ay (=n,—71) is negative, the TCSC should
increase power flow in the line. In other words, while the sending-end machine
accelerates, the TCSC control should attempt to draw more power from the
machine, thereby reducing the kinetic energy responsible for its acceleration.
On the other hand, when Ay is positive, the TCSC must decrease the power
transmission in the line. This damping control strategy is depicted in Fig. 8.9
through plots of the relative machine angle Ag, the relative machine speed A7,
and the incremental power variation APy,q. It may be recalled from Chapter 6
that the damping-control action of the SVC is also similar to that described in
the preceding text.

The incremental variation of the line-power flow AP, given in megawatts
(MW), with respect to AQtcsc, given in MVAR, is as follows [14]:

AP 1 1)’
= — (8.5)
AQTtcsc 2 tan 5/2 Iy

where 6 = the angular difference between the line-terminal voltages
I = the operating-point steady-state current
Iy = the rated current of the TCSC

Thus the TCSC action is based on the variation of line-current magnitude and is
irrespective of its location. Typically, the change in line-power transfer caused
by the introduction of the full TCSC is in the range of 1-2, corresponding to
an angular difference (6) of 30°—40° across the line.

The influence of any bus load on the torque/power control of the syn-
chronous generator is derived for the case of a resistive load and completely
inductive generator impedance [14]. The ratio of change in generator power to
the ratio of change in the power injected from the line into the generator bus
is expressed as

AP,  cos(6/2ta)
AP cos(8/2)

(8.6)

where the + sign corresponds to the sending end; the — sign, the receiving end.
Also,

where AP, = the variation in generator power

AP = the variation in power injected from the transmission line
into the machine bus

a = tan~! (Xsource/Rioad) (it is assumed that Rioaq >> Xsource)

The effect of all practical passive loads is generally moderate, and the sign of
generator power is not changed. In the absence of any bus load, AP,, = AP.
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It is not necessary to make the entire series compensation in a line control-
lable; in fact, the effectiveness of a TCSC is shown to increase in presence of
fixed series compensation. The required series compensation in a line is there-
fore usually split into a fixed-capacitor component and a controllable TCSC
component. The controlled-to-fixed ratio of capacitive reactance in most appli-
cations is in the 0.05-0.2 range, the exact value determined by the requirements
of the specific application.

8.5.2 Bang-Bang Control

Bang-bang control is a discrete control form in which the thyristors are either
fully switched on (a = 90°) or fully switched off (o« = 180°). Thus the TCSC
alternates between a fixed inductor and a fixed capacitor, respectively, and it is
advantageous that such control is used not only for minimizing first swings but
for damping any subsequent swings as well. Bang-bang control is employed in
face of large disturbances to improve the transient stability [3].

8.5.3 Auxiliary Signals for TCSC Modulation

The supplementary signals that could be employed for modulating TCSC
impedance are listed in the text that follows and are discussed in refs. [14]-[16],
[81-[12].

8.5.3.1 Local Signals These signals constitute the following:

the line current,
the real-power flow,
the bus voltage, and

b

the local bus frequency.

8.5.3.2 Remote Signals These signals constitute the following:

1. the rotor-angle/speed deviation of a remote generator,
2. the rotor-angle/speed (frequency) difference across the system, and
3. the real-power flow on adjacent lines.

The angular difference between remote voltages can be synthesized by using
local voltages at the two terminals of the TCSC and through the line current
[15]. Alternatively, a recent approach [16] may be adopted wherein the phase
angles of remote areas can be measured directly by using synchronized phasor-
measurement units.

Adjacent-line real-power flow can be measured remotely and transmitted to
the TCSC control system through telecommunication. Despite telecommunica-
tion delays, this signal can be used satisfactorily and economically for line-
power scheduling, which itself is a slow control.
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Figure 8.10 A two-area, four-machine system.

Selection of Input Signals 1t is a desirable feature that the TCSC controller-
input signals can extend as far as possible without sensitivity to the TCSC
output. This feature ensures that the control signals represent mainly the sys-
tem conditions for which the TCSC is expected to improve. Local bus fre-
quency is seen to be less responsive to system power swings as compared to
the synthesized-voltage frequency [17], although both line current and bus volt-
age are also shown to be fairly effective.

8.5.4 Case Study for Multimodal Decomposition—-Based PSDC
Design

A two-area, four-machine system [18] is depicted in Fig. 8.10. Each area is
represented by two machines of widely different MV A ratings. Although the
basic system data is as it is noted in ref. [18], the MVA ratings and the tie-line
impedances have been modified to the values shown in Fig. 8.10. A TCSC is
placed in one of the tie-lines.

The system shows two local modes—one in each area—and an inter-area
mode, as listed in Table 8.1. In the base system, 600 MW of power is transferred
across the three tie-lines, whereas in the contingency situation, the same amount
of power is transmitted through tie-lines 1 and 2, with tie-line 3 out of service.

8.5.4.1 Selection of the Measurement Signal The following criteria are
adopted for selecting the measurement signal:

TABLE 8.1 Swing-Mode Frequency and Damping
Inter-Area Mode Local Mode 1 Local Mode 2
Frequency-and-Damping Ratio

0.62 Hz, 0.17% 1.15Hz, 11% 1.02 Hz, 18%
0.52 Hz, -0.13% 1.13 Hz, 10% 1.00 Hz, 18%




ENHANCEMENT OF SYSTEM DAMPING 327

Area 2 Area 1
Vsyn2 = Vineas2 /I/( Vsyn1 = Vineast
+ Zsyn2 : IT TCSC IT + Zsyn1 . IT

Figure 8.11 Synthesized voltages and the angular difference.

1. it should be derived from local measurements, and

2. it should be sensitive to an inter-area mode but insensitive to local modes.

Moreover, the power-swing damping controller (PSDC) that is based on this
signal should not interact adversely with other controllers.

The angular difference of synthesized remote voltages on each side of the
TCSC is chosen as the measurement signal. This signal has been shown from
early studies [5], [17] to be highly efficient, and its concept can be explained
from Fig. 8.11. The voltages on either side of the TCSC, namely, Vneas1 and
Vineas2, are measured along with TCSC line current, /7. Using these quantities
and the appropriate magnitudes of synthesizing impedances Zgy, | and Zy, , the
remote voltages behind the synthesizing impedances are computed as follows:

Vsynl = Vmeas 1+ Zsyn IIT (87)
VsynZ = VmeasZ - ZsynZIT (88)

The synthesized angular difference is subsequently obtained as

012 :LVsynl 7Lvsyn2 (89)

It is evident that 6, represents the angular difference between the centers of
the machines in the two areas. This signal comprises the inter-area mode and,
to a very small extent, the local modes.

8.5.4.2 Selection of the Synthesizing Impedance In the case of a
single-generator infinite-bus system considered in Example 5.2 of Chapter 5
(Section 5.3.4), the synthesized impedance was simply the transmission-line
reactance added to the generator subtransient reactance. However, in a multima-
chine environment within an area, it is not straightforward to obtain the synthe-
sizing impedances from the FACTS device terminal to the center of the equiv-
alent machine in that area. An initial estimate is the driving-point impedance
or the short-circuit impedance seen in both directions. The appropriate values
of the synthesizing impedances [Eqs. (8.10) and (8.11)] are determined from
a detailed analysis based on the damping-controller design indices: the maxi-
mum damping influence (MDI) and natural phase influence (NPI), as described
in Appendix C.
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Figure 8.12 The MDI indices versus the synthesizing reactances for the inter-area
mode of the base system.

Zsynl = Rsynl +szyn1 (8]0)
Zsyn2 :Rsyn2 +szyn2 (811)

The resistances are set at 10% of the respective reactances according to the
typical X/R ratios in the transmission lines.

A three-dimensional plot of the MDI on the z-axis and Xy, and Xy, on
the x- and y-axes, respectively, is depicted in Fig. 8.12. It is seen that a high
MDI is obtained when the magnitudes of Xy, and Xy,2 are inversely related,
that is, if one is small, the other should be large, and vice verse.

A similar three-dimensional plot of the NPI index on the z-axis over the
Xgyn1—Xsyn2 plane is illustrated in Fig. 8.13. It has a ridge similar to that in
the MDI plot. Desirable NPIs of —90° (= 270°) result in a high synchronizing
torque and are obtained from small values of the synthesizing reactance; unde-
sirable NPIs of +90° result in a deterioration in the synchronizing torque and
are obtained from large magnitudes of synthesizing reactance.

Because the designed PSDC controller must be robust with respect to the
operating conditions, the Xgy, | — Xyn2 regions of high MDI (MDI > 1) are plot-
ted in Fig. 8.14 for both base and contingency systems. The high MDI region of
the contingency system is wider from the removal of a parallel tie-line and also
indicates that TCSC becomes more effective in damping power swings from a
wider range of Xy, 1 and Xy .

In Fig. 8.14, point A has an MDI of 0.3 and an NPI of —90°, which increases
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Figure 8.13 The NPI indices versus the synthesizing reactances for the inter-area
mode of the base system.

the synchronizing torque, and point C has an MDI of 0.3 but an NPI of +90°,
(which decreases the synchronizing torque. Point B, on the other hand, gives
the highest MDI. For the inter-area mode, the controller phase index (CPI) is
obtained as —90°. The PSDC is desigend to have the following components:

1. A filtered derivative stage to convert the synthesized angular difference
into a synthesized angular frequency-difference signal having a transfer
function of

: 1 8.12
<1+0.04s> 1+0.04s (8.12)

2. A washout stage of s/(1 + s).
3. A gain K.

The overall PSDC is given by

1 s s

K - *Ks
pspc(s) (1+0.04s) (1+s) (1+0.04s)

(8.13)

The root loci of the inter-area mode [19], with varying PSDC gain K for the
three choices of synthesizing reactances, is depicted in Fig. 8.15. For synthesis
choices A and C, the root-loci curves approach their respective zeroes as the
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Figure 8.14 “Good” MDI regions for base and contingency cases.

controller gain is increased. Choice A leads to an increase in frequency, whereas
choice C leads to a decrease in frequency (the damping improvement in both
cases is limited to 0.3). These behaviors are to be expected from the NPI values;
however, choice B generates substantial damping and is obviously the favored
choice.

In a study given in ref. [20], a comparative evaluation of PSDC control sig-
nals shows that TCSC bus voltage performs better than the line power signal in
the damping inter-area mode in a large power system. It may be understood that
such results are system-dependent; they cannot be generalized. The synthesized
angular difference was not considered in this study.

8.5.5 H.. Method—Based PSDC Design

The H.. method is an alternative technique for designing a robust controller
that can operate satisfactorily over a wide range of operating conditions, even
in the presence of uncertainties caused by system disturbances and errors in
instrumentation. It is a frequency-domain method [21], [22], which necessarily
requires an accurate, reduced dynamic model of the power system. The mini-



ENHANCEMENT OF SYSTEM DAMPING 331

6 | | | | | | |
55 _
5r Zero (A) —
o
x XXX
45 — A>< X a -
X
S X% Open-Loop -
£ x X XX X R o Area Mode
B X
35 XS -
X
><><
- X —
3 C X x X X X% o
Zero (C
o5l (C) i
5 1 1 1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
Real Axis

Figure 8.15 Root loci of the inter-area mode for damping controllers using measure-
ment A, B, or C.

mized system model must exhibit the important dynamic characteristics of the
system in the desired frequency range of the swing modes to be damped.

Modal analysis is used to first identify the various oscillation modes. Their
frequency, damping ratios, and mode shapes are then computed for different
operating conditions, including contingencies.

The TCSC modulating signal is chosen after examining the frequency
responses of TCSC input with respect to various system quantities. Frequency
response tests are highly useful in determining the effectiveness of different
feedback signals for power-swing damping; indeed, the frequency response is
an indicator of both observability and controllability. A potentially effective
signal exhibits a significant peak (resonance) that encompasses the swing-mode
frequency with reasonably far-removed troughs (zeroes) on either side. In one
study [22], the TCSC bus voltage was chosen as a modulating signal for a damp-
ing 0.75-Hz mode that is based on the frequency response depicted in Fig. 8.16.
The closeness of the responses between the full model and the reduced-order
model indicates the acceptable accuracy of the model-reduction process up to
1 Hz. The details of H.. method-based TCSC controller design are provided
in ref. [22]. This technique usually produces a fairly high order controller that
can, however, be reduced to a much lower order controller.

With TCSC voltage as the modulating signal, a washout-filter stage is added
to the controller-transfer function so that the PSDC does not respond to slow
variations in the modulating signal. Although the PSDC significantly enhances
the damping of the relevant swing mode in the post-fault situations, it may in
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Figure 8.17 The effect of the modulated TCSC.

some cases reduce the damping slightly in the healthy system. This reduction
need not be a cause for concern as long as the swing-mode damping is more
than 2.5-5%.

A case study of PSDC design for a TCSC in the New York State power
system is presented in ref. [22]. The system comprises 6700 buses, 1200 gen-
erating units, 5 HVDC links, and several SVCs. A TCSC compensation range
of £10% is shown to be sufficient for damping the key 0.75-Hz swing mode.
Figure 8.17 shows the post-fault electrical power output of one of the major
generator units with the TCSC-PSDC installed.

It is worth nothing that in the post-fault initial ten seconds, the generator
oscillations are caused by other system modes that are related to TCSC. Fur-
thermore, the TCSC response is also nonlinear because of the £10%-1limit impo-
sition on the TCSC compensation range. It is shown from eigenvalue analysis
that the TCSC-PSDC enhances the post-fault damping ratio of the critical mode
to 0.1—an effect that is revealed in the latter part of the Fig. 8.17 simulation.

A succinct description of the application of the H.. robust-control technique
for designing the TCSC damping controller is presented in refs. [23] and [24].
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8.5.6 Alternative Techniques for PSDC Design

Instead of using a single modulating signal, a state feedback controller can be
designed for the TCSC based on pole placement [25]. Although system poles
can be assigned to desired locations irrespective of TCSC location, the corre-
sponding controller gains may emerge as fairly large, causing prolonged satura-
tion of the TCSCs and consequent deterioration of the controller performance.
Satisfactory performance can be obtained only if the TCSC is appropriately
located, that is, based on controllability considerations. In such cases, the con-
troller gains attain acceptable values.

Modal reference algorithms, which have found application in the design of
HVDC link-modulation controllers [26], [27], may also be used for designing
TCSC damping controllers. Linear, robust, decentralized fixed-structure PSDCs
for TCSCs have already been designed by using genetic algorithms [28].

8.5.7 Placement of the TCSC

The placement of FACTS controllers at appropiate locations is a critical issue.
An optimally placed FACTS device requires a lower rating to achieve the same
control objective than if it were located elsewhere [8], [9], [11]. At times, how-
ever, the FACTS controllers may need to be placed at nonoptimal locations
to minimize costs, especially when land prices and environmental concerns
become important.

The following conditions generally apply when considering the placement
of TCSCs:

1. The TCSCs should be located in lines that experience limiting power
oscillations.

2. The swing of voltages on each side of the TCSC must be within accept-
able limits; otherwise, multiple sites may be necessary.

3. The control action of the TCSC in one transmission path should not cause
undue power swings in a parallel path. If it does, then variable series
compensation may become necessary in the parallel path.

4. Sometimes, it may be advisable to distribute the control action among
multiple TCSCs rather than confining the control action to one large-rat-

ing TCSC. Doing so ensures some system reliability if one of the TCSCs
should fail.

8.6 SUBSYNCHRONOUS RESONANCE (SSR) MITIGATION

Series compensation of long transmission lines may cause the following kinds
of oscillations:

1. Subsynchronous oscillations, caused by interaction between the electrical
network and the generator torsional system.
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2. Low-frequency (=10 Hz) oscillations, caused by interaction between the
series capacitors and the shunt inductors, especially during line switch-
ings and faults. These oscillations have large magnitudes and last for long
periods because of high shunt-reactor Q-factors.

3. Switching oscillations, caused by the switching of lines.

The TCSCs can be employed successfully to mitigate the listed oscillations
[29].

The principle of SSR mitigation by TCSCs has been obtained from the pio-
neering work done by Dr. N. G. Hingorani, for whom the NGH scheme of
damping SSR [30]-[32] was named. This scheme involves a thyristor-controlled
discharge resistor connected in shunt with the series capacitor and is installed
in practical systems. The NGH scheme is described in great length in refs.
[30]-[32], for which reason this book focuses on the impact the TCSC con-
troller has in suppressing the SSR.

8.6.1 TCSC Impedance at Subsynchronous Frequencies

The TCSC impedance is purely capacitive at a nominal synchronous frequency
and can be raised above the rated capacitance of the series capacitor by a fac-
tor of 2.5-3 through the appropriate firing-angle control. However, at subsyn-
chronous frequencies, the TCSC under constant-reactance control presents a
very different impedance characteristic, which greatly aids the damping of sub-
synchronous oscillations.

A frequency-domain EMTP study of the TCSC equivalent impedance is
described in ref. [33]. The simulation is performed on a test system shown in
Fig. 8.18 that comprises a single-segment TCSC placed in a transmission line
having resistance R and inductance L. The system is energized by the com-
bination of a synchronous 60-Hz voltage source and a subsynchronous 10-Hz

]
~
9]

|

__\ Synchronous Subsynchronous
Voltage Source Voltage Source

Figure 8.18 Network for the simulation study of the TCSC equivalent impedance.
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Figure 8.19 Simulated TCSC voltage.

voltage source, with the voltage magnitude of the latter much smaller than that
of the former. The reactance of the TCSC fixed capacitor is 1.33 Q.

The simulated TCSC voltage corresponding to a 70° conduction angle is
shown in Fig. 8.19, and the square root of its power-density spectrum (PDS)
is shown in Fig. 8.20. Two main frequency components—one at 60 Hz, the
other at 10 Hz—are visible in the TCSC voltage signal. These individual-fre-
quency components of TCSC voltage, as well as the TCSC current, are filtered
through a second-order Chebyshev filter, as illustrated in Fig. 8.21. The equiv-
alent TCSC impedance is then obtained by dividing the TCSC voltage by the
TCSC current for the corresponding frequency. The equivalent impedance is
calculated as 1.65.—-90° ©Q at 60 Hz that, as expected, is 1.33 times the Xrder,
which has been specified as 1.2 pu. However, the TCSC equivalent impedance
at 10 Hz is 3.4/ -8.5° Q.

The equivalent impedance is similarly obtained for different frequencies cor-
responding to a given set of excitation-voltage magnitudes and the desired
TCSC reactance Xqrger- It may be noted that because TCSC operation is non-
linear, the equivalent impedances will be functions of excitation voltages. The
equivalent TCSC impedance, Z.(w), at different subsynchronous frequencies
can be expressed as

x10*
10 T T T T T T T T T

o N A OO ©
I
|

A | | | | L

0 10 20 30 40 50 60 70 8 90 100
Frequency (Hz)

Sqrt of PDS of TCSC Voltage

Figure 8.20 The square root (sqrt) of the power-density spectrum (PDS) of the sim-
ulated TCSC voltage.
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Figure 8.21 Filtered frequency components of the system responses: solid line denotes
voltage in volts and dashed line denotes current in amps.

Ze(@) =Ro(@0) +j X () (8.14)

where R, = the equivalent resistance of the TCSC

X, = the equivalent reactance of the TCSC

The equivalent resistance and reactance components are plotted as func-
tions of frequency in Fig. 8.22. The TCSC presents an increasingly resistive
effect as the frequency decreases below the synchronous level, implying that
the TCSC offers resistive damping to subsynchronous oscillations. On the other
hand, from Fig. 8.22(b), it is seen that while TCSC amplifies the capacitive
reactance at the fundamental frequency according to the specified Xopqer, the
equivalent TCSC capacitive reactance is reduced as the frequency is decreased
below the subsynchronous frequency. In other words, the TCSC introduces an
inductive effect at subsynchronous frequencies. The TCSC equivalent reactance
corresponds to the reactance of the TCSC fixed capacitor at neither the nom-
inal frequency nor the subsynchronous frequency. Thus, in the vernier mode
of operation, the TCSC detunes the electrical resonant frequency with respect
to the torsional mode by changing its equivalent-capacitive reactance at sub-
synchronous frequency. It further provides a positive, resistive damping to the
subsynchronous oscillations.

It is noted from Fig. 8.22(a) that in the subsynchronous-frequency range of
28-60 Hz, the equivalent resistance increases with the X4.;. Because the elec-
trical frequency shown in the figure is complementary to the torsional-mode fre-
quency (60 Hz), it can be argued that a higher X4e; Will impart a larger resistive
damping to the low-frequency torsional modes in the range of 0-32 Hz.

It is seen from Fig. 8.22(b) that for a specified Xq4er, the equivalent-capac-
itive reactance deviates most from the fixed-capacitor reactance (or offers
a maximum inductive effect) at lower electrical frequencies. This deviation
implies that the TCSC will be more effective in suppressing the complementary
higher-frequency torsional modes.



338 TCSC APPLICATIONS

4 T T T T T
-
3 ——_\‘ ~<o
— B - ~o e —
] SC:::?::::\—>'°;‘=.___‘
= -"‘X‘—~-\‘;: S~
] e Cnd - =<
% \\l \1:.___)“‘*\\\
o ol SOTTOL TN _
= > RETGRAN
'Ci N \\ \\
@ \ O M\
aQ \ AN \\\
£ X AR
2 9k N AR |
> ~ RN
] N AR
O s R\
N i \
&
ok <
y | | | | |
0 10 20 30 40 50 60
Frequency (Hz)
(a)
0
9
<)
= 2
I
o
© 3
£
it
£
Z 5L
o
5]
?
G b
'_
7k
" | | | |
0 10 20 30 40 50 60

Frequency (Hz)
(b)

Figure 8.22 Frequency-domain characteristics of (a) the real part and (b) the imagi-

nary part of the TCSC equivalent impedance, where

and the Xgrder 18 as follows: --e-- = 1.2; --o-- = 1.5; --X-- = 2.1; and

is the TCSC internal capacitor
=2.9.
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Figure 8.23 The transient torques: (a) conventional and (b) with TCSC.

The preceding study is indicative only of TCSC behavior. The exact per-
formance may vary with differing system configurations, system parameters,
TCSC operating conditions, and so forth.

An example of TCSC detuning of a transient-torque frequency is presented
in ref. [34]. A series-compensated electrical network that carries power from
a fossil generator to an infinite bus is considered. The total series reactance,
X, is 203 Q, whereas the capacitive reactance, X,, of the conventional fixed
capacitor equals 90 Q, resulting in an electrical natural frequency of 40 Hz. A
transient-torque inception scenario with the foregoing conventional capacitor is
depicted in Fig. 8.23. The 15-Q capacitor voltage exhibits a 40-Hz electrical
natural frequency; the generator-torque deviation, on the other hand, undergoes
a prolonged 20-Hz (60 — 40 Hz) oscillation.

A comparison is made between the performance of the conventional capac-
itor bank and a TCSC of same rating at synchronous frequency. The 90-Q
series-capacitive reactance is realized through two 15-Q conventional-capac-
itor segments and two 15-Q TCSC segments operating at twice the nominal
reactance by the appropriate firing control (90 @ =2 x 15Q +2 x 15 Q X 2).
The transient torque for the same disturbance is illustrated in Fig. 8.23(b). It
is interesting to note that the TCSC with constant-reactance control is able to
reduce the magnitude of generator transient-torque oscillation and also change
the frequency of torque oscillation from 20 Hz to approximately 37 Hz. The
electrical frequency corresponding to 37 Hz is 23 Hz (60 — 37 Hz), which is
determined by the capacitance of the conventional capacitor 30 @ (2 x 15 Q)
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and a TCSC reactance of 2 X 30 . The TCSC thus minimizes the transient
torque by detuning a resonant condition.

Usually, generation and transmission projects are financially and, to a great
extent, technically decoupled, so it is highly desirable to implement SSR coun-
termeasures in the offending series-compensation equipment [35]. Thus, in a
series-compensated system in which a small percent of series compensation
is provided by the TCSC, the SSR effects can be mitigated successfully by
enhanced control of the TCSC.

8.6.2 A Case Study

In this case study, adapted from ref. [35], a simple radial transmission system
is depicted in Fig. 8.24, in which a 600-MW turbine generator supplies power
over a series-compensated line. The turbine generator unit has two torsional
modes: one at 18 Hz, the other at 29.8 Hz.

. . j
7 =re+rg+|jol - — 8.15
(Jw) rg+r (J C) ( )

where r, = the generator stator resistance
ry — the transmission-line resistance
C = the capacitance of the series capacitor
L = L, + L, the total circuit inductance

L, = the generator inductance

i
I

the transmission-line inductance

Eigenvalues of the Fig. 8.24 system are plotted in Fig. 8.25. Path 1 in the
figure corresponds to the root loci for varying series compensation of a fixed
capacitor without any TCSC; path 2 corresponds to 36% series compensation
and a variable-conduction angle tuned to critically excite mode 2; and path 3 in
the root loci corresponds to 68% series compensation and an effective TCSC
reactance tuned to mode 1. The roots correspond to the electrical system and
torsional system as viewed from a reference frame attached to the generator
rotor. The TCSC operates in constant-reactance control.

rs Lg C
D<l=@ yve———

Iy Lg

Figure 8.24 A 600-MW turbine generator supplying power over a series-compensated
line.
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Figure 8.25 The root locus of the electric and mechanical mode versus the series
compensation and conduction angle.

As the series compensation increases, the electrical-mode frequency
decreases (as seen from the rotor). The damping of this mode decreases from
the induction-generator effect until it finally becomes unstable beyond a certain
level of series compensation—the well-understood self-excitation phenomenon.

The performance of TCSC constant-reactance control is evident from paths
2 and 3 in the root loci. Even though the TCSC is able to damp the critically
destabilized mode, it is unable to stabilize the overall system, thus necessitating
the application of modulated-reactance control or a PSDC that can be derived
in a manner similar to a PSDC designed for damping power-swing oscillations.
The subsynchronous response of the network is sensed, and a capacitor-offset
voltage, generated by thyristor conduction, is modulated to produce the appro-
priate sideband voltages. The sideband voltages cause a countercurrent to flow
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Figure 8.26 Benefit of the TCSC to small-signal stability.

into the network, equalizing the original current flow in the capacitor by means
of torsional oscillations. A synthesized rotor-frequency signal is shown to be
highly effective for this purpose [36].

The destabilizing, or negative, damping torque for cases lacking a TCSC
with constant-reactance control, lacking a TCSC with modulated-reactance con-
trol, and even lacking a TCSC altogether is depicted in Fig. 8.26. Maximum
undamping exists for the case lacking a TCSC. The negative damping is reduced
by a 10% TCSC operating on constant-reactance control, athough the beneficial
influence is shifted to a higher frequency. An appropriately designed SSR-mod-
ulation control for 10% TCSC successfully stabilizes all the torsional modes.

8.6.2.1 Transient-Torque Minimization During severe faults in a series-
compensated system, the undischarged series capacitor causes subsynchronous
currents to flow into the network and generating system. These currents result
in electromagnetic torques in the generator, which may have frequency compo-
nents close to the torsional-mode frequency. Very large transient-shaft torque
are experienced by the torsional system; these continue until the post-fault sys-
tem settles to an equilibrium state.

Damping control of the TCSC can rapidly mitigate the transient torque in
the study system following a 3-phase fault, as shown in Fig. 8.27. Without the
TCSC, the shaft torque persists for a long time, even when the capacitor voltage
is limited to 2 pu by protective action.

8.6.2.2 Criteria for SSR Mitigation by the TCSC The following condi-
tions are prescribed for TCSCs to damp SSR [35], [37]:
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Figure 8.27 Benefit of the TCSC to damp transient-shaft torques.

1. The TCSC should be able to damp the SSR effects simultaneously on all
turbine generators.

2. If the TCSC is unable to damp the SSR, the TCSC control must act to
remove the capacitor from the transmission line.

3. If some remaining SSR effects are observed on turbine generators because
of other series capacitors in the network, they must be identified and mit-
igated independently.

While achieving the aforementioned objectives, a minimum control range of the
TCSC must be used, and to ensure the reliability of operation, the controller
gain must not be unduly large.

Although constant-reactance control may not be adequate in limiting the
SSR, other reactance-modulation schemes, based on line power or line current,
(e.g., the one employing enhanced power control with a fast inner-current con-
troller), offer robust SSR mitigation solutions [2], [6]. A constant-angle control
proposed in ref. [3] also successfully damps the subsynchronous oscillations.
This control strategy supersedes the constant-current control in its ability to
suppress the SSR.

8.7 VOLTAGE-COLLAPSE PREVENTION

Voltage-collapse problems are a serious concern for power-system engineers
and planners. Voltage collapse is mathematically indicated when the system
Jacobian becomes singular. The collapse points are indicative of the maximum
loadability of the transmission lines or the available transfer capability (ATC)
[38]. The TCSCs can significantly enhance the loadability of transmission net-
works, thus obviating voltage collapse at existing power-transfer levels. While
the TCSC reduces the effective line reactance, thereby increasing the power
flow, it generates reactive power with increasing through-current, thus exercis-
ing a beneficial influence on the neighboring bus voltage.
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Figure 8.28 The voltage profile of the critical bus employing 50% TCSC compensa-
tion.

An application of the TCSC for the preceding purpose is presented in ref.
[38] for a European system. The system faces voltage collapse or a maximum
loading point corresponding to a 2120-MW increase in the net load. If a TCSC
is installed to provide 50% compensation of the line experiencing the highest
increase in power at the point of collapse, the maximum loadability will be
enhanced to 3534 MW. The influence of the TCSC on the voltage profile of a
critical bus is illustrated in Fig. 8.28.

A performance factor, f, is proposed in ref. [38] that indicates the maximum
increase in loadability, A, for a given percent of line compensation:

No [MW]
= 8.16
Ir Xief [ % compensation of Xjipe] ( )

where X = the reactance-reference setting of the TCSC

Xiine = the line reactance

This index can be gainfully employed to obtain the best location of the TCSC in
a system. The enhancement of system loading and variation of the performance
factor with TCSC compensation are depicted in Fig. 8.29.

It is suggested that TCSC reactance-modulation schemes based on line cur-
rent or line power, or on the angular difference across lines, may prove unsuc-
cessful for voltage-stability enhancement. The reason is that these controls con-
strain any variation in the corresponding variables that may be necessary with
changing loads, thereby limiting any power-flow enhancement on the line.
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Figure 8.29 The effect of changing the TCSC compensation levels for the
critical line: (a) the loading margin and (b) the performance measure, f,.

8.8 TCSC INSTALLATIONS

This section describes the performance of two installed TCSC controllers: one,
for power-oscillation damping in the Brazilian north—south inter-tie [39]-[41];
the other, for mitigating subsynchronous resonance in the Swedish Stode system
[42].
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Figure 8.30 The Brazilian north—south (NS) interconnection.

8.8.1 Imperatriz—Serra da Mesa TCSCs in Brazil

The north—south (NS) interconnection in Brazil, connecting the north—northeast
(NNE) system and the south—southeast (SSE) system, is shown in Fig. 8.30.
This interconnection comprises a single 500-kV compact transmission line of
1020-km length that links the Imperatriz substation in the N system to the Serra
da Mesa substation in the S system. A single line diagram of the system is
given in Fig. 8.31. The installed-generation capacities in the NNE and SSE
systems are 14 GW and 48 GW, respectively, which are primarily hydroelectric.
The power-transfer capacity of the inter-tie is 0-1300 MW in either direction.
The 500-kV line is provided with 100% shunt compensation through the line
reactors and 54% fixed-series compensation distributed on six series-capacitor
banks (161 MVAR or —23.8 Q each) along the transmission line.

Although for purely technical reasons such an interconnection would have
been expected to be installed through a dc link, it was decided that an ac inter-
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Figure 8.31 Single-line diagram of the Imperatriz—Serra da Mesa transmission line.

connection would be installed instead—for strategic and political reasons and
also because of possible future ac-system expansion in the region. However,
this interconnection has led to the emergence of low-frequency, poorly damped
0.18-Hz inter-area oscillation modes. The magnitude of the oscillations can be
of the order of 300 MW.

Power-system stabilizers (PSSs) have been conventionally employed to
dampen electromechanical modes in the frequency range of 0.5-20 Hz. How-
ever, as the NS inter-area mode has a frequency of the order of 0.2 Hz, it is
argued that the PSS solution to dampen this mode may not be feasible for the
following reasons:

1. All major plants in the NE system will require modified PSSs.

2. Even the modified PSSs, which have fixed structures and parameters, may
not be able to generate requisite damping for the NS mode.

3. The new frequency range that will be assigned to PSSs for damping will
be extensive and possibly difficult to realize in a reliable manner.

4. The modified PSSs may adversely affect the damping of local modes in
the NE system and the inter-area modes pertaining to the N-NE system.

5. The modified PSS gains cannot be made very large because of practi-
cal limits during operation at very low frequencies, thus restricting the
effectiveness of the PSSs.
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TABLE 8.2 The TCSC Controller Data

Parameter Value Unit
Maximum system voltage (phase—phase) 550 kV
Nominal reactive power 107.5 MVAR
Physical capacitive reactance (1 pu) 13.27 Q/ph
Nominal capacitive reactance (1 - 2 pu) 15.92 Q/ph
Nominal capacitive boost factor (X,p,/X.) 1.2 pu
Maximum capacitive reactance (3 pu) 39.8 Q/ph
Reactor inductance 5.63 mH
Inductive reactance in bypass 2.5 Q/ph
Rated line current 1500 A
Rated continuous TCSC voltage (1 pu) 23.88 kV
30-min overload current (1.5 pu) 2025 A
10-s overload current (2 pu) 3000 A
Maximum thermal short-circuit current 23 kA

It was therefore proposed that TCSCs be used for damping the N-S inter-area
mode. Two TCSC banks were installed in the inter-tie to provide damping of
the inter-area oscillations. One TCSC is located close to the Imperatriz substa-
tion; the other is located next to the Serra da Mesa substation. The basic TCSC
parameters are listed in Table 8.2.

The reason for having two TCSCs, instead of one with twice the capacity, is
based on the planned future expansion of the system when some hydroelectric
stations are likely to be constructed and linked along the same route. In this
scenario, it is expected that the two TCSCs, if coordinated appropriately, will
result in superior system damping.

The reactance of each TCSC can be controlled from —13.3 @, with thyristors
blocked up to —39.8 Q in the capacitive-vernier mode, to give a voltage boost
factor of 3. In the steady state, both TCSCs operate at —15.9 Q, providing a
voltage boost factor of 1.2 and implying that during power oscillations, the
effective line reactance can be modulated between 43 Q (both TCSCs at a 3.0
pu boost) and 128 @ (both TCSCs bypassed).

8.8.1.1 TCSC Power-Oscillation Damping (POD) Control The main
objective of the TCSC installation is the damping of N-S inter-area mode.
Power-flow control is not considered, nor is SSR damping, as the generators
are mainly hydroelectric.

The control input to the POD controller is selected as the active power flow
in the line. However, the line-current signal is found to be almost equally effec-
tive. It may be noted that the amount of line active-power variation caused by
the TCSC is a function of both the change in TCSC reactance as well as the
line current/loading. Thus if the TCSC control operates with a constant gain,
the TCSC will be most effective in damping power oscillations during high line
loadings and least effective during low line loadings. To maintain a near-uni-
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form damping contribution over a wide range of line loadings, a gain-scheduling
scheme is adopted, as shown in Fig. 8.32.

In the figure, the input, IN, to the gain controller is derived from the control-
signal input, /(P) to the POD controller by passing it through a low-pass filter
having a time constant 7,,,, which is large enough to not interact with the
power-oscillation frequency [40], [41]. A low value of line-power flow, Iy,
provides a high gain, K¢y ; a high line loading, IyF, provides a low gain, Kgr.
Any intermediate level of power-flow IN results in an interpolated gain Kg,
which is then used for power-oscillation damping.

The TCSC control system, illustrated in Fig. 8.33, provides a reactance-order
output Xoqer, Which essentially consists of a steady-state reactance-reference
signal, X, added to an output signal emanating from the POD controller. Two
limits, Xpmax and Xpin(7), are imposed in the limitation block on the reactance-
order output Xorger- The limit X, corresponds to the reactance of the fixed
capacitor, whereas the limit X,;,(#) relates to the maximum compensation level
achievable by the TCSC firing control, and is determined by the maximum
permissible temporary voltage across the TCSC. It is also a dynamic limit, as
it is dependent on the line current, /};,., wWhich is a function of time.

Xmin(t) = 3Xmax if |Xl| |Iline(t)| < 2Vmax (8-17)
72Vmax .

Xmin(t) TN if |XI| |Iline(t)| > 2vmax (818)
|Iline(t)|

where both X, and Xp,i,(7) are negative quantities because they denote capac-

In.pm / / Xmax
Signal 1 sT, 1+5T, 1+5T5 Xorder
1+8T, [ | 1+sT, @ 1+8T, | | 1+8T, / >
Xmin
L L, X,

Figure 8.33 A block diagram of the TCSC control system.
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TABLE 8.3 The TCSC Parameters
(Base: 100 MVA, 500 kV)

Parameter Value Unit

K, Variable” pu (Q)/pu (MW)
T, 0.05 S

T, 1.5 S

Tz 0.3 S

Ts 2.2 S

Ty 0.3 S

Ts 2.2 S

Ximax -0.00531 pu (Q)
Xmin(D See Egs. (8.17), (8.18) pu (Q)

“0.1 for power transfer = 1000 MW.

itive reactances, and

Vmax = the maximum continuous voltage across the TCSC

X; = the TCSC capacitive-reactance output before the limitation block

The POD controller comprises a measurement block with time constant 7,
a washout stage with time constant T, a variable gain K, and two lead-lag fil-
ters with time constants 7—74. The washout stage eliminates the average com-
ponent of the measured line-power-flow signal. The POD controller thus gen-
erates a signal proportional to the oscillatory component of power flow, which
is appropriately phase-shifted. The typical values of these controller parameters
are given in Table 8.3 [40].

For the dynamic-control action of the POD to not exceed the controllable
range of the TCSC, the lead-lag filters are provided with non-windup limiters.
These limits also ensure that the output of the lead-lag filters will not acquire a
dc offset during system transients and cause the TCSC reactance to saturate on
one side of the main-circuit controllable range. However, they are associated
with a major discrepancy: During large power swings and whenever the POD
gain is high, the limit curb the POD output signal in almost each cycle, resulting
in the loss of desirable phase shift from the lead-lag filters. The effectiveness
of the TCSC in damping the power oscillations is thus greatly diminished.

8.8.1.2 Phasor Estimation An ingenious alternate method of POD con-
troller design is described in refs. [39] and [40]. The main objective of this
method is to produce a TCSC reactance-order signal than can augment system
damping. It is known that the line real power comprises two components:

1. the average power on the line, and

2. the oscillating power having the frequency of the inter-area mode.
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Figure 8.34 A block diagram of a phasor POD controller.

In this method, a phase-locked loop (PLL) is used to extract the instantan-
eous-phase angle and amplitude of the oscillating-power signal. Then, the TCSC
reactance is modulated accordingly to introduce damping for these power oscil-
lations. A block-schematic diagram of the phasor POD that performs the signal
extraction is depicted in Fig. 8.34. A reference signal is generated with the same
frequency as the inter-area mode. The PLL locks to this frequency and extracts
the following signals:

the 0.2-Hz real-power oscillation;
the average real-power flow on the inter-tie;
the amplitude of the power oscillation; and

Ll

the phase angle of the power oscillation.

System damping can now be enhanced if the TCSC reactance order is made
to lag behind the active power signal by 90° [43]. The phasor POD controller-
output signal is duly corrected in sign based on the direction of power flow in
the line. Even though this controller is designed to function for a fixed inter-area
mode frequency, it can be adapted to operate over a wider frequency range.
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Figure 8.35 Tripping of 300-MW generator in Tucurui, with the lead-lag and phasor
PODs both disabled.

8.8.1.3 Performance of Both TCSCs The performance of these POD con-
trollers is tested in the field by tripping a 300-MW generator in Tucurui, which
is considered a severe contingency. When the PODs at both the Imperatriz and
Serra da Mesa substations are disabled, the foregoing contingency causes the
system of each to become unstable, as shown in Fig. 8.35, which subsequently
causes the tripping of the N-S interconnection.

Field tests further demonstrate that when the Imperatriz TCSC is equipped
with a lead-lag filter—based POD controller, and if the POD at the Serra da Mesa
TCSC is disabled, valuable phase shift gets lost from the limiter action during
power oscillation in the same critical loss of generation scenario. Therefore,
the TCSC capability cannot be used effectively for damping enhancement. This
behavior is demonstrated in Fig. 8.36.

Line Power (MW)
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0
-20 0 20 40 60 80

Time (s)

Figure 8.36 Tripping of 300-MW generator in Tucurui, with the lead-lag POD in
Impertriz and the Serra da Mesa disabled.
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Figure 8.37 Tripping of 300-MW generator in Tucurui, with the phasor POD in Imper-
atriz and the Serra da Mesa disabled.

A dual-gain scheme is employed in which a high POD gain is implemented
when the power-swing amplitude exceeds 30 MW and a lower steady-state gain
is used when power oscillations are not as high. This damping scheme also
uses a bang-bang strategy during low-power transfer situations, which involve
the bypassing of TCSCs. This scheme has proven to be highly effective. The
test result for the same fault scenario, with the phasor POD installed at the
Imperatriz TCSC and the POD at the Serra da Mesa TCSC disabled, is depicted
in Fig. 8.37.

When, however, the phasor POD controller is installed on the Imperatriz
TCSC, and when the POD at the Serra da Mesa TCSC is activated, a significant
damping is introduced into the system for the NS mode after the same 300-MW
generator tripping in Tucurui. The damped real-power flow and corresponding
TCSC apparent reactance are displayed in Fig. 8.38.

During initial system operation, the Imperatriz TCSC and the Serra da
Mesa TCSC present similar behavior. Because they both use simple open-loop-
impedance control, along with similarly tuned damping controllers that use local
information and only do not communicate between the two TCSCs, no adverse
interaction between them is anticipated.

8.8.2 Stode TCSC in Sweden

The Stode TCSC in Sweden is installed for alleviating SSR [42], [44]. In that
country, some long-distance 400-kV transmission lines connected to nuclear
power—generating stations are series-compensated, which has caused repeated
occurrences of subsynchronous currents within the series capacitors (SCs) that
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Figure 8.38 Tripping of 300-MW generation in Tucurui, with the phasor POD in
Imperatriz and the Serra da Mesa enabled.

must be bypassed. One investigated means of eliminating this problem involved
reducing the levels of series compensation in the lines, but doing so was found
unacceptable; it substantially reduced the power transfers in other corridors, and
it also increased the power losses. This unacceptability led to another means
of eliminating the problem: by splitting the existing SC of the Stode unit into
two segments. Of the original SC, 70% was kept intact as a fixed component;
the balance (30%) segment was converted into a TCSC. The 30% balance was
selected so that if any inadvertent failure of TCSC equipment occurred, the
line could still operate with a reduced value of series compensation and yet
provide reasonable system benefits while, at the same time, the TCSC could
be bypassed. The design parameters of the Stode TCSC are given in Table 8.4
[42].

The synchronous voltage reversal (SVR) control scheme [3], [12], [32], [42],
[44] is used to obtain the desired apparent impedance of TCSC. A TCSC voltage
boost level of 1.2 is chosen for this scheme, which evolved from the following
considerations:

TABLE 8.4 Stode TCSC Basic Design Parameters

Parameter Value
Physical capacitor reactance 18.25 Q/ph

Apparent TCSC reactance in the steady state 21.9 Q/ph

Rated current 1500 A, rms continuous
Short-time current 2025 A, rms 30 min;

2250 A, rms 10 min
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1. A higher boost level implies higher TCSC current that requires an increase
in the capacitor bank rating.

2. A higher boost factor also raises the magnitude of thyristor current.

3. A higher boost level also increases the harmonic voltage inserted in series
with the line.

4. A minimum boost level is needed to ensure that the thyristors do not need
to turn on near the voltage zero crossing.

The Stode TCSC allows the degree of series compensation to remain unchanged
at its original level as the SSR conditions modify to those corresponding to the
case in which 30% of the SC reactance is bypassed. These conditions need not
be a cause for concern.

A significant aspect of the Stode TCSC is that it demonstrates how an exist-
ing series-compensation installation can be reorganized partly by employing
existing equipment and partly by employing some newly acquired apparatuses.
If the TCSC component is set up on independent platforms, the line is also not
required to be put out of service for a long period.

On a global level, the Stode TCSC may become a precursor for the part
conversion of existing series-compensated lines into TCSC schemes.

8.9 SUMMARY

This chapter described the different controllers for TCSCs. Various applications
of TCSCs were presented together with case studies. The choice of control sig-
nals for modulating TCSC reactance was discussed, along with the methodol-
ogy for controller design. The objectives and performance of two recent TCSC
installations were described and discussed.
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I CHAPTER 9

Coordination of FACTS Controllers

9.1 INTRODUCTION

Flexible ac transmission system (FACTS) controllers either extend the power-
transfer capability of existing transmission corridors or enhance the stability and
security margins for given power-transmission limits. Fast controls associated
with FACTS controllers do provide these system improvements, but they also
can interact adversely with one another. In an interconnected power system,
when the controller parameters of a dynamic device are tuned to obtain the best
performance, the remaining power system is generally assumed to be passive
or represented by slowly varying elements. This assumption is strictly not true;
hence the adjusted parameters may not prove optimal when the dynamics of
the various other controllers are, in effect, found in real systems [1].

This chapter presents different scenarios when various FACTS controllers
interact unfavorably with one another. Linear-control techniques for coordinating
the controls of different FACTS controllers are described, and nonlinear-control
design methods that can be extended for the same purpose are described as well.

9.2 CONTROLLER INTERACTIONS

An excellent discussion on controller interactions is presented in refs. [1], [2],
and [3]. Controller interactions can occur in the following combinations:

1. Multiple FACTS controllers of a similar kind.
2. Multiple FACTS controllers of a dissimilar kind.
3. Multiple FACTS controllers and HVDC converter controllers.

Because of the many combinations that are possible, an urgent need arises for
power systems to have the controls of their various dynamic devices coordi-
nated. The term coordinated implies that the controllers have been tuned simul-
taneously to effect an overall positive improvement of the control scheme [2].

The frequency ranges of the different control interactions have been classi-
fied as follows [1]:
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o 0 Hz for steady-state interactions

e 0-3/5 Hz for electromechanical oscillations

e 2-15 Hz for small-signal or control oscillations

e 10-50/60 Hz for subsynchronous resonance (SSR) interactions

e >15 Hz for electromagnetic transients, high-frequency resonance or har-
monic resonance interactions, and network-resonance interactions

9.2.1 Steady-State Interactions

Steady-state interactions between different controllers (FACTS-FACTS or
FACTS-HVDC) occur between their system-related controls. They are steady
state in nature and do not involve any controller dynamics. These interactions
are related to issues such as the stability limits of steady-state voltage and
steady-state power; included are evaluations of the adequacy of reactive-power
support at buses, system strength, and so on. An example of such control coor-
dination may be that which occurs between the steady-state voltage control of
FACTS equipment and the HVDC supplementary control for ac voltage regu-
lation.

Load-flow and stability programs with appropriate models of FACTS equip-
ment and HVDC links are generally employed to investigate the foregoing con-
trol interactions. Steady-state indices, such as voltage-stability factors (VSF),
are commonly used. Centralized controls and a combination of local and cen-
tralized controls of participating controllers are recommended for ensuring the
desired coordinated performance.

9.2.2 Electromechanical-Oscillation Interactions

Electromechanical-oscillation interactions between FACTS controllers also
involve synchronous generators, compensator machines, and associated power-
system stabilizer controls [1]-[3]. The oscillations include local mode oscil-
lations, typically in the range of 0.8-2 Hz, and infer-area mode oscillations,
typically in the range of 0.2-0.8 Hz. The local mode is contributed by syn-
chronous generators in a plant or several generators located in close vicinity;
the inter-area mode results from the power exchange between tightly coupled
generators in two areas linked by weak transmission lines.

Although FACTS controllers are used primarily for other objectives, such
as voltage regulation, they can be used gainfully for the damping of electrome-
chanical oscillations. In a coordinated operation of different FACTS controllers,
the task of damping different electromechanical modes may be assumed by sep-
arate controllers. Alternatively, the FACTS controllers can act concertedly to
damp the critical modes without any adverse interaction.

Eigenvalue analysis programs are employed for determining the frequency
and damping of sensitive modes.
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9.2.3 Control or Small-Signal Oscillations

Control interactions between individual FACTS controllers and the network or
between FACTS controllers and HVDC links may lead to the onset of oscil-
lations in the range of 2—15 Hz (the range may even extend to 30 Hz). These
oscillations are largely dependent on the network strength and the choice of
FACTS controller parameters, and they are known to result from the interac-
tion between voltage controllers of multiple SVCs [4], the resonance between
series capacitors and shunt reactors in the frequency range of 4-15 Hz [5]-[6],
and so forth. The emergence of these oscillations significantly influences the
tuning of controller gains.

Analysis of these relatively higher frequency oscillations is made possible
by frequency-scanning programs, electromagnetic-transient programs (EMTPs),
and physical simulators (analog or digital). Eigenvalue analysis programs with
modeling capabilities extended to analyze higher-frequency modes as well may
be used [7].

9.2.4 Subsynchronous Resonance (SSR) Interactions

Subsynchronous oscillations may be caused by the interaction between the
generator torsional system and the series-compensated-transmission lines, the
HVDC converter controls, the generator excitation controls, or even the SVCs
[8]. These oscillations, usually in the frequency range of 10-50/60 Hz, can
potentially damage generator shafts. Subsynchronous damping controls have
been designed for individual SVCs and HVDC links. In power systems with
multiple FACTS controllers together with HVDC converters, a coordinated con-
trol can be more effective in curbing these torsional oscillations.

Analysis techniques and tools for investigating these control interactions are
similar to those stated in Section 9.2.3.

9.2.5 High-Frequency Interactions

High-frequency oscillations in excess of 15 Hz are caused by large nonlinear
disturbances, such as the switching of capacitors, reactors, or transformers, for
which reason they are classified as electromagnetic transients. Control coor-
dination for obviating such interactions may be necessary if the FACTS and
HVDC controllers are located within a distance of about three major buses.

Instabilities of harmonics (those ranging from the 2nd to the 5th) are likely
to occur in power systems because of the amplification of harmonics in FACTS
controller loops. Harmonic instabilities may also occur from synchronization or
voltage-measurement systems, transformer energization, or transformer satura-
tion caused by geomagnetically induced currents (GICs).

FACTS controllers need to be coordinated to minimize or negate such inter-
actions. The techniques employed to analyze these interactions are similar to
those stated in Section 9.2.3.
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9.2.6 The Frequency Response of FACTS Controllers

The composite-frequency response of a FACTS controller, together with its
associated ac system, provides a good indication of the control-system stabil-
ity, especially while an attempt is made to coordinate several FACTS or HVDC
controllers.

A time domain—based frequency-scanning method (FSM) [2], [9] is used
for obtaining the frequency responses of individual and coordinated FACTS
controllers. A current source is used to inject a spectrum of frequencies at the
FACTS controller bus. The local voltage developed at the bus is measured,
and its harmonic content is evaluated through the use of Fourier analysis. The
simulations are performed with an EMTP that has detailed models of FACTS
controllers.

To avoid the operation of any system component in its nonlinear region, the
magnitudes of injected harmonic currents are chosen to be quite small, thereby
ensuring linearized system behavior around the operating point. In HVDC
converters, an injected-current magnitude is considered sufficiently small if it
does not cause a firing-angle oscillation in excess of 0.5° [9]. Two frequency-
response examples of FACTS controllers [1]—one for the SVC, the other for
the TCSC—are presented in the following text.

9.2.6.1 The Frequency Response of the SVC The study system consid-
ered is shown in Fig. 9.1. A £50 MVAR SVC is connected at the midpoint of
the network that connects systems 1 and 2. The frequency response is obtained
for two operating points.

At the first operating point, the SVC maintains a bus voltage of 1.02 pu,
with a firing angle o = 102° corresponding to a reactive-power absorption of
22.5 MVAR (inductive). Small-magnitude harmonic currents, I, are injected

System 1 230VkV System 2

O =10

sve +50 MVAR

Figure 9.1 A study system for frequency scanning of the SVC.
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Figure 9.2 The impedance magnitude of the SVC frequency response.

at discrete frequencies ranging from 5 to 45 Hz. The corresponding impedances
are computed as the ratio of the developed voltage and the injected-harmonic-
disturbance-current components. The impedance magnitude and angle-fre-
quency responses are plotted in Figs. 9.2 and 9.3, respectively. The SVC
presents a parallel resonance at 33 Hz and behaves inductively from 5 to 33 Hz,
becoming capacitive at resonance and tending to resume inductive behavior as
the frequency is increased beyond 33 Hz.

The frequency response is obtained for the second steady state—operating
point. The bus voltage is now regulated at 1.10 pu, with a thyristor firing angle
o = 147° corresponding to a reactive-power injection of 50 MVAR (capacitive).
The corresponding magnitude and angle-frequency responses are, again, plotted
in Figs. 9.2 and 9.3, respectively. It is seen that the resonant frequency modifies
to 19 Hz and the impedance peak becomes three times that of the inductive SVC
operation. The phase plot indicates that the higher the firing angle, the smaller
the frequency range of inductive operation.

150 L I L I T T 1T I T T 1T I T T 1T I T T 1T I T T 1T I T T 1T
a=102°
o=147°

100

)]
o

Phase (deg.)
o

|
a
o

-100

10 15 20 25 30 35 40 45
Frequency (Hz)

U.I||||||||||IIII|

-150

Figure 9.3 The impedance angle of the SVC frequency response.
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Figure 9.4 A study system for the TCSC frequency response.

9.2.6.2 The Frequency Response of the TCSC The 60-Hz test system
used for evaluating the TCSC frequency response is depicted in Fig. 9.4. The
frequency response is obtained for two conduction angles: 80° and 86°. The
impedance magnitude and angle plots are illustrated in Fig. 9.5 and Fig. 9.6,
respectively. It is evident that the TCSC-compensated system presents an induc-
tive behavior until it reaches 4550 Hz; thereafter, its behavior tends to become
capacitive, resembling that of a pure capacitor.

9.3 SVC-SVC INTERACTION

9.3.1 The Effect of Electrical Coupling and Short-Circuit Levels

A detailed case study of control interaction between multiple SVCs in a large
power system is given in refs. [3] and [10]. The interaction phenomena are
investigated as functions of electrical distance (electrical coupling) between the
SVCs and the short-circuit level at the SVC buses.

9.3.1.1 Uncoupled SVC Buses A simplified test system shown in Fig. 9.7
is considered for the interaction analysis performed through eigenvalue anal-
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Figure 9.5 The impedance-magnitude plot of the TCSC frequency response.
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Figure 9.6 The impedance-angle plot of the TCSC frequency response.

yses and root-loci plots. All the generating units are represented by infinite
buses. If the transfer reactance between buses 1 and 2 is high, making the buses
electrically uncoupled, then the SVCs connected to those buses do not interact
adversely. Increasing the proportional gain of SVC 1 connected to bus 1, even to
the extent of making the SVC unstable, does not affect the eigenvalues of SVC
2—implying that the controller designs of SVCs can be done independently
for multiple SVCs in a power system if the transfer reactance between their
connecting buses is high.

9.3.1.2 Coupled SVC Buses If, however, the reactance between the two
SVC buses is low, it constitutes a case of high electrical coupling between the
SVCs. Here again, two possibilities exist with respect to short-circuit capacity
of the region where the SVCs are installed: the SVC region with a high short-
circuit capacity and the SVC region with a low short-circuit capacity.

For high short-circuit capacity conditions in the same system as Fig. 9.7,
refs. [3] and [10] reveal that by increasing the proportional gain of one SVC,
the eigenvalues of the other SVC are impacted very slightly. Almost no control
interaction exists between the two SVCs irrespective of their electrical coupling,
as long as they are in a high short-circuit-level region, that is, when the ac
system 1is stiff. The reason for this condition is that the interlinking variable
between the two SVCs is the bus voltage. Thus the controls of both SVCs can
be independently designed and optimized, but if the short-circuit capacity of
the SVC region is low, varying the proportional gain of SVC 1 will strongly
influence the eigenvalues associated with SVC 2. It is therefore imperative that
a coordinated control design be undertaken for both SVCs.

Despite simplifications in the study system and in the analysis approach, the
aforementioned interaction results are general, for the phenomena investigated
are independent of the number of buses, transmission lines, or generators.
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9.3.2 The System Without Series Compensation

In power systems with several SVCs, the maximum response rate of the SVCs
is limited by the stability of individual voltage-control loops [6] during major
contingencies.

9.3.2.1 Study System The Hydro-Quebec summertime power system,
shown in Fig. 9.8 and studied in ref. [6], considers a possible option of 30
SVCs distributed along major transmission networks. In the study presented in
ref. [6], control interaction between the SVCs was investigated for the summer
transmission system and was revealed to be more crucial than that of the win-
ter transmission system not only because of the reduced short-circuit levels but
the lesser loads as well. It was noted that loads contribute to the damping of
power-system oscillations.

A critical contingency that influences the SVC interactions is the loss of two
lines south of La Verendrye—the La Verendrye contingency. The performance
of SVCs is examined over a range of operating conditions spanning the zero
output to the maximum capacitive output. The SVC voltage regulator is mod-
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Figure 9.8 A proposed Hydro-Quebec summertime study system with shunt compen-
sation only.

eled by the gain—time-constant representation: the gain is the inverse of the
SVC slope, whereas the time constant is the response rate. On the ac side of
the SVC measurement systems are notch filters (80 Hz and 96 Hz) to counteract
network resonances; on the dc side are low-pass and harmonic-notch filters to
obtain the pure dc equivalent of the SVC bus voltage. The interaction between
SVC controllers is examined through both eigenvalue analysis and the simula-
tion of transients by using EMTP.

The response to small-reactor switching for the La Verendrye contingency
is depicted in Fig. 9.9(a). The initial conditions were selected as those likely
to occur 30 cycles after this contingency. Increasing oscillations of 16-Hz fre-
quency are noticed in the transient response because of the adverse interaction
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Figure 9.9 The SVC transient behavior in La Verendrye system due to “snapshot”
reactor switching at Abitibi. (a) The existing SVC response rate (7, = 0.133 s) and (b)
the reduced SVC response rate (7, = 0.5 s).

between the fast SVC controllers. An increase in the regulator time constant
(the slowing down of the SVC) from 0.133 s to 0.5 s stabilizes the response as
depicted in Fig. 9.9(b)—an activity that is also clearly revealed from the root
loci of critical modes with varying controller-response rates, 7', as shown in
Fig. 9.10. In the figure, the 16-Hz mode is unstable for 7, = 0.133 s (symbol
2) but stable for 7, = 0.5 s (symbol 4).
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Figure 9.10 The effect of the SVC response rate on system eigenvalues in La
Verendrye system stimulated by reactor switching at Abitibi.

Although Fig. 9.10 illustrates the root loci for a general operating point, Fig.
9.11 illustrates the loci for an operating point with highly capacitive SVCs (280
MVAR/SVC). The system in Fig. 9.11 is unstable, even with greatly slowed
SVCs (T, = 0.5 s), and clearly represents the worst-case scenario. To alleviate
this condition, gain supervisors need to be installed on the SVCs [11]. These,
however, are not without problems; even though they slow the response rate of
the relevant SVCs to stabilize the oscillations, the damping of the oscillations
is very low, causing an altogether poor system response after the peak of the
first major system swing. This low-damping oscillation can be resolved only
by the selective tripping of certain SVCs, for which, again, an elaborate evalu-
ation of all likely contingencies must be performed and the tripping sequences
developed. Obviously, therefore, a completely shunt-compensated system is not
desirable from the viewpoint of voltage-regulator stability [6].
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Figure 9.11 The effect on system eigenvalues for a contingency case with a 2-line
loss south of La Verendrye—all SVCs at 280 MVAR.

Another study presented in ref. [6] shows that when multiple SVCs are
connected on the same line, the controller mode of the SVC with the lower
effective short-circuit ratio (ESCR) becomes susceptible to instability. The dif-
ference in ESCR, as viewed from the TCR terminals of each SVC, is caused
by the unequal rating of the SVCs; hence a coordination in controller param-
eters of the different SVCs is necessary. The interactions between the voltage
controllers become more prominant with high controller gains.

The use of high voltage (HV)-side instead of low voltage (LV)-side voltage
as the feedback signal effectively makes the SVCs become closer electrically
and more interlinked. The HV-side voltage feedback lowers both the damping
and the frequency of SVC controller modes—an effect that is even greater for
higher reactances of the coupling transformer.
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9.3.3 The System With Series Compensation

The main problem with multiple SVCs is the presence of large shunt capac-
itance to the network. This capacitance interacts with the network reactance,
creating a shunt-capacitance-resonant mode that, after demodulation through
the measurement system, interacts adversely with the voltage-regulator mode.
It is therefore desirable to series-compensate the network and use a smaller
number of SVCs. A comparative case study is presented in ref. [6] for a pro-
posed alternative Hydro-Quebec system that is mostly series-compensated. All
major 735-kV lines are assumed to be 30—40% series-compensated, and a total
of 13 SVCs are placed in the system as shown in Fig. 9.12.
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Figure 9.12 Proposed Hydro-Quebec summertime study system with both series and
shunt compensation.
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The root loci for this system, corresponding to the La Verendrye contingency,
are illustrated in Fig. 9.13. Because of the reduced shunt capacitance, with a
smaller number of SVCs and a lowered line reactance from series compensa-
tion, the shunt-capacitance-resonant mode shifts to a higher mode frequency
of 83 Hz that, following the demodulation effect of the measurement system,
appears as a 83 — 60 = 23 Hz component that has much less interaction with
the basic SVC voltage-regulator mode. In the totally shunt-compensated sys-
tem, the shunt-capacitance mode is of 77 Hz, which in Fig. 9.10 appeared as
77 — 60 Hz = 17 Hz in the root loci and was indicated as 0.5 (T, = oo, i.e., N0
regulator response).

As with the case in Fig. 9.10, that of Fig. 9.13 must also have its SVC
response rate lowered to ensure voltage-regulator stability. This reduction, how-
ever, need not be of the same extent; for instance, reducing the SVC response
rate from 0.133 s to 0.25 s stabilizes the overall system.
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Figure 9.14 TImpedance versus frequency from SVC locations for a mostly series sum-
mertime network (La Verendrye contingency).

9.3.3.1 Shunt-Reactor Resonance If shunt reactors are present in the
system (which they usually are), the series compensation of the transmission
line introduces additional resonant modes from the interaction of series capac-
itance with the inductance of shunt inductors [4], [5]. These modes are visible
in the driving-point-impedance plots, as seen from the different SVC locations
depicted in Fig. 9.14, and usually lie in the range of 0—20 Hz. For the study sys-
tem, three major modes are indicated at 6 Hz, 9 Hz, and 17 Hz, the magnitudes
of which vary with location. Also, these modes are associated with substantially
low damping because of the very small line resistance and the high Q-factor of
shunt reactors.

In the root loci of Fig. 9.13, the 17-Hz shunt-reactor-resonant mode is
reflected as its 60-Hz complement, that is, 43 Hz (60 Hz — 17 Hz), again from
the demodulation process in the measurement system. As the SVC response
rate is increased (by reducing T',), these modes become unstable.

The adverse interaction between SVCs and the shunt-reactor modes can be
minimized by installing a high-pass filter with a cutoff frequency of typically
15-20 Hz on the ac-side measurement circuit. The root loci with and with-
out a 15-Hz high-pass filter for the study system is illustrated in Fig. 9.15. It is
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Figure 9.15 Effect of the high-pass filter on subsynchronous modes for a mostly

series-compensated La Verendrye system (contingency at 280 MVAR/SVC): (a) with
no high-pass filter and (b) with a 15-Hz high-pass filter.

evident that without the filter, the system would be barely stable for a response
rate T, = 0.25 s; however, it achieves a reasonably high damping with the filter.

The transient time responses of the system with and without the 15-Hz filter
are illustrated in Fig. 9.16, which confirm the observations from root loci. The
shunt-reactor mode is evidenced in the high-frequency (40-50 Hz) oscillations
in the time responses.

The cutoff frequency of the high-pass filters is obtained as a trade-off
between the stability of low-frequency modes and that of the shunt-reactor
modes. The reason is that when the cutoff frequency is increased to stabilize
the shunt-reactor modes, some lower-frequency modes become undamped.

9.3.4 High-Frequency Interactions

An example of high-frequency control interaction between two SVCs in the
same electrical area is presented in ref. [1]. Figure 9.17 depicts the study sys-
tem comprising two SVCs each rated +30 to —70 MVAR and operating on the
voltage-control mode. Because high-frequency interactions are being analyzed,
it may be noted that the transmission lines are represented as w sections. The
total system is modeled by 78 state variables.

To analyze the control interaction, one SVC is modeled in detail using
the generalized-switching-functions approach [12]-[14], while the second
SVC is represented by a passive equivalent network with same reactive-
power consumption at the operating point under consideration. In Fig. 9.18,
the equivalent system used for the control design of SVC 1 is shown.
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Figure 9.18 An equivalent system for the control design of SVC 1.

The SVC controller is designed to give an acceptable rise, overshoot, and set-
tling times. Eigenvalue analysis reveals that the dominant oscillation mode has
an eigenvalue of Agyc1 (= 0 + j27f) = —19 £ j119.7. This mode constitutes
an oscillation of frequency 19.1 Hz in SVC 1’s response to a 2% step in the
reference-voltage input, as shown in Fig. 9.19. The system simulation is per-
formed using a nonlinear switching function—based EMTP-type simulation.
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Figure 9.19 The response of SVC 1 to a step input in the reference voltage.
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The SVC 2 controller is similarly designed. In this case, SVC 1 is represented
by a passive equivalent network, as depicted in Fig. 9.20. The dominant mode
of oscillation has an eigenvalue of Agyc, = —19.7 £ j118.5 and constitutes an
oscillation of 18.9 Hz in SVC 2’s response to a 2% step in the reference-voltage
input, as depicted in Fig. 9.21.

When both independently designed SVC controllers are together put into
operation in the same electrical area shown in Fig. 9.17, an unstable operation
results. The dominant oscillation mode has an associated eigenvalue of A = +3.2
1 j129.9, leading to an unstable oscillation of frequency 20.7 Hz in both SVCs’
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Figure 9.21 The response of SVC 2 to a step input in the reference voltage.
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responses when a 2% step input is applied to the reference voltage of SVC 2,
as depicted in Fig. 9.22.

This phenomenon clearly illustrates the adverse high-frequency interaction
between the two independently designed SVC controllers, and brings out the
need for a coordinated control design of the two SVCs. A high-frequency eigen-
value analysis program is employed, and the gains of both SVC controllers are
adjusted simultaneously to stabilize the unstable mode. The response of both
SVCs to a 2% reference step in SVC 2 is presented in Fig. 9.23. This response
is rapid as well as stable.

The frequency response is then obtained for the transfer function relating
the controlled bus voltage with the reference voltage of SVC 1. Responses are
presented in Fig. 9.24 for the original SVC control (the other SVC is repre-
sented by a passive equivalent), as well as controllers designed independently
and those designed coordinately. The resonant peak of the original SVC transfer
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Figure 9.23 The response of coordinately designed SVCs to a step input in the SVC
2 reference voltage.

function is enhanced substantially during the independent design of SVC con-
trollers, leading to instability. A coordinated design significantly reduces the
resonant peak, thereby stabilizing the overall system.

9.3.5 Additional Coordination Features

9.3.5.1 Parallel SVCs If in a subsystem two parallel SVCs connected at
the same bus exist, the slope settings in the voltage-control loops may be made
comparable with the system short-circuit level to ensure an appropriate sharing
of reactive-power compensation that, during any system exigency, are provided
by the two SVCs.

Even though the two SVCs may be able to independently control the switch-
ing of internal shunt-capacitive filter banks and external shunt reactors on the
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EHV bus, a communication link may be provided between the two SVCs for
coordinating this activity when both SVCs are connected to the same bus bar.
This link can establish a master/slave SVC control, whereby one SVC can
cyclically control the external reactors and filter banks of both SVCs.

The features described here exist in the Cape transmission SVCs of the
ESKOM Cape Town transmission system in South Africa [1].

9.3.5.2 Electrically Close SVCs In some situations, SVCs do a self-deter-
mination of their voltage-controller loop gains, based on their droop setting and
the system strength [1]. A SVC periodically estimates the system strength by
injecting a small MV AR step into the system and measuring the corresponding
variation in the bus voltage. It then uses a lookup table to select its gain cor-
responding to the calculated system strength. This scheme inherently assumes
that only one SVC performs the voltage regulation in that electrical area.

However, if there are multiple SVCs in close electrical proximity for voltage
control, the preceding gain computation may provide erroneous results. The rea-
son is that when one SVC injects a reactive-power step, the other SVCs respond
to correct the bus voltage. A communication data link is therefore established
between the various SVCs to coordinate the gain selection. If the link indicates
that the other SVCs are also participating, the computed gain is correspond-
ingly reduced on all SVCs to ensure system stability. In the ESKOM system
used in the Natal province of South Africa, where two SVCs are located in
close vicinity the gains on both SVCs are reduced by a multiplying factor of
0.55 [1].
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9.4 SVC-HVDC INTERACTION

A parametric analysis of the possible interaction between the SVC and two
closely coupled HVDC links [3], [10] has revealed that there is no control inter-
action if the short-circuit capacity of the ac systems is high. The interrelating
variable between the two controllers is the ac voltage, as the SVC and HVDC
converter are connected to the same bus. Hence the controls of both can be
designed independently. However, if the short-circuit level of ac system is low,
strong interaction is likely to occur between the SVC and HVDC converter con-
trols, requiring them to be designed coordinately. This control interaction may
not always be construed as undesirable; after all, the SVC in this situation can
be used to prevent voltage collapse at the HVDC inverter station. Nevertheless,
if the gain of the SVC voltage regulator is increased substantially, the HVDC
link may become unstable.

Multiple SVCs are shown to adversely interact with the HVDC when they are
made to operate with fast response rates and especially so when they function in
a highly capacitive output mode. A case study of interaction between multiple
SVCs and the Radisson—Nicolet HVDC system in a proposed Hydro-Quebec
system with extensive series compensation is illustrated in Fig. 9.25 for the root
loci with and without the HVDC system.

In the figure, the root loci indicate that a high SVC response rate, T, = 0.075
s, keeps the system well stabilized without the HVDC link but makes it nearly
unstable when the HVDC system is inducted. However, if the SVC response
rate is slower—7, = 0.25 s, for instance—the HVDC system would not conflict
with SVC controls.

From the case study of Fig. 9.25, the HVDC controls themselves are assumed
to be tuned independently to provide a well-damped response without SVCs.
Although the HVDC control system itself can interact adversely with the sys-
tem’s shunt-capacitance-resonance modes, its control is adjusted to avoid con-
flicts with SVCs. Furthermore, the location of the HVDC system is such that
it prevents the system from interacting unfavorably with the shunt-reactor
modes.

The SVCs are usually installed at HVDC converter terminals for regulat-
ing ac bus voltage and for damping any low-frequency, inter-area oscillations
in the transmission system. The HVDC converters are also equipped with a
reactive power controller (RPC) that controls either the ac bus voltage or the
reactive-power exchange with the ac system. In addition, the RPC supervises
the switching of capacitor banks, harmonic filters, and shunt reactors. The SVCs
act during transients; however, the RPC is mainly a steady-state controller.

Both the RPC and the SVCs operate with different time constants and hence
do not interact adversely with one another. If an SVC comprises switchable
elements, such as a thyristor-switched capacitor (TSC) or a thyristor-switched
reactor (TSR), the coordination established is such that the SVC initiates its
switching control after the maximum and minimum voltage limits of the RPC
are violated [1].
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Figure 9.25 The effect of the Radisson—Nicolet HVDC on SVC interaction for a

mostly series wintertime network (280 MVAR/SVC): (a) with no HVDC and (b) with
HVDC.

9.5 SVC-TCSC INTERACTION

Both SVCs and TCSCs can be combined and used gainfully within power
systems to enhance inter-area stability [3], [10]. The SVCs provide voltage
support, whereas TCSCs contribute synchronizing torque to improve the elec-
tromechanical stability. Also, the TCSCs generate reactive power that improves
the voltage stability of the system. However, the control-coordination issues of
the SVCs and TCSCs must be addressed carefully so that no control conflicts
arise between their fast controls.

A detailed investigation, in the form of a planning study, of SVC-TCSC
interaction for the New York State transmission system is presented in ref. [15]
and shown in Fig. 9.26. The SVC- and TCSC-compensated lines are connected
to the same 345-kV bus at Fraser. The series-compensated line between Edic
and Fraser comprises series capacitors of 45% line reactance and TCSC of 10%
line reactance.

The frequency variation of system impedance, as viewed from the TCR ter-
minals, is obtained by including in the system the TSCs together with the SVC
filter branches and the fixed-series capacitors in the transmission line. [llustrated
in Fig. 9.27 is a subsynchronous-system resonance of 30 Hz and a first super-
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Figure 9.27 Driving-point impedance at the Fraser bus for a base-case-system model
with and without TSCs.

synchronous resonance of 140 Hz, which shifts upward to 170 Hz if the TSCs
are excluded.

When a power-swing damping controller (PSDC) is not considered on the
TCSC, no adverse interaction between the TCSC and SVC controls is observed.
The line-series capacitor excites lightly damped subsynchronous oscillations
that are then damped successfully by the TCSC operating in a constant-reac-
tance (1.1-pu reactance) mode. The variations of the TCSC voltage, the Edic
bus voltage PSDC output, the Fraser SVC output, the measured voltage, and
the reference-voltage signals are all depicted in Fig. 9.28. The main interaction
is observed between the PSDC of TCSC and the SVC voltage controllers, as
both of them are fast controllers. This interaction is examined for two PSDC
input signals, each discussed in the following text.

9.5.1 Input Signal of the TCSC-PSDC With Bus Voltage

The Edic bus voltage is taken as the input signal for the PSDC. First, the signal
is passed through a low-pass filter of a 1-ms time constant to remove any high-
frequency noise; then, it is passed through a 2nd harmonic—notch filter. This
notch filter is used to eliminate 2nd harmonics introduced by the nontransposed
transmission lines.

The responses of the SVC and TCSC (with the voltage-input PSDC) are
indicated in Fig. 9.29. As soon as the TCSC is brought into circuit at 0.02 s,
poorly damped oscillations are excited at a frequency that is complementary to
the network-series-resonant frequency of 30 Hz, that is, at 60 Hz — 30 Hz = 30



SVC-TCSC INTERACTION 385

TCSC Voltage (pu on TCSC rating)

i,
1.1 Edic 345-kV Bus Voltage (pu on system base)
1 -
TP —T — e
0.9-
0.02 — "SDC Output (pu on system base)
0
-0.02

0 005 01 015 02 025 03 035 04

200 - Fraser Bgyc (MVAR)

T

o
T T S T N T B N |

—-200
115 Fraser SVC Vjpeas @and V¢ (pu on system base)
1 T A
0.9

0 0.05 01 015 02 025 03 035 04
Time (s)

Figure 9.28 The TCSC and SVC response to TCSC insertion without a PSDC.
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Hz. This activity demonstrates an adverse interaction between the TCSC and
the series-compensated line resonance. The SVC voltage control exacerbates
this interaction, as discussed in ref. [5]. This interaction can be avoided by
appropriate filtering of the undesirable high-frequency signals. A double-low-
pass filter with a cutoff frequency near 4 Hz (40-ms time constant) is included
in the PSDC transfer function, which then modifies to

XTcsc(pu) B K(s0.21)(1 + 50.57)
Vedgc(pu) (1 +50.21)(1 +50.04)2(1 + 50.5)

G(s) = 9.1

The new responses of the SVC and TCSC are illustrated in Fig. 9.30. It is
interesting to note that although the 30-Hz oscillations are damped out, 10-Hz
new oscillations start appearing in the response. These oscillations persist but
do not increase in magnitude, indicating the stability limit with the voltage-
input PSDC. To impart a sufficient gain margin in the system, the PSDC gain
is reduced by half.

9.5.2 Input Signal of the TCSC-PSDC With a System Angle

The angular difference, or system angle, between synthesized remote bus volt-
ages is examined as an alternative PSDC input signal to obtain an improved
stability limit. This signal is computed from local measurements of bus volt-
ages, line current, and synthesizing impedance that are approximately equiva-
lent to the short-circuit impedance. The synthesizing impedances, however, are
modified to minimize potential control interaction, as discussed in Chapter 8.

The TCSC and SVC responses with the modified PSDC transfer function
given in Eq. (9.1) are depicted in Fig. 9.31. The PSDC gain with the system-
angle input is reduced by a factor of 4, as compared to that of the voltage-
input PSDC, to ensure compatibility in responses. This reduction occurs because
the peak-to-peak amplitude of the system angle is four times the peak-to-peak
amplitude of the Edic bus voltage input. Both the 10-Hz and 30-Hz oscillations
are well stabilized with the system-angle-input PSDC.

Thus it is seen that the appropriate filtering of high-frequency signals that lie
outside the desired TCSC control bandwidth mitigates the adverse interaction
between the TCSC and PSDC, the series-compensated line, and the SVC.

9.5.3 High-Frequency Interactions

Extensive investigations on high-frequency-control interactions between the
SVC and TCSC in a complex power system that has several FACTS controllers
and HVDC links embedded, as shown in Fig. 9.32, are presented in refs. [1], [3],
and [10]. In the system of Fig. 9.32, the HVDC links are modeled by equivalent
constant-current loads. First, TCSC 1 is optimized independently, ignoring the
presence of SVC 3 that is connected to the same bus. The optimized response
of this TCSC to a current-order step is obtained through EMTP simulation, as
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Figure 9.30 The TCSC and SVC response to TCSC insertion with a modified voltage-
input PSDC.
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Figure 9.33 An independently optimized TCSC controller.

shown in Fig. 9.33. Next, the voltage controller of SVC 3 is optimized inde-
pendently, with TCSC 1 not considered. The well-damped response of SVC
3 to a voltage-reference step input is shown in Fig. 9.34. When the indepen-
dently optimized SVC 3 and TCSC 1 are considered connected, the responses
of both the SVC and the TCSC to a reference-voltage step input to SVC 3
are as depicted in Fig. 9.35. These responses, obtained through EMTP simu-
lation, indicate an unstable 44-Hz high-frequency oscillation from the adverse
interaction between the two controllers in the same electrical area.

This study makes the need for a simultaneous global optimization of both
controllers clearly evident [3], [16]. A procedure is suggested in ref. [3]
whereby the SVC controller is first optimized with a TCSC controller, which is
subsequently optimized with the optimized SVC controller in place. The proce-
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Figure 9.34 An independently optimized SVC controller.
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Figure 9.35 The combined operation of the independently designed SVC and TCSC
controllers.

dure’s objective is to obtain a fast rise time with minimum overshoot and set-
tling time. The influence of the TCSC controller optimization is then checked
on the SVC response; if necessary, the SVC controller is optimized once again
and the procedure repeated. This process usually converges rather quickly.

After adopting the foregoing global-coordinated optimization process for
determining the TCSC and SVC controller parameters, the responses of both
controllers to an SVC 3 reference-voltage step input are obtained and illustrated
in Fig. 9.36 [3]. The response of both controllers is very fast and stable.

It is important to note that the high-frequency interaction of Fig. 9.36 was
detected through EMTP simulation. Conventional eigenvalue analysis—based
programs model their transmission lines through algebraic equations, not
through differential equations; hence the high-frequency “self-modes” of these
FACTS controllers in large power systems do not become visible, for which
reason EMTP-based simulations become necessary. Such simulations do not
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Figure 9.36 The combined operation of the coordinated designed SVC and TCSC
controllers.

undermine the utility of algebraic modeling of transmission lines in conven-
tional eigenvalue analysis—based programs, for they are adequate to examine
the low-frequency 0.1- to 2-Hz electromechanical-mode stability.

9.6 TCSC-TCSC INTERACTION

9.6.1 The Effect of Loop Impedance

Control interaction between multiple TCSCs is investigated in refs. [1], [3], and
[10]. Two cases of electrical coupling between the TCSCs are examined in the
following text: low-loop impedance and high-loop impedance.

9.6.1.1 Low-Loop Impedance In the low-loop impedance scenario of Fig.
9.37, varying the gain of the TCSC 2 controller strongly influences not only its



394 COORDINATION OF FACTS CONTROLLERS

TCSC 1

N ]

O e
Ot ~HHO

~—] TCSC2

i

Ot i
oo

_|

Figure 9.37 A low-loop impedance configuration with coupled TCSCs.

own eigenvalues but also those associated with TCSC 1. Thus a strong inter-
action occurs between the two TCSCs. The interconnecting variable between
the two TCSCs is the ac line current; hence, a coordinated design of both con-
trollers must be made to obviate any adverse interaction.

9.6.1.2 High-Loop Impedance In the high-loop impedance scenario of
Fig. 9.38, even a large variation in the controller gain of TCSC 2 does not
affect the eigenvalues of TCSC 1. This lack of effect reveals that no control
interaction exists between the two TCSCs, for which reason they can be opti-
mized independently.

9.6.2 High-Frequency Interaction

The potential interaction in the high-frequency range between two TCSCs
located in the same electrical area is demonstrated through the test system
shown in Fig. 9.39 [1]. Both TCSCs have similar ratings and operate on
constant-current control with a current reference of 800 A. The total system
is modeled by 90 state variables, with the TCSCs represented through the gen-
eralized switching functions [1], [12]-[14].
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Figure 9.38 A high-loop impedance configuration with uncoupled TCSCs.

First, the controller of TCSC 1 is designed independently using the system
depicted in Fig. 9.40, where TCSC 2 is replaced by a passive equivalent network
with same level of series compensation for the relevant operating point. The
controller is designed to give small rise time and settling time with acceptable
overshoot. The equivalent system presents a dominant mode associated with
eigenvalue Arcscy = —5 £ j41 and reflected as a 6.5-Hz oscillation during the
TCSC response to a reference-current step, as illustrated in Fig. 9.41.

Next, the TCSC 2 controller is designed independently by replacing TCSC
1 with an equivalent passive circuit. A careful examination reveals that both
TCSCs are connected to exactly the same networks; hence the same dynamic
performance is obtained when both TCSCs are designed independently. How-
ever, when both TCSCs are designed as such and operated simultaneously, the
response of TCSC 1 to its reference-current step will show growing oscilla-
tions at a 6.4-Hz frequency, as shown in Fig. 9.42, which is attributed to the
dominant-mode eigenvalue N = 12 + j40. Therefore a need arises for a coordi-
nated design of both TCSC current controllers; such design stabilizes the sys-
tem. In this situation, the response of TCSC 1 to a +1% reference-current step
is illustrated in Fig. 9.43.

The TCSC controller designs for the three control cases—the original TCSC
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Figure 9.41 The response of TCSC 1 to the reference-current step input.

control, the joint operation of independently designed controllers, and the coor-
dinated control—are now examined through frequency-response studies. The
frequency response is obtained for a transfer function relating the controlled
current with the reference of TCSC 1 in each of the aforementioned cases. This
response is plotted in Fig. 9.44. In this figure, the stable, coordinated control
results in the lowest magnitude of resonant peak. The control coordination may
be based on an appropriate index, such as the optimal damping factor, or any
index that provides a rapid response with minimum overshoot.

1.03 T T T 7T L — T T T T T T T T 7]
1.02F ]

3 - .
= - N
= 101f ]
9 - .
s - -
(@] 1 —
e R i
2 C ]
e - _
g 0991 .
o - .
(@] - i
0.98 7
0.97 TR T TN N T T T T (N SN S TN TN (N TN S S N N TR T T S

0 0.2 0.4 0.6 0.8 1

Time (s)

Figure 9.42 The response of TCSC 1 to the reference-current step input, with both
TCSCs modeled.
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Figure 9.43 The response of TCSC 1 to the reference-current step input with coordi-
nated control of both TCSCs.

9.7 PERFORMANCE CRITERIA FOR DAMPING-CONTROLLER
DESIGN

The damping criteria for both local- and inter-area modes of rotor oscillation
under normal and post—fault-operating conditions are specified in the following
list. (See also refs. [2] and [17].)

3 —_
Independent Design of Controllers
25 Original TCSC Control
2 —
1.5

Coordinated Control

Magnitude (pu)

T
0 5 10 15 20 25 30 35 40 45 50

Frequency (Hz)

Figure 9.44 The frequency response of TCSC 1.
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TABLE 9.1 Comparison of Settling Times for Typical Local-Area
and Inter-Area Modes

Settling Time
Criterion 1 Criterion 2 Criterion 3
Mode Type &> 0.03-0.05 Ty=5s Ts=10.20s
Local-Area: ® = 8 rad/s 8.3-75s 21.6s 10-20 s
Inter-Area: o = 2 rad/s 50-30s 21.6s 10-20 s

1. For all i-electromechanical modes specified by —«; t jw;, the following
damping ratio should be greater than a minimum level of 0.03-0.05:

o
& (Ji) 0.2

2. The halving time Tg(s) (i.e., the time that the oscillation amplitude corre-
sponding to the rotor mode takes to decay to within half the initial value
= 0.6931/«) for the most lightly damped mode should be lower than a
specified value, typically 5 s.

3. The electromechanical oscillations should have a settling time 7(s) (i.e.,
the time taken to decay to within +5% of the final value) of 10-20 s.

A comparison of the settling times of the local- and inter-area modes based on
the preceding three criteria is presented in the Table 9.1. (See also ref. [2].)
It is noted that the three criteria result in different settling time requirements.
Also, the settling time is highly different for the local- and inter-area modes,
even if they have the same criterion 1 of the preceding list. This discrepancy
is attributed to the fact that these damping criteria were enumerated years ago
when only power system stabilizers (PSSs) were available to damp both the
local- and inter-area oscillations. Although PSSs are highly effective in damping
the local modes of related generators, their capability of damping the inter-area
modes—even in the tuned state—is limited for the following reasons:

1. lower participation factors associated with PSSs;
2. adverse interaction between PSSs; and

3. substantial damping contribution provided by only several PSSs, with
worsening of the overall system damping if an outage of some of these
PSSs occurs.

The selection of the aforementioned damping criteria, therefore, appears to have
been based only on the capabilities of the PSSs available for damping the local-
and inter-area modes. In recent years, however, properly located FACTS con-
trollers have proven greatly effective in damping the inter-area modes. Thus
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it is advised that the following stricter damping criteria now be introduced for
normal and post-fault conditions (see also ref. [2]):

1. For local-area modes having an angular frequency w 2 4 rad/s, the damp-
ing ratio should be £ > 0.08.

2. For inter-area modes having an angular frequency w < 4 rad/s, the real
part of the mode should be « > 0.2 — 0.25 nepers/s. This will result in
corresponding settling times of 15 — 12 s.

It may be noted that although most controllers are designed using linear-
analysis techniques, the power systems in which they are applied are highly
nonlinear. Hence the damping levels obtained in linearized design are not wit-
nessed in transient-stability studies that incorporate the effect of limiters and
other nonlinear effects. The damping criteria must therefore incorporate enough
leavage to account for the nonlinearities in power systems.

9.8 COORDINATION OF MULTIPLE CONTROLLERS USING
LINEAR-CONTROL TECHNIQUES

The essential design features of multiple FACTS controllers that can ensure
secure operation with sufficient damping over a wide range of power-system
operating conditions are discussed elaborately in ref. [2]. The term coordina-
tion does not imply centralized control; rather, it implies the simultaneous tun-
ing of the controllers to attain an effective, positive improvement of the overall
control scheme. It is understood that each controller relies primarily on mea-
surements of locally available quantities and acts independently on the local
FACTS equipment.

9.8.1 The Basic Procedure for Controller Design

The controller-design procedure involves the following steps:

derivation of the system model;

enumeration of the system-performance specifications;
selection of the measurement and control signals;
coordination of the controller design; and

validation of the design and performance evaluation.

MRS

9.8.1.1 Derivation of the System Model First, a reduced-order nonlinear-
system model must be derived for the original power system. This model should
retain the essential steady-state and dynamic characteristics of the power sys-
tem [18]. Then, the model is linearized around an operating point to make it
amenable to the application of linear-control design techniques. If a controller
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must be designed for damping electromechanical oscillations, a further reduced-
linear model is selected [19] that exhibits the same modal characteristics over
the relevant narrow range of frequencies as the original system.

In situations where linearized-system models may not be easily obtainable,
identification techniques are employed [20] to derive simple linear models from
time-response information.

9.8.1.2 Enumeration of the System-Performance Specifications The
damping controller is expected to satisfy the following criteria [2].

1. It should help the system survive the first few oscillations after a severe
system disturbance with an adequate safety margin. This safety factor is
usually specified in terms of bus-voltage levels that should not be violated
after a disturbance.

2. A minimum level of damping must be ensured in the steady state after a
disturbance.

3. Potentially deleterious interactions with other installed controls should be
avoided or minimized.

4. Desired objectives over a wide range of system-operating conditions
should be met (i.e., it should be robust).

9.8.1.3 Selection of the Measurement and Control Signals The choice
of appropriate measurement and control signals is crucial to controller design.
The signals must have high observability and controllability of the relevant
modes to be damped, and furthermore, the signals should only minimally
affect the other system modes. The selection of these signals is usually based
on system-modal magnitudes, shapes, and sensitivties—all of which can be
obtained from small-signal-stability analysis.

9.8.1.4 Controller Design and Coordination The FACTS controller

structures are usually chosen from industry practice. Typically, the controller-
transfer function, H;(s), of controller j is assumed to be

Hj(S) = ijj(S) = kj

sTw 1+sm\? 1
1+sTw \ 1+572 (T+sT)H(A+sT>)---(1+sT,)

9.3)

This transfer function consists of a gain, a washout stage, and a pth-order lead-
lag block, as well as low-pass filters. Alternatively, it can be expressed as

m<n 9.4)

Hj(s)ijj(S)kj[k() (54 + bys™ ]

l+ais+---+a,s"
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Although the basic structure of different controllers is assumed as from the pre-
ceding text, the coordination of controllers involves the simultaneous selection
of gains and time constants through different techniques. Doing so permits the
system-operating constraints and damping criteria to be satisfied over a wide
range of operating conditions.

The coordination techniques may use linearized models of the power system
and other embedded equipments, capitalizing on the existing sparsity in system
representation. This model may be further reduced by eliminating certain alge-
braic variables yet still retaining the essential system behavior in the frequency
range of interest.

Eigenvalue analysis—based controller-optimization and -coordination tech-
niques are applicable to power systems typically with a thousand states—
occurring when full modal analysis must be performed. However, sometimes a
limited number of electromechanical modes must be damped; hence the eigen-
value analysis of a selected region can be performed even for relatively larger
power systems.

In the case of large systems, procedures are employed that automate the tun-
ing and coordination of controllers.

9.8.1.5 Validation of the Design and Performance Evaluation Even
though the controller design is performed on the simplified system model, the
performance of the controller must still be established by using the most detailed
system model. The controller should meet the specifications over a wide range
of operating conditions and consider all credible contingencies. This validation
is generally performed with nonlinear time-domain simulations of the system.

9.8.2 Controller Coordination for Damping Enhancement

This technique for the coordination of controllers to improve the damping
of electromechanical modes is based on the damping-torque contribution of
each FACTS controller, as well as that of any other controller present in the
system—PSS, HVDC, and so on. The damping-torque contribution of a con-
troller is related to the left shift that it introduces in the relevant electrome-
chanical mode.

The relative effectiveness of each controller can thus be measured in terms
of the attained left-shift magnitude in the relevant mode for a given change in
the controller-transfer function gain after the interaction between the controllers
has been accounted for. This study results in a controller-damping contribution
diagram, illustrating the damping contribution of each controller. It is also pos-
sible to infer from this study which individual supplementary-feedback signal
or combinaiton of signals is most effective for a controller in augmenting the
mode damping. Furthermore, the adverse effects of a controller on any mode
other than the electromechanical one for which it was designed to damp are
determined from this study as well.

Certain assumptions are made in the use of this technique:
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1. All controllers in the system, including FACTS, have the transfer function
of the type k;G;(s), as given in Eq. (9.3).

2. The component Gj(s) in the transfer function is responsible for causing
the left shift in the electromechanical mode.

3. The gain k; in the transfer function decides the magnitude of left shift in
the mode of interest.

The controller interactions can then be examined with respect to changes in the
controller gains, and the exercise of coordinating the controllers is simplified
to that of coordinating the gains k; of different controllers.

Some constraints, however, are imposed in selecting the gains on individual
controllers. The gains of the damping control loop in a FACTS controller must
be reasonably low to not interfere with the main control loop of the controller.
It may be recalled that the primary reason why FACTS controllers are installed
may not be for damping enhancement in all cases.

The gains on the different PSSs, too, should be kept relatively small to min-
imize the following:

1. the operating-limit influence in the stabilizer, the automatic voltage reg-
ulator (AVR), and the excitation systems.

2. the reactive-power oscillations in generators for small contingencies.

The damping-enhancement controller-coordination technique provides use-
ful insight and is simple to implement. It can be applied manually to power
systems where the number of controllers to be coordinated (including FACTS)
is small and/or the number of electromechanical modes to be damped is low
[21]. However, the manual process can be highly time-consuming and suscep-
tible to errors when

1. the total controllers to be coordinated is substantial, and

2. the coordination of controllers must satisfy a wide range of performance
specifications to ensure robustness.

A need then arises for using automated techniques for controller coordination.
The control-coordination technique described here is automated by formulating
it as a linear-programming problem [22]. A weighted sum of gains k; of all
controllers is minimized and is subject to the following constraints:

1. The left shift of all electromechanical modes is greater than or equal to
the specified desired values.

2. The change in various mode frequencies is less than certain limits.
Because the controllers may be unable to impart pure damping—and
also because of the controllers’ interactions—the modal frequencies can
become changed, possibly causing a deterioration of the synchronizing



COORDINATION OF MULTIPLE CONTROLLERS USING LINEAR-CONTROL TECHNIQUES 405

torque, which must be restricted. If large mode-frequency changes are
unavoidable, the various parameters of controller G;(s) must be adjusted.

3. The magnitude of gains associated with the coordinated controllers should
be less than specified values.

9.8.3 Linear Quadratic Regulator (LQR)-Based Technique

The LQR technique is one of optimal control that can be used to coordinate
the controllers with the overall objective of damping low-frequency inter-area
modes during highly stressed power-system operations [19], [23]. The system
model is first linearized and later reduced to retain the modal features of the
main system over the frequency range of interest. The control-system specifica-
tions are laid out as described previously. Appropriate measurement and control
signals are selected, based on observability and controllability considerations,
to have only a minimal interaction with other system modes.

Using a projective-controls approach [24], the control-coordination method
involves formulating an LQR problem to determine a full-state-feedback con-
troller in which a quadratic performance index is minimized. An output-feed-
back controller is then obtained, based on the reduced eigenspace of the
full-state solution. The dominant modes of the full-state-feedback system are
retained in the closed-loop system with output feedback. The order of the con-
troller and the number of independent measurements influence the number of
modes to be retained. The output-feedback solution results in the desired coor-
dinated control.

The performance of coordinated controls is later tested and evaluated through
time-domain simulation of the most detailed model of the nonlinear system. An
application example is described in refs. [2] and [23].

9.8.4 Constrained Optimization

Constrained-optimization techniques for control coordination use control struc-
tures generally used in industry, but they may or may not use robustness criteria
explicitly in the design process. In such a case controller robustness must be
verified separate from the design process.

9.8.4.1 Techniques Without Explicit Robustness Criteria Pole place-
ment is one technique [25] in which the robustness requirement is not explicitly
considered. In this method, the critical electromechanical modes are assigned a
priori new locations that are placed deeper into the left half of the s plane. The
controller parameters are then selected to result in these assigned pole locations.

Let us consider that the jth controller is to be tuned. The characteristic equa-
tion for the closed-loop system can be expressed as

1 - F(s)Gj(s) =0 9.5)
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where F(s) = the transfer function between output y; and input u; as
obtained from the state-space model of the linearized power
system

G(s) = the transfer function of the FACTS damping controller

Let the critical mode, which is also a pole of the closed-loop system, be assigned
a location A. If Gj(N) is expressed as e +j f, then

1

e +jf: m (96)

The parameters of the controller structure are then obtained by comparison
with Eq. (9.6). This procedure is applied sequentially to all the controllers to
be tuned, thus completing one iteration. At each step, the tuning process of a
controller considers the interactions with other controllers. The iterative pro-
cess is continued until convergence is achieved, which is indicated when the
largest absolute difference between the assigned eigenvalues in any two itera-
tions becomes less than the specified tolerance.

This method can be applied easily to large systems, as the inherent sparsity
in system matrices can be used to the advantage of such systems.

9.8.4.2 Techniques With Explicit Robustness Criteria In techniques
that explicitly consider the robustness requirements [26], any changes in the
system operating points caused by line switching, load variations, or contin-
gencies are incorporated as changes in the matrix elements of the linearized
systems. These matrix-element variations are called admissible uncertainties.
The robust-control design relates to the determination of a state-feedback matrix
that can maintain stability of the closed-loop system for any admissible uncer-
tainty. This method is somewhat difficult to apply to large systems, as it relies
totally on a linearized-system model.

9.8.5 Nonlinear-Constrained Optimization of a
Selective-Modal-Performance Index

In the nonlinear-constrained optimization technique, the objective function is
called a modal-performance index, which relates exclusively to system damping
enhancement [27]. This index computes the energy enveloped by the damped
sinusoidal-signal responses that arises from a given initial condition. A large
value of this index implies a scanty level of damping; a minimum value, on the
other hand, implies an optimally damped closed-loop system.

The optimization process uses the closed-loop state-space model and is com-
putationally efficient irrespective of the controller structures. Because some oscil-
lation modes may not be controllable from certain locations or be completely non-
controllable by certain stabilizing controllers, they are not considered in the opti-
mization process; hence the term selective-modal-performance index.
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9.8.6 Global Coordination Using Nonlinear-Constrained Optimization

In the global-coordination technique, the parameters (both gain and time con-
stants) of the damping controllers of multiple FACTS controllers are coordi-
nated globally by using nonlinear-constrained optimization [2]. It is usually
observed in power systems that if the FACTS controllers have large ratings,
their damping action on the real-power oscillations causes substantial reactive-
power oscillations. To restrict oscillations—in both the real and the reactive
power—the optimization problem is stated as follows:
Minimize

F= r [APTIAP + KoAQIAQ] dt 9.7)
0

subject to

Vmin < Vbusk < Vmax: k= 1, 2,m (98)
where for n FACTS controllers,

AP = [AP;, AP,, ..., AP,]T
= the n locally measured real-power-flow oscillations

AQ = [AQ), AQ,, ..., AQ,]"
= the n locally measured reactive-power oscillations
Viusk = the voltage magnitude of the kth bus

Viax> Vmin = the upper and lower limits of the bus-voltage magnitude,
respectively

K¢ = the weighting factor

If the primary control objective is to damp active-power oscillations, the
weighting factor K¢ is assigned a small value, typically 0.2. However, if
reactive-power swings must also be restricted, Ko is assigned a higher mag-
nitude.

The foregoing optimization scheme results in robust controllers having a sig-
nificant damping influence on both large and small disturbances. An example
of the global coordination of damping controllers of an SVC and a TCSC is
presented in ref. [2]. The transfer function, Fp(s), of both damping controllers
is assumed to be of the form

sTi 14575
Fp(s) =K - : 9.9
p() 1+sTy  1+4sT, ©-9)

Although T, and T4 are chosen a priori, parameters K, 7, and T3 are deter-
mined for both controllers through the optimization procedure.
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9.8.7 Control Coordination Using Genetic Algorithms

Genetic algorithms are optimization techniques based on the laws of natural
selection and natural genetics [28] that recently have been applied to the control
design of power systems [29], [30]. These techniques provide robust, decentral-
ized control design and are not restricted by problems of nondifferentiability,
nonlinearity, and nonconvexity, all of which are often limiting in optimization
exercises.

Genetic-algorithm techniques use the linearized state-space model of the
power system. The objective function is defined as the sum of the damping
ratios of all the modes of interest. This sum is evaluated over several likely oper-
ating conditions to introduce robustness. A minimum damping level is specified
for all the modes; the other constraints include limits on the gain and time con-
stants of the damping controllers assumed to be from a fixed structure, as given
in Eq. (9.3). The optimization problem is therefore stated as follows:

Maximize

F=2> [ Z] (&) (9.10)
j-

i-1
subject to the following constraints:

kj min < kj < kj max
Timin <71 <71 max
T2 min <72 £ 72 max

Emin < (&) (9.11)

where n = the number of modes to be damped
m = the number of different possible operating conditions
k; = the gain of the controller
71,72 = the time constants of the lead-lag blocks

er
I

the damping ratio of the closed-loop eigenvalue

This maximization yields the gain k; and the time constants 7, 7, for all the
controllers for a prespecified order p of the lead-lag blocks. The time constant
T of the washout filter is assumed to be adequately large and known a priori.
Likewise, the time constants Ty, T5,..., T, of the low-pass filters are selected
beforehand.

The foregoing optimization problem involves a computation of eigenvalues
of a large system matrix, which is usually difficult to solve with conventional
techniques. An advantage of genetic-algorithm techniques is that the parameter
limits can be varied during the optimization, making the techniques computa-
tionally efficient. An application of these techniques to two large power systems
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is presented in ref. [2]. Use of high-performance computation (parallel process-
ing) is recommended for reducing the computational time associated with the
application of these techniques.

9.9 COORDINATION OF MULTIPLE CONTROLLERS USING
NONLINEAR-CONTROL TECHNIQUES

Even though rotor-angle stability is essentially a nonlinear-control problem, the
theoretical concepts of linear-control theory can be applied to solve many issues
related to this stability problem, as described in previous sections of this chapter
as well as in ref. [31]. Recently, however, several nonlinear-control techniques
have been applied for the design of FACTS controllers [31]. These techniques are
likely to yield greatly improved controllers, as they include the effects of system
nonlinearities. Some of these methods are described briefly in the following text.

One nonlinear-control technique in which the system nonlinearities are
expressed as system changes constituting a function of time is the adaptive
control [32]-[34]. If the number of controller parameters to be optimized is
not too large, a cost-penalty function technique can be used, which is based on
nonlinear simulation [35]. An effective technique commonly used for enhanc-
ing transient stability during large disturbances is the discontinuous control or
bang-bang control [36], [37]. Another nonlinear-control technique is the normal
forms, which includes the effects of higher-order terms in Taylor’s series to rep-
resent power systems—especially during high-power transfers [38], [39]. For
damping low-frequency oscillations, FACTS controllers can be designed using
the dissipation technique, which is based on the concept that passive systems
always absorb energy [40]. For designing the controls of FACTS controllers
in large power systems, the energy, or Lyapunov, technique can be used [41],
[42]. For stability enhancement, nonlinear fuzzy and neural net techniques are
presently being researched [43].

In the future, these techniques may be extended for coordination of FACTS
controllers. One possible approach could be to first do a “coarse” coordination
using linear-control techniques, followed by a “fine” coordination employing
the nonlinear-control methods.

9.10 SUMMARY

This chapter described the various interactions that can potentially occur
between the different FACTS controllers, as well as between FACTS and
HVDC controllers, in power systems. The likely interactions have been clas-
sified into different frequency ranges. The damping criteria for the design of
controllers was enumerated. Linear-control techniques were presented for coor-
dinating the FACTS controllers. Some nonlinear-control techniques for FACTS
controller design and coordination were also indicated.
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I CHAPTER 10

Emerging FACTS Controllers

10.1 INTRODUCTION

With the ever-increasing complexities in power systems across the globe and
the growing need to provide stable, secure, controlled, economic, and high-qual-
ity power—especially so in the derugulated environment—it is envisaged that
FACTS controllers will play a critical role in power systems in the future. Major
FACTS controllers—SVCs and TCSCs, for instance—have already been dis-
cussed in previous chapters. A host of other highly versatile, effective FACTS
controllers exist that are fast emerging in power systems [1]-[8], some of which
have already been installed in the field. These controllers include the static syn-
chronous compensator (STATCOM) [9]-[23], the thyristor-controlled phase-
shifting transformer (TCPST) [24]-[27], the static synchronous series compen-
sator (SSSC) [28]-[31], the unified power-flow controller (UPFC) [32]-[47],
the interphase power controller (IPC) [2], [3], [7], [8], the thyristor-controlled
braking resistor (TCBR) [2], [7], [8], [48], the thyristor-controlled voltage lim-
iter (TCVL) [7], [8], [48], the battery energy storage system (BESS), and the
superconducting magnetic energy storage (SMES) [1], [7], [8]. In Appendix D
is a list of different FACTS controllers and their definitions as defined by the
IEEE.

This chapter presents the operating principles and applications of several
highly versatile controllers—the STATCOM, SSSC, and UPFC—without any
prejudice to other FACTS controllers. These three FACTS controllers are
second-generation types that are based on nonthyristor devices such as gate
turn-offs (GTOs) and insulated-gate bipolar transistors (IGBTs).

10.2 THE STATCOM

The STATCOM (or SSC) is a shunt-connected reactive-power compensation
device that is capable of generating and/or absorbing reactive power and in
which the output can be varied to control the specific parameters of an electric
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power system. It is in general a solid-state switching converter capable of gen-
erating or absorbing independently controllable real and reactive power at its
output terminals when it is fed from an energy source or energy-storage device
at its input terminals. Specifically, the STATCOM considered in this chapter is
a voltage-source converter that, from a given input of dc voltage, produces a
set of 3-phase ac-output voltages, each in phase with and coupled to the cor-
responding ac system voltage through a relatively small reactance (which is
provided by either an interface reactor or the leakage inductance of a coupling
transformer). The dc voltage is provided by an energy-storage capacitor.

A STATCOM can improve power-system performance in such areas as the
following:

The dynamic voltage control in transmission and distribution systems;
the power-oscillation damping in power-transmission systems;

the transient stability;

the voltage flicker control; and

Al

the control of not only reactive power but also (if needed) active power
in the connected line, requiring a dc energy source.

Furthermore, a STATCOM does the following:

1. it occupies a small footprint, for it replaces passive banks of circuit ele-
ments by compact electronic converters;

2. it offers modular, factory-built equipment, thereby reducing site work and
commissioning time; and

3. it uses encapsulated electronic converters, thereby minimizing its envi-
ronmental impact.

A STATCOM is analogous to an ideal synchronous machine, which
generates a balanced set of three sinusoidal voltages—at the fundamental
frequency—with controllable amplitude and phase angle. This ideal machine
has no inertia, is practically instantaneous, does not significantly alter the exist-
ing system impedance, and can internally generate reactive (both capacitive and
inductive) power [9]-[11].

The Tennessee Valley Authority (TVA) installed the first £100-MVA STAT-
COM in 1995 at its Sullivan substation. The application of this STATCOM is
expected to reduce the TVA’s need for load tap changers, thereby achieving sav-
ings by minimizing the potential for transformer failure. This STATCOM aids in
resolving the off-peak dilemma of overvoltages in the Sullivan substation area
while avoiding the more labor- and space-intensive installation of an additional
transformer bank. Also, this STATCOM provides instantaneous control—and
therefore increased capacity—of transmission voltage, providing the TVA with
greater flexibility in bulk-power transactions, and it also increases the system reli-
ability by damping grids of major oscillations in this grid [12], [13].
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To summarize, a STATCOM controller provides voltage support by gener-
ating or absorbing reactive power at the point of common coupling without the
need of large external reactors or capacitor banks.

10.2.1 The Principle of Operation

A STATCOM is a controlled reactive-power source. It provides the desired
reactive-power generation and absorption entirely by means of electronic pro-
cessing of the voltage and current waveforms in a voltage-source converter
(VSC). A single-line STATCOM power circuit is shown in Fig. 10.1(a),
where a VSC is connected to a utility bus through magnetic coupling. In
Fig. 10.1(b), a STATCOM is seen as an adjustable voltage source behind a
reactance—meaning that capacitor banks and shunt reactors are not needed for
reactive-power generation and absorption, thereby giving a STATCOM a com-
pact design, or small footprint, as well as low noise and low magnetic impact.

The exchange of reactive power between the converter and the ac system can
be controlled by varying the amplitude of the 3-phase output voltage, E;, of the
converter, as illustrated in Fig. 10.1(c). That is, if the amplitude of the output
voltage is increased above that of the utility bus voltage, E;, then a current flows
through the reactance from the converter to the ac system and the converter
generates capacitive-reactive power for the ac system. If the amplitude of the
output voltage is decreased below the utility bus voltage, then the current flows
from the ac system to the converter and the converter absorbs inductive-reactive
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Figure 10.1 The STATCOM principle diagram: (a) a power circuit; (b) an equivalent
circuit; and (c) a power exchange.
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power from the ac system. If the output voltage equals the ac system voltage,
the reactive-power exchange becomes zero, in which case the STATCOM is
said to be in a floating state.

Adjusting the phase shift between the converter-output voltage and the ac-
system voltage can similarly control real-power exchange between the converter
and the ac system. In other words, the converter can supply real power to the
ac system from its dc energy storage if the converter-output voltage is made to
lead the ac-system voltage. On the other hand, it can absorb real power from
the ac system for the dc system if its voltage lags behind the ac-system voltage.

A STATCOM provides the desired reactive power by exchanging the instan-
taneous reactive power among the phases of the ac system. The mechanism by
which the converter internally generates and/or absorbs the reactive power can
be understood by considering the relationship between the output and input
powers of the converter. The converter switches connect the dc-input circuit
directly to the ac-output circuit. Thus the net instantaneous power at the ac-
output terminals must always be equal to the net instantaneous power at the
dc-input terminals (neglecting losses) [11].

Assume that the converter is operated to supply reactive-output power. In
this case, the real power provided by the dc source as input to the converter
must be zero. Furthermore, because the reactive power at zero frequency (dc)
is by definition zero, the dc source supplies no reactive power as input to the
converter and thus clearly plays no part in the generation of reactive-output
power by the converter. In other words, the converter simply interconnects the
three output terminals so that the reactive-output currents can flow freely among
them. If the terminals of the ac system are regarded in this context, the converter
establishes a circulating reactive-power exchange among the phases. However,
the real power that the converter exchanges at its ac terminals with the ac system
must, of course, be supplied to or absorbed from its dc terminals by the dc
capacitor.

Although reactive power is generated internally by the action of converter
switches, a dc capacitor must still be connected across the input terminals of
the converter. The primary need for the capacitor is to provide a circulating-cur-
rent path as well as a voltage source. The magnitude of the capacitor is chosen
so that the dc voltage across its terminals remains fairly constant to prevent it
from contributing to the ripples in the dc current. The VSC-output voltage is
in the form of a staircase wave into which smooth sinusoidal current from the
ac system is drawn, resulting in slight fluctuations in the output power of the
converter. However, to not violate the instantaneous power-equality constraint
at its input and output terminals, the converter must draw a fluctuating cur-
rent from its dc source. Depending on the converter configuration employed, it
is possible to calculate the minimum capacitance required to meet the system
requirements, such as ripple limits on the dc voltage and the rated-reactive-
power support needed by the ac system.

The VSC has the same rated-current capability when it operates with the
capacitive- or inductive-reactive current. Therefore, a VSC having a certain
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MVA rating gives the STATCOM twice the dynamic range in MVAR (this
also contributes to a compact design). A dc capacitor bank is used to support
(stabilize) the controlled dc voltage needed for the operation of the VSC.

The reactive power of a STATCOM is produced by means of power-elec-
tronic equipment of the voltage-source-converter type. The VSC may be a 2-
level or 3-level type, depending on the required output power and voltage [2],
[3]. A number of VSCs are combined in a multi-pulse connection to form the
STATCOM. In the steady state, the VSCs operate with fundamental-frequency
switching to minimize converter losses. However, during transient conditions
caused by line faults, a pulse width-modulated (PWM) mode is used to prevent
the fault current from entering the VSCs [2], [3]. In this way, the STATCOM
is able to withstand transients on the ac side without blocking.

10.2.2 The V-I Characteristic

A typical V-I characteristic of a STATCOM is depicted in Fig. 10.2. As can
be seen, the STATCOM can supply both the capacitive and the inductive com-
pensation and is able to independently control its output current over the rated
maximum capacitive or inductive range irrespective of the amount of ac-system
voltage. That is, the STATCOM can provide full capacitive-reactive power at
any system voltage—even as low as 0.15 pu.

The characteristic of a STATCOM reveals another strength of this technol-
ogy: that it is capable of yielding the full output of capacitive generation almost
independently of the system voltage (constant-current output at lower voltages).
This capability is particularly useful for situations in which the STATCOM is
needed to support the system voltage during and after faults where voltage col-
lapse would otherwise be a limiting factor.

Transient
Rating (t<1s)

. v, l
Transient |
Rating ! !

L 1.0 I I
| | |
| |
' 075 |
|
| 050 1
|
' 0.25 b
L | |
| | |
IC lCmax 0 ILmax IL
Capacitive <————> Inductive

Figure 10.2 The V-I characteristic of the STATCOM.
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Figure 10.2 also illustrates that the STATCOM has an increased transient rat-
ing in both the capacitive- and the inductive-operating regions. The maximum
attainable transient overcurrent in the capacitive region is determined by the
maximum current turn-off capability of the converter switches. In the induc-
tive region, the converter switches are naturally commutated; therefore, the
transient-current rating of the STATCOM is limited by the maximum allow-
able junction temperature of the converter switches.

In practice, the semiconductor switches of the converter are not lossless,
so the energy stored in the dc capacitor is eventually used to meet the internal
losses of the converter, and the dc capacitor voltage diminishes. However, when
the STATCOM is used for reactive-power generation, the converter itself can
keep the capacitor charged to the required voltage level. This task is accom-
plished by making the output voltages of the converter lag behind the ac-system
voltages by a small angle (usually in the 0.1°-0.2° range). In this way, the con-
verter absorbs a small amount of real power from the ac system to meet its
internal losses and keep the capacitor voltage at the desired level. The same
mechanism can be used to increase or decrease the capacitor voltage and thus,
the amplitude of the converter-output voltage to control the var generation or
absorption.

The reactive- and real-power exchange between the STATCOM and the ac
system can be controlled independently of each other. Any combination of real-
power generation or absorption with var generation or absorption is achievable
if the STATCOM is equipped with an energy-storage device of suitable capac-
ity, as depicted in Fig. 10.3. With this capability, extremely effective control
strategies for the modulation of reactive- and real-output power can be devised
to improve the transient- and dynamic-system-stability limits.

v, ac System At ac Terminal

éAub:r?lirgsSQP Supplies P
Interface Supplies Q
Reactor - Lac
ac Terminal /p v
STATCOM Absorbs P Supplies P
Absorbs Q Absorbs Q
/dc
+ <Vd_c "dc Terminal At dc Terminal
—lye lie Ve
Energy Storage posore P | Supplies P

Figure 10.3 The power exchange between the STATCOM and the ac system.
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Figure 10.4 An elementary 6-pulse VSC STATCOM.

10.2.3 Harmonic Performance

An elementary 6-pulse VSC STATCOM is shown in Fig. 10.4, consisting of six
self-commutated semiconductor switches (IGBT, IGCT, or GTO) with antipar-
allel diodes. In this converter configuration, IGBTs constitute the switching
devices. With a dc-voltage source (which may be a charged capacitor), the con-
verter can produce a balanced set of three quasi-square voltage waveforms of
a given frequency by connecting the dc source sequentially to the three output
terminals via the appropriate converter switches.

The power quality embraces issues such as voltage flicker, voltage dip, and
voltage rise, as well as harmonic performance and high-frequency noise. Power-
electronic devices distort voltage and current waveforms in a power network,
influencing power facilities and customer equipment in a diverse manner. Har-
monic currents induce abnormal noise and parasitic losses, and harmonic volt-
ages cause a loss of accuracy in measurement instruments and the faulty oper-
ation of relays and control systems. Electromagnetic noise, caused by the noise
of the high-frequency electromagnetic waves emitted from power-electronic cir-
cuits, affects electronic devices used in business and industry and often induces
interfering voltage in communication lines. The corrective measure generally
recommended for mitigating harmonics and high-frequency noise is to limit
their generation at the source.

In principle, the STATCOM-output voltage wave is a staircase-type wave
synthesized from the dc-input voltage with appropriate combinations of con-
verter switches. For example, the 6-pulse converter shown in Fig. 10.4 is oper-
ated typically with either a 120° or 180° conduction sequence for converter
switches. For a 180° conduction sequence, three switches conduct at a time;
for a 120° conduction sequence, two switches conduct at a time. Figure 10.5
shows the 3-step staircase-line voltage, v,;, along with the fundamental com-
ponent, Vg, for a conduction sequence of 180°.

The line voltage v, in terms of its various frequency components, can be
described by the following Fourier-series equation:

Uab = dag + 2. apcos(hwt)+ >, by sin(hwt) (10.1)
h=1 h=1
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Figure 10.5 An ac line-voltage output of a 6-pulse voltage-source inverter for a 180°
conduction sequence.

where coefficients ag, a;, and b, can be determined by considering one funda-
mental period of v,;. The v,, waveform is symmetrical, so the average voltage
ap = 0. It also has odd-wave symmetry; therefore, a;, = 0. The coefficient b, is
determined as

2 ™
b, =— § Ve sin(hwt) d(wt) (10.2)
™ Jo
2 (¢ 4V,
b, = — § Ve sin(hwt) d(wt) = de cos(ha) (10.3)
T Ja h
Therefore
Vab = e cos(ha) sin(hwt) (10.4)
h=1,3,5 ™

For 180° conduction sequence, o = 30°; hence the triplen harmonics are zero
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/ STATCOM Voltage
/ Line Voltage

Figure 10.6 The output voltage of a 48-pulse STATCOM that generates reactive
power.

in the line voltage, as seen from Eq. (10.4). It is also noted that the converter
has harmonic components of frequencies (6k = 1)f( in its output voltage and
6k fy in its input current, where f( is the fundamental-output frequency and k
=1, 2,3, ... As is evident, the high harmonic content in the output voltage
makes this simple converter impractical for power-system applications.

To reduce harmonic generation, various converter configurations and
converter-switching techniques are suggested in the literature. For example,
the first installed commercial STATCOM [13] has a 48-pulse converter config-
uration so that the staircase ac-line output-voltage waveform has 21 steps, as
shown in Fig. 10.6, and approaches an ideal sinusoidal waveform with a greatly
reduced harmonic content. Switching strategies, such as selective harmonic-
elimination techniques, also aid in limiting harmonic generation at its source.

10.2.4 Steady-State Model

A STATCOM is always connected in shunt with the ac system through some
magnetic coupling, namely, the coupling transformer or interface reactor. A
typical STATCOM connection is shown in Fig. 10.7; it consists of a VSC using
either a GTO or IGBT as a switching device, and a capacitor, Cj, on the dc side
as an energy-storage device. The resistance, R,, in parallel with C; represents
both the capacitor losses and switching losses. The STATCOM is connected to
the ac system through magnetic coupling, represented by leakage inductance,
L, and resistance, R, [14]. The STATCOM improves the desired power-system
performance, including dynamic compensation, mitigating the SSR by modu-
lating the reactive power at the common-coupling point, and so forth.
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Figure 10.7 A typical STATCOM connection to the ac system.

The first-order differential equations for the ac-side circuit of the STATCOM
circuit in Fig. 10.7 can be written as

di 1 .

d;a = f (7Rslsa + €5a — eta)
s

di, 1 .

dvtb = f (7Rslsb +ésp — etb)
s

di 1

CZC - f (7Rsixc + €50 — etc) (105)
s

These equations are converted on R-I frame of reference (the synchronously
rotating frame of reference) [49] as follows:

~R,
. _— wo
[lsR] | L Lk L [EsREzR] (10.6)
Iy —R; I Ly | Ess—Eu )
Cwy X
L

The STATCOM dc-side-circuit equation can be written as

dVs -1 Vac

= 1 — 10.7
d, Cs (dc+ Rp ) ( )
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The instantaneous powers at the ac and dc terminals of the converter are
equal, giving the following power-balance equation:

Vaclac = 3 (Eslsg + Egil 1) (10.8)

where the constant 3/2 is the reference-frame transformation constant. Based
on the phasor diagram given in Fig. 10.7, Esg and E;; can be defined as follows:

Egr =E;cos 0, =K. V4. cos 0
Eg=E sin 6, = K.V sin 0 (10.9)

where K, is the constant relating the ac and dc voltage. For example, in a
12-pulse VSC, K, = 276 Therefore, Eq. (10.8) becomes

Vacldae = %(Kcsvdc COs GSISR + KV sin eslsl) (10.10)
or
Lac = 3 (K¢ cos O,g + Ky sin 0,1)) (10.11)

Substituting the value of /4. in Eq. (10.7),

dVye -1 3 3 . Ve
= — K 0&'1\* + = Ko esls + 10.12
a4 c. < > Ko cos 0,1 > sin ! R, ( )

Also, substituting the values of Esg and Es; from Eq. (10.9) into Eq. (10.6),

7Rs
I'sR _ Ls ISR L Kcsvdc cos 03 - EIR (10 13)
Is] w *Rs Isl Ls chVdc sin 05 - EII ’
—wo 7
L

From Egs. (10.12) and (10.13), the state-space model in the R-I frame for the
STATCOM circuit in Fig. 10.7 can be written as follows:
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r Ry K scos 0
_ @0 Des €05 Us
. L Ly
Lo R, K. sin 6 Lk
I —wo I — I
Vdc N 4 Vdc
B 1.5K .4 cos 0 B 1.5K .4 cos 0 B 1
| C, C, R,C,
- -
—— 0
Ly
+ o _L [ E’R] (10.14)
L, Ei

The steady-state solution of the STATCOM circuit—represented by Eq. (10.14)
using R, = 0.01 pu, X; = 0.15 pu, R, = 128 pu, C; = 0.013 pu, and K, = 2\ 6m
[14]—is plotted in Fig. 10.8 as a function of the phase-difference angle, 6.
In this plot, I,z and I,; are, respectively, the active and reactive components
of the STATCOM current, I;. The reactive-power output from STATCOM is
controlled by varying 60 ,. It should be noted that I;; varies almost linearly with
04, and the range of 6, for controlling /;; within =1 pu is very small.

» i i i i i i i i |
08 06 04 02 0 02 04 06 08 1
64 (deg.)

Figure 10.8 The steady-state characteristics of a STATCOM.
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Figure 10.9 The IEEE First Benchmark System with a STATCOM for SSR damping
studies.

10.2.5 SSR Mitigation

10.2.5.1 A Study System The mitigation of SSR is demonstrated on the
IEEE First Benchmark System [50] with a STATCOM connected at the gen-
erator terminals, as shown in Fig. 10.9. To develop a mathematical model for
the studied system, the electric network equations as they are given in ref. [51]
are used. The STATCOM controller is modeled as described in the next sec-
tion. The generator is represented by its d- and g-axis equivalent circuits, with
one damper winding and field winding on the d-axis and two damper windings
on the g-axis [49]. The mechanical system, as shown in Fig. 10.9, comprises
six masses: one high-pressure turbine (HP), one intermediate-pressure turbine
(IP), two low-pressure turbines (LPA and LPB), one generator (GEN), and one
exciter (EXC). The mechanical damping is assumed to be zero for all masses to
represent the worst damping conditions. The generator is equipped with a static-
excitation system. The static-excitation and governor-system configurations are
taken from ref. [52].

Combining the equations of the mechanical, excitation, and governor sys-
tems, as well as the generator- and capacitor-compensated transmission line,
results in a set of twenty-seventh-order nonlinear-differential equations with-
out the STATCOM. These differential equations are then linearized around an
operating point to obtain the linear-differential equations, which are used to
obtain the system eigenvalues. The six-mass model has five torsional modes in
addition to an electromechanical mode (mode 0). The IEEE First Benchmark
System is characterized by four unstable torsional modes, each of which has its
largest SSR interaction at a certain value of the series compensation, X¢ [51].

It should be noted that the definition of the series compensation percent
used is
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TABLE 10.1 Eigenvalues of the IEEE First Benchmark System

% Compensation Level

Mode 32% 46.5% 59.25% 72.25%

0 0.168 £,10.08 0.113 £;10.99 0+£,11.85 -0.31 £12.75

1 -0.001 +,;99.37 0.006 £j99.70 0.044 £;100 6.53 +j98.79

2 0.001 £;127.05 0.006 £;127.11 1.21 £126.98 0.004 £;126.90

3 0.01 £;160.81 2.29 +160.49 0.017 £;160.25 0.002 £;160.41

4 2.65 +;203.01 0.015 £;202.58 0.002 £;202.73 -0.001 +,;202.80

5 1E-6+298.18  —1E-5+;298.18 —1B-54,298.18  —1E-5+,298.18
Electrical -5.5£,203.19 —4.76 £j160.41 —3.04 £;126.88 —6.96 £ 798.40

. Xc
% Compensation = x 100 (10.15)

0.14+0.5+0.06

where 0.14 = the sending-end transformer reactance
0.5 = the transmission-line reactance
0.06 = the equivalent system reactance at an infinite bus

Without the STATCOM, the real part of the eigenvalues corresponding to the
various torsional frequencies vary in magnitude and acquire peak instability at
different levels of series compensation. For each of the critical compensation
levels at which the real part of the eigenvalue is maximum (indicating worst
damping), the corresponding electrical- and torsional-mode eigenvalues of the
system without the STATCOM are listed in Table 10.1. It can be seen that
modes 1, 2, 3, and 4 become peak-unstable at compensation levels of 72.25%,
59.25%, 46.5%, and 32%, respectively. The objective is to damp all these tor-
sional modes by employing the STATCOM at the generator terminal.

10.2.5.2 STATCOM Performance The STATCOM controller used for the
IEEE First Benchmark System is shown in Fig. 10.10. The main function of a

Aw Ko
1+sT,

Vref +/E
\

N__/+
=
E

_1
1+sT,

Ei— Kyl

Figure 10.10 A STATCOM controller for damping the SSR.
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TABLE 10.2 Eigenvalues of the IEEE First Benchmark System With Only the
STATCOM Voltage Controller

% Compensation Level

Mode 32% 46.5% 59.25% 72.25%

0 -3.99+;2.92 —4.338 +j2.91 —4.773 £2.74 -5.176 £ j2.12
1 —0.198 +j99.64 —0.154 + j100.08 0.754 £;100.65 1.326 £99.44
2 —0.015 +j127.08 0.037 £/127.14 0.114 £;127.04 0.059 £;127.01
3 0.034 £;160.91 0.354 £160.65 0.158 £,160.50 0.09 £,160.56
4 0.505 £;203.03 0.144 £202.86 0.667 +;202.91 0.04 £,202.94
5 —1E-5 +298.18 —1E-5 +298.18 —1E-5 £;298.18 —1E-5 £;298.18

Electrical —27.97 £193.66 —28.28 +j144.54  -27.46 +107.88 —25.76 +j76.97
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STATCOM, as with the conventional SVC, is to regulate the transmission-line
voltage at the point of connection. When a STATCOM having only a voltage
controller is incorporated into the power system, the electrical- and torsional-
mode eigenvalues for all the critical compensation levels are as they appear in
Table 10.2. It can be seen that the STATCOM equipped with only a voltage
controller is not sufficient to damp all the torsional modes of the IEEE First
Benchmark System. Thus a need exists for an additional control signal along
with the STATCOM voltage controller.

The principal strategy in controlling an SSR-oscillation-damping STATCOM
is to use simple stabilizing signals [16], [S1]. It is known that the genera-
tor speed contains components of all the turbine modes; consequently, if the
generator speed is used to control a STATCOM, all the torsional modes—in
addition to the mode corresponding to the generator mass—will be affected
[51]. Therefore, the auxiliary signal employed is the generator-speed deviation.
Listed in Table 10.3 for all critical compensation levels are the eigenvalues of
the electrical- and torsional-modes of the system having a STATCOM equipped
with a voltage controller and an auxiliary speed-deviation feedback stabilizer.
All the torsional modes are seen to be stable. For the IEEE First Benchmark
System, all other system eigenvalues (those not listed in Table 10.3) are also
found to be stable.

TABLE 10.3 Eigenvalues of the IEEE First Benchmark System With the
STATCOM Voltage Controller and the Auxiliary Stabilizer

% Compensation Level

Mode 32% 46.5 % 59.25 % 72.25 %

0 —3.348+2.62 3398 +j2.7 —3484+)2.8 3716 +2.92
1 ~1.004 +j99.14 ~1.442 +j99.25 ~2256+100.50  —0.284 +£/101.2
2 ~0.125 +/127.02 ~0.21+/127.08  -0.062+/127.23  —-0.001 +/127.14
3 -0718+j160.73  -0215+j16133  -0.018+;160.97  —0.041 %j160.86
4 ~0.383+j20422  —0.093 £ j203.39 ~0.184203.25  —0.218 +j203.21
5 ~1E-5+j298.18  —1E-5+;298.18  —1E-5+;298.18  —1E-5+,298.18

Electrical 2537 +j192.85  -2549+144.83  -23404j108.56  -23.34 +;76.88
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The STATCOM controller model shown in Fig. 10.10 has three gains: the
proportional gain, Kp; the integral gain, K;; and the speed-deviation-feedback
gain, K,,. The objective is to design a single controller, which can be used to
damp all SSR modes at all series-compensation levels. Eigenvalue analysis is
used to obtain the range of Kp, K;, and K, for which the system is stable. It is
found that the system is stable for —6.25 < Kp < -1, —132 < K; £0, and 4 <
K, < 11. From these Kp, K;, and K, values, final gain parameters are selected
by carrying out a step-response test on the system and ensuring that the system
settling time and the generator overshoot speed is low. Thus the final values of
Kp, K;, and K, obtained are —1, —1.25, and +8, respectively.

10.2.6 Dynamic Compensation

Several configurations of STATCOM have been proposed in the literature (see
refs. [2], [3], [9], [11], and [17]-[22]), many of which have also been imple-
mented in practical applications. This section focuses on one such configuration
and its advantages: the binary voltage source inverter (BVSI).

10.2.6.1 A Multilevel VSC-Based STATCOM The harmonic contamina-
tion of the power-system network by the addition of STATCOM into the power
system can be reduced by employing multilevel VSC configurations [17], [18].
The multilevel converters usually synthesize a staircase-type voltage wave from
several levels of dc-voltage sources (typically capacitor-voltage sources). The
multilevel VSC schemes studied and tested so far include the diode clamp, the
flying capacitor, and the cascaded, separate dc-source converter types [17].
Many separate dc-source converter topologies are suggested in refs. [19]-[22].
Multilevel converters can reach high voltages and reduce harmonic distortion
because of their structure. To increase the voltage rating, many single-phase
full-bridge converters (FBCs) can be connected in series, automatically leading
to a desirable reduction of harmonic distortion. However, the need to balance
capacitor voltages, the complexity of switching, and the size of the capacitors
all limit the number of levels that can be practically employed.

Figure 10.11 shows the 3-phase star-connected arrangement of the separate
dc-source, 3-level binary VSC commonly referred to as a BVSI [19]. It consists
of three single-phase FBCs, each with its own dc source, connected in series.
However, the magnitude of each dc source is in binary proportion of Vg, 2V,
and 4V 4., where V. is chosen to get the desired fundamental ac-voltage output
for a normalized 1-pu modulation index. The switches are turned on and off to
generate a 15-step ac-voltage output over one fundamental cycle. In general,
n-level BVSI would produce a (2"*! — 1)-step ac-voltage output versus a (2n
+ 1)-step output generated by a conventional n-level, separate dc-source VSC
configuration.

Figure 10.12 illustrates the various voltages in the 3-level BVSI STATCOM.
The resulting ac-phase voltage, v,y, and the fundamental-output voltage, v,, of
the 3-level converter are also shown in Fig. 10.12. The output-phase voltage is
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given by
Uay =Up1 + U2 + U3 (10.16)
where

un=+Vc1,0,-Ver and Ve = Ve

U =+V2,0,-Vea and Ve =2V

U3 =4V 3,0,—Ves and Vs =4V (10.17)
The phase voltage given by Eq. (10.16) is obtained by varying the voltage out-
put of each FBC level in Eq. (10.17) by appropriately switching various devices

and their combinations. From Fig. 10.12, the a-phase converter-output voltage
for n-level BVSI is given by
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Figure 10.12 Typical voltages of the 3-level BVSL

4V, 2 r! _
e 2, 2 cosl@k - Do sin[(2k - D] (10.18)

vav
From Eq. (10.18), the fundamental root mean square (rms) voltage, V,, the
harmonic rms voltage, V1, and the maximum fundamental-phase voltage,
V amax, can be determined as

> cos 6; (10.19)
i=1

and

4v !
de cos[k — 1)8;]  fork=1,2,3,... (10.20)

Vu-1=—F————
22k - D izt

and
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10.2.6.2 A Selective Harmonic-Elimination Modulation (SHEM)
Technique To reduce the harmonics injected into the power system by the
BVS]I, a selective harmonic-elimination modulation (SHEM) technique for this
converter configuration has been developed.

Equation (10.18) shows that the BVSI output voltage contains odd harmonic
voltages in addition to fundamental voltage. Equations (10.19) and (10.20) show
that the harmonic voltages and fundamental voltage can be changed by varying
either the dc voltage, V., or the modulation angles, 6;. Varying the dc voltage
is not economical in practical applications because it needs a rectifier. Here, the
modulation angles are varied to control the fundamental-output voltage as well
as to minimize the harmonic distortion.

The phase voltage, v,y, of the 3-level BVSI is plotted in Fig. 10.12, where
seven steps are introduced into the otherwise square wave-converter output to
control the magnitude of the fundamental voltage and to eliminate or minimize
any of the six harmonics. On a half-cycle basis, each step provides one degree
of freedom, that is, having (2"~ ') steps per half-cycle in an n-level BVSI pro-
vides control of the fundamental and elimination or minimization of (2"~ ?2)
harmonics. Using Egs. (10.19) and (10.21), the modulation index, MI, or the
amplitude-modulation ratio is defined as

for a 3-level BVSI (10.21)

V. 1
MI= = —
V a max 7 i

M=

cos 0; (10.22)

1

The 5th, 7th, 11th, 13th, 17th, and 19th harmonics are minimized or completely
eliminated. From Eq. (10.20),

,
Vi=2> cos(hd)=0  forh=5,7,9,11,13,17,19 (10.23)
i=1

The seven nonlinear equations, (10.22) and (10.23), are solved by the
Newton—Raphson numerical technique to derive switching instants (angles) of
BVSI switches.

10.2.6.3 Capacitor-Voltage Control Figure 10.13 shows the average
waveforms of the phase voltage, v,y,, the fundamental phase voltage, v,, the
system bus voltage, v, (to which the converter is connected), and the current,
icq, flowing through the capacitors. The capacitor current either leads or lags
the phase voltage by 90°, depending on whether the converter acts capacitively
or inductively. The average charge on each dc capacitor over every half-cycle
is equal to zero, and because of this symmetric charge flow, the voltages on
all the dc capacitors remain theoretically balanced [18]. However, because of
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Figure 10.13 The modulating charge and discharge of capacitors to control their volt-
ages.

the power losses in the converter and an unbalanced operation of the 3-phase
system, the capacitor voltages may drift away from their set levels.

In the BVSI of Fig. 10.11, the set voltage levels are Vg, 2V, and 4V .
In principle, the charge and hence the voltage across each capacitor is main-
tained by prolonging or shortening the current flow through it, which is achieved
by shifting the switching patterns [18], [21]-[22]. The direction of phase shift
depends on whether the converter is producing leading var or absorbing lagging
var. Figure 10.13(a) depicts the extra charging of capacitor C to raise its falling
voltage when the converter is producing leading var. In the positive half-cycle
of ic,, Cy conduction is increased by A6, whereas in the negative half-cycle
it is reduced by the same amount. Reflecting this behavior are shaded areas
in which the positive half-cycle is larger than that in the negative half-cycle,
indicating extra charging of C;.

Figure 10.13(b) illustrates the extra charging of capacitor C; when the con-
verter is absorbing lagging var. Here, also, the positive half-cycle conduction
of C; is more than its negative half-cycle conduction. Similarly, 6, is modu-
lated to adjust the conduction of capacitor C,. The required power to charge
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Figure 10.14 Capacitor-voltage control.

the capacitors is drawn from the system by controlling the phase-lag angle 0,
between v, and vy,, as shown in Fig. 10.13.

The capacitor-voltage control scheme employed is shown in Fig. 10.14. One
such controller on each phase maintains individual capacitor voltages in binary
proportion as it adjusts the phase lag between the converter-phase voltage and
the system-phase voltage to draw a sufficient amount of active power from the
system required to keep the capacitors charged. The net active power drawn is
equal to the switching losses and capacitor losses.

In Fig. 10.14, the phase-lag angle 6, adjusts the net active-power flow into
the converter. The angles A6, Af,, and A, are used to prolong or shorten the
conduction of capacitors C;, C,, and Cj3, respectively, by shifting the switch-
ing patterns Af, Af,, and Af, in order, as shown in Fig. 10.14. It is found
that normally A6, Af,, A4, and 6, are each less than 1°, meaning that such
unequal capacitor conduction is not likely to affect the 3-phase system balance.

10.2.6.4 STATCOM Performance With BVSI, the dynamic compensation
of the ac system at the point of common coupling is achieved by meeting the
reactive-power demands in transient and in steady-state conditions. To gener-
ate the required reactive power from the converter, the modulation index MI is
varied and the gate-firing angles 6; are calculated for each MI value. When MI
is M @i, the converter absorbs the rated reactive power (inductive STATCOM),
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Figure 10.15 Distribution-system compensation using a BVSI STATCOM.

whereas when MI is M I,,x, the converter generates the rated reactive power
(capacitive STATCOM).

Figure 10.15 shows the configuration of a distribution system studied for
examining the effectiveness of the BVSI to regulate the load-bus voltage under
various operating conditions. The distribution system considered is 13.8 kV,
60 Hz with a short-circuit capacity of 100 MVA and X/R = 4. A 3-phase, 3-
level, 15-step =15 MV AR BVSI is connected to the load bus through a 10-mH
interface reactor. The load considered is 10 MW £ 8§ MVAR.

A STATCOM Voltage Controller for Dynamic Compensation The desired
voltage at the load bus is maintained at 1 pu for varying operating condi-
tions by dynamically providing the reactive-power requirement through the
BVSI. To regulate the load-bus voltage, a proportional-integral (PI) controller
is employed that contains a feedback signal derived from the voltage at the load
bus, V, and the reactive current, /, flowing into the converter weighted with the
V-1 characteristic droop, Kgr, as indicated in Fig. 10.15. The output of this PI
controller comprises the modulation index M/, and depending on its value, the
gate-firing angles (of 6 ---67) to turn on various switches are selected from
the precomputed switching-patterns table. The capacitor-voltage controller (see
Section 10.2.6.3) generates A, Af,, Af4, and 0,. These angles, together with
the gate-firing angles, are processed through a switch-firing logic algorithm to
modulate the conduction period of all capacitors to control their voltages in a
binary proportion. The switch-firing logic generates the appropriate gate-firing
pulses of g,, g», and g.. The following circuit and controller parameters are
considered in the transient simulation:
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The ac-voltage rating (line-to-line, rms): 13.8 kV, 60 Hz
The MVAR rating: 15 MVAR

The normalized per-unit modulation index: 0.631 pu
The undermodulation (lagging var): 0.51-0.63 pu

The overmodulation (leading var): 0.632-0.886 pu

The dc-voltage regulation factor (e): £5%

The dc-voltage rating (V¢i, Ve, Ve3): 2, 4, 8 kV

The dc capacitors (Cy, C, C3): 6.5, 2.57, 1.6 mF

The K1, K2, Kp3, K, (leading var): 12, 10, 12, 10

The K1, Kp2, Kp3, K, (lagging var): —12, —10, —-12, 10
. The Tph sz, Tp3, TPZ 1, 1, 15, 0.8 s

. The voltage controller (K, Tyi, Ksi, Vier): 108, 1's, 1%, 1 pu

R o

— e
SIS

Transient Simulation The operation of the 3-level BVSI for distribution-
system dynamic compensation, described in Fig. 10.15, is evaluated using
PSCAD/EMTDC [53] for various disturbances and different system-operating
conditions. This simulation illustrates the effectiveness of the BVSI in reactive-
power compensation, as well as the suitability of the capacitor-voltage controller
in maintaining the capacitor voltages in binary proportion and the suitability of
the voltage controller in regulating load-bus voltage during abnormal conditions
and varied operating environments. Also, it shows that the power-quality impair-
ment from STATCOM operation can be minimized by the proper configuration
of STATCOM, that is, multilevel and/or high-pulse converter configurations.

As an example case, Fig. 10.16 illustrates the operation of the BVSI when it
generates leading var and absorbs lagging var. Initially, the capacitor voltages
are maintained at 2-, 4-, and 8-kV levels, the BVSI is in a floating state, and
the load-bus voltage is 1 pu.

At 0.12 s, a 10-MW, +j8—-MVAR inductive load is added. To maintain the
load-bus voltage at 1 pu, increased capacitive-reactive-power demand at the
load bus is met by the converter. The voltage controller responds to the changed
operating condition and adjusts the modulation index, and the converter gen-
erates 11-MVAR capacitive-reactive power. Figure 10.16 also shows the vari-
ations in the capacitor voltages, V¢, V2, and V3; the rms load-bus voltage,
Vi, the BVSI-bus voltage, V,; and instantaneous load-bus line voltages, vy,
Upe, and v.,. It is seen that after the initial disturbance, the capacitor voltages
adjust to the predisturbance binary levels, and V; is regulated to 1 pu.

At 0.4 s, a 16-MVAR capacitor bank is switched in at the load bus, chang-
ing the load to 10 MW, —j8 MVAR capacitive. It is seen that the converter
is able to switch successfully from capacitive to inductive operation and the
load-bus voltage is regulated rapidly to 1 pu. However, the capacitor voltages
are maintained at newly reduced steady-state values but still remain in a binary
proportion. In principle, the variation in the dc-link voltages does not inherently
affect the ability of the converter to produce the designated sinusoidal-output
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Figure 10.16 The addition of inductive (at 0.12 s) and capacitive (at 0.4 s) loads.

voltages at the desired single synchronous frequency by appropriately control-
ling the (instantaneous) magnitude of the converter-output voltage [28]. Here,
too, the reduced dc voltages do not affect the effectiveness of the BVSI in
any manner as long as they remain in a binary proportion and are not reduced
substantially. If the capacitor voltages drift from their binary proportions, the
harmonic distortion would increase.

The line-voltage harmonic spectrum is shown in Fig. 10.16. The total har-
monic distortion (THD) with a 60-Hz base frequency and the first 100 har-
monics considered is 0.3717% at 0.6499 s. The THD values at a different time
instant are shown in Table 10.4. These very low THD values indicate that a
SHEM algorithm with precomputed switching patterns improves the system
harmonic profile significantly.

Figure 10.17 illustrates real-power flow from an ac system into the STAT-
COM to meet its losses. The real power drawn by the STATCOM is very low
when there are no disturbances; the STATCOM draws more power to meet
increased losses during transient conditions. This figure also shows Af,, Af,,,
and A6y, angles used to modulate capacitor-switching periods to regulate their
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TABLE 10.4 The THD During STATCOM Operation in
the MVAR Absorption-Supply Modes

No. of Cycles After a

Load Change at Which Inductive/Capacitive Loads
the THD Is Measured Time THD
5 0.2033 s 1.2496%
0.4833 s 0.5488%
10 0.2866 s 1.0945%
0.5666 s 0.2857%
15 0.3699 s 1.1043%
0.6499 s 0.3717%

voltages, which vary from —1° to +1°. The STATCOM bus-phase voltages—uv,y,
Upy, and v,—distinctly show the 15-step output.

10.3 THE SSSC

The SSSC, sometimes called the S3C, is a series-connected synchronous-volt-
age source that can vary the effective impedance of a transmission line by inject-
ing a voltage containing an appropriate phase angle in relation to the line cur-
rent. It has the capability of exchanging both real and reactive power with the
transmission system [1]-[8], [28]-[31]. For instance, if the injected voltage is
in phase with the line current, then the voltage would exchange real power. On
the other hand, if a voltage is injected in quadrature with the line current, then
reactive power—either absorbed or generated—would be exchanged. The SSSC
emerges as a potentially more beneficial controller than the TCSC because of
its ability to not only modulate the line reactance but also the line resistance
in consonance with the power swings, thereby imparting enhanced damping to
the generators that contribute to the power oscillations.

The SSSC comprises a multi-phase VSC with a dc-energy storage controller,
as shown in Fig. 10.18(a). Here, the controller is connected in series with the
transmission line. The operating modes of the SSSC are illustrated graphically
in Fig. 10.18(b).

10.3.1 The Principle of Operation

A series capacitor compensates the transmission-line inductance by presenting
a lagging quadrature voltage with respect to the transmission-line current. This
voltage acts in opposition to the leading quadrature voltage appearing across
the transmission-line inductance, which has a net effect of reducing the line
inductance. Similar is the operation of an SSSC that also injects a quadrature
voltage, V¢, in proportion to the line current but is lagging in phase:

Ve = —jkXI, (10.24)
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Figure 10.17 Typical STATCOM real-power consumption.

where V¢ = the injected compensating voltage
I; = the line current
X = the series reactance of the transmission line
k = the degree of series compensation

The current in a line compensated at its midpoint by the SSSC is expressed as

[11], [20]:

~ 2Vsing/2 V¢

Ip=———+— (10.25)

X X
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Figure 10.18 (a) Generalized series-connected synchronous-voltage source employing
a multi-pulse converter with an energy-storage device; (b) the different operating modes
for real- and reactive-power exchange.

where V = the magnitude of voltage (assumed to be the same) at the two
ends of the transmission line

0 = the angular difference across the line

The corresponding line-power flow is then expressed as

P=VI, cos(6/2) (10.26)
or
V2sin & VVe
P= 2 10.2
X + % c0s(6/2) (10.27)

A series-compensation scheme using the SSSC is depicted in Fig. 10.19. Nor-
mally, the SSSC-output voltage lags behind the line current by 90° to provide
effective series compensation. In addition, the SSSC can be gated to produce an
output voltage that leads the line current by 90°, which provides additional induc-
tive reactance in the line. This feature can be used for damping power swings and,
if the converter has adequate rating, for limiting short-circuit currents.

A typical SSSC controller connected in a transmission line is shown in Fig.
10.20 [29]. This controller comprises a VSC in which its coupling transformer
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Figure 10.19 A synchronous-voltage source employing a multi-phase dc/ac converter
that is operated as a series-capacitive compensator.

is connected in series with the transmission line. The valve-side voltage rat-
ing is higher than the line-side voltage rating of the coupling transformer to
reduce the required current rating of the gate turn-off (GTO) thyristor valves.
The valve-side winding is delta-connected to provide a path for 3rd harmonics
to flow. Solid-state switches are provided on the valve side to bypass the VSC
during periods of very large current flow in the transmission line or when the
VSC is inoperative. The basic dc voltage for conversion to ac is provided by
the capacitor, and the dc/ac conversion is achieved by pulse width—-modulation
techniques [27], [54]. The dc-capacitor rating is chosen to minimize the rip-
ple in the dc voltage. An MOV is installed across the dc capacitor to limit its
voltage and provide protection to the valves.

10.3.2 The Control System

A typical SSSC control system is depicted in Fig. 10.21 [11]. It accomplishes
the following functions:

| Power System |

Sending Receiving
Bus _ ) Bus
————— T Line
TS~ M
V145: 1 : V’«'ZE’ ‘/240D
| o |
|
| EZjS +
| ;; Vdc MOV

Interface
Transformer Solid-State ;;ZIS
Switch VsC

Figure 10.20 A line compensated with an SSSC.
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(reactive and real) line impedance and improve system stability.

1. The introduction of desired series-reactive compensation (capacitive or
inductive).

2. The damping of power-swing oscillations and enhancement of transient
stability.

3. The control of current in the SSSC-compensated line.

The line current, /;, and the SSSC terminal voltage, V7, are measured together
with the bus frequency or the line-power flow, which can either be measured
directly or calculated from /; and V; measurements. The desired SSSC reac-
tance is set by a reactance reference, Zg.

The SSSC acts as a voltage source in synchronism with the ac-system
voltage—the magnitude and phase of which can be controlled by voltage-
reference inputs of VZ, and VZ,. The signal VZ, regulates the SSSC-output
voltage component in quadrature with the line current. It thus determines the
amount of reactive compensation (capacitive or inductive) introduced in the
transmission line. The reactance reference Zx is modulated with bus frequency
or line-power signals to generate Z’%, which when multiplied with the rms line
current /; results in the signal Vzr. The bus frequency or line-power signals
are representative of the generator-rotor oscillations, (dé/dt), as follows:
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1. If (d6/dt) > O—that is, the generators accelerate—the signal Vz,. controls
the SSSC output to increase the power drawn from the generator, thereby
decreasing its kinetic energy. This action is achieved by enhancing the
series-capacitive compensation provided by SSSC.

2. If (d6/dt) < O—that is, the generators decelerate—the signal V’;r, effec-
tively inserts an inductive reactance in the line to decrease the power
transmitted from the generator.

The signal V', determines the magnitude of the SSSC-output voltage compo-
nent that is in phase (or out of phase) with the line current. It thus controls
the real-power exchange between the SSSC and the system and is particularly
effective when the SSSC is equipped with an energy-storage device such as
the one shown in the Fig. 10.21. To damp power swings, the modulation signal
representing (d8/d1) is used to modulate V7, as follows:

1. If (d6/dt) > 0—that is, the generators accelerate—the signal Vj}, controls
the SSSC to absorb real power from the system. It effectively introduces
a positive (apparent) resistance in the transmission network.

2. If (d6/dt) < O—that is, the generators decelerate—the signal Vf}r instructs
the SSSC to inject real power into the system. This action is equivalent
to the introduction of a negative (virtual) resistance in the transmission
circuit.

The SSSC can also be used to balance the currents in parallel lines. This objec-
tive is attained by implementing an additional current loop in which the mea-
sured current is compared with the desired reference value. The error signal is
then employed to modulate Zy to effect the required current flow in the com-
pensated line.

10.3.3 Applications

10.3.3.1 Power-Flow Control A case study that illustrates the effective-
ness of the SSSC in providing line-power control is presented in ref. [29]. Fig-
ure 10.22 depicts a two-area 500-kV test system interconnected by a 600-km
double-circuit line. Each circuit is compensated by fixed capacitors to the extent
of 70.5% line reactance, which translates to a net series compensation of 46.6%
if the area impedances are also considered.

The SSSC is inserted in series with the line. The coupling transformer is
rated at 28.9 kV (line side) and 57.7 kV (valve side) per phase. The dc side of
the GTO-based VSC is rated at 75 kV (which can be increased to 85 kV) by
the MOV across the dc capacitor. The SSSC can thus inject a maximum phase
voltage of 28.9 kV, corresponding to a line-to-line voltage of 50 kV.

The SSSC response to changes in the line-power reference is shown in Fig.
10.23. Initially, the SSSC is blocked and bypassed with the dc capacitor of the
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VSC uncharged. At this instant, the line-power flow is 2015 MW, correspond-
ing to an angular difference of 30° between the two areas. At t = 0.1 s, the
SSSC is deblocked; the line-power reference setting is first increased to 2400
MW, then reduced in steps to a final value of 1600 MW. It is seen from Fig.
10.23 that even a small SSSC that is rated at 10% of the line voltage can pro-
vide effective control of 800 MW of line power, or 40% of the line power.
The total harmonic distortion with the switching scheme of Fig. 10.23 is about
1.5%. Even in unbalanced-voltage scenarios, the SSSC is shown to operate sat-
isfactorily.

10.3.3.2 SSR Mitigation An important aspect of the SSSC is that because
it does not introduce a physical capacitor in the line, it does not cause SSR.
However, it assists in the damping of subsynchronous oscillations caused by
other series capacitors inserted in the transmission network. This damping is

2500

2300

2100

Power (MW)

1900

1700

1500

Figure 10.23 The system response to power-reference change: (a) line-power refer-
ence and (b) line power.
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achieved by introducing subsynchronous voltages of appropriate magnitude,
frequency, and phase to negate the effect of original subsynchronous currents.
The subsynchronous voltages can be generated together with the fundamental-
frequency voltage.

The influence of the SSSC in suppressing SSR in a modified IEEE First
Benchmark System [50] is described in refs. [38] and [55]. The line is assumed
to be compensated by 50%. Three cases are considered for line compensation:

1. Total of 50% series compensation by the fixed capacitor.
2. Total of 35% compensation by a fixed capacitor and 15% by an SSSC.
3. Total of 50% compensation by an SSSC.

Eigenvalue analysis is used to show that both cases 1 and 2 of the preceding
list reduce the undamping of the concerned torsional mode. The SSSC of case
2 damps the torsional oscillations effectively with a damping controller. It may
be noted that the SSSC, as a very expensive controller, is not used alone to
compensate the line. A practical compensating scheme involves the use of a
relatively small-rating SSSC in conjunction with a fixed-series capacitor.

For the case-study system, depicted in Fig. 10.24 is the response of the
SSSC in case 2 to a step increase in the HP turbine’s mechanical-torque output.
The generator-rotor-angle oscillations decay very rapidly, and in the GEN-LP
shaft torques, and the subsynchronous oscillations are also stabilized—although
slowly. Moreover, the SSSC closely regulates the dc-capacitor voltage.

10.4 THE UPFC

10.4.1 The Principle of Operation

The UPFC is the most versatile FACTS controller developed so far, with all
encompassing capabilities of voltage regulation, series compensation, and phase
shifting. It can independently and very rapidly control both real- and reactive-
power flows in a transmission line [1]-[8], [32]-[47]. It is configured as shown
in Fig. 10.25 and comprises two VSCs coupled through a common dc terminal.
One VSC—converter 1—is connected in shunt with the line through a coupling
transformer; the other VSC—converter 2—is inserted in series with the transmis-
sion line through an interface transformer. The dc voltage for both converters is
provided by a common capacitor bank. The series converter is controlled to inject
avoltage phasor, V,,, in series with the line, which can be varied from 0 to V,; max.
Moreover, the phase angle of V,,, can be independently varied from 0° to 360°. In
this process, the series converter exchanges both real and reactive power with the
transmission line. Although the reactive power is internally generated/absorbed
by the series converter, the real-power generation/absorption is made feasible by
the dc-energy—storage device—that is, the capacitor.

The shunt-connected converter 1 is used mainly to supply the real-power
demand of converter 2, which it derives from the transmission line itself. The
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Figure 10.25 The implementation of the UPFC using two “back-to-back” VSCs with
a common dc-terminal capacitor.

shunt converter maintains constant voltage of the dc bus. Thus the net real
power drawn from the ac system is equal to the losses of the two converters
and their coupling transformers. In addition, the shunt converter functions like
a STATCOM and independently regulates the terminal voltage of the intercon-
nected bus by generating/absorbing a requisite amount of reactive power.

The concepts of various power-flow control functions by use of the UPFC
are illustrated in Figs. 10.26(a)—(d). Part (a) depicts the addition of the general

pq

(a)
Figure 10.26

(b)

Vo+AV,

(c)

A phasor diagram illustrating the general concept of series-voltage

injection and attainable power-flow control functions: (a) series-voltage injection; (b)
terminal-voltage regulation; (c) terminal-voltage and line-impedance regulation; and (d)
terminal-voltage and phase-angle regulation.
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Figure 10.27 A phasor diagram illustrating the simultaneous regulation of the terminal
voltage, line impedance, and phase angle by appropriate series-voltage injection.

voltage phasor V), to the existing bus voltage, V), at an angle that varies from
0° to 360°. Voltage regulation is effected if V), (= AV)y) is generated in phase
with Vg, as shown in part (b). A combination of voltage regulation and series
compensation is implemented in part (c), where V,,, is the sum of a voltage-
regulating component AV, and a series compensation providing voltage com-
ponent V. that lags behind the line current by 90°.

In the phase-shifting process shown in part (d), the UPFC-generated voltage
Vpq is a combination of voltage-regulating component AV and phase-shifting
voltage component V. The function of V,, is to change the phase angle of the
regulated voltage phasor, Vo + AV, by an angle «. A simultaneous attainment
of all three foregoing power-flow control functions is depicted in Fig. 10.27.
The controller of the UPFC can select either one or a combination of the three
functions as its control objective, depending on the system requirements.

The UPFC operates with constraints on the following variables [37]:

the series-injected voltage magnitude;

the line current through series converter;

the shunt-converter current;

the minimum line-side voltage of the UPFC;

the maximum line-side voltage of the UPFC; and

SR S o

the real-power transfer between the series converter and the shunt con-
verter.

The theoretical concepts of UPFC-control design and equipment rating are well-
explained in refs. [2]-[8] and [32]-[47]; hence they are not described here.
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Figure 10.28 A case-study system.

However, some control-application case studies are described here to illustrate
the capabilities of the UPFC.

10.4.2 Applications

A case study for power-flow control and oscillation damping in the two-area
system discussed in ref. [37] is presented in Fig. 10.28. The two areas exchange
power via two transmission lines of unequal power-transfer capacity—one oper-
ating at 345 kV, the other at 138 kV. Although the 345-kV line is 100 mi long,
the 138-kV system is composed of two parallel 60-mi-long lines feeding a load
and a single 40-mi-long line leading to the other area.

The power-transmission capability is determined by the transient-stability
considerations of the 345-kV line. The UPFC is installed in the 138-kV network.
A 3-phase-to-ground fault is applied on the 345-kV line for four cycles, and
the line is disconnected after the fault. The maximum stable power flow pos-
sible in the 138-kV line without the UPFC is shown in Fig. 10.29 to be 176 MW.
However, the power transfer with the UPFC can be increased 181 MW (103%)
to 357 MW. Although this power can be raised further by enhancing the UPFC
rating, the power increase is correspondingly and significantly lower than the
increase in the UPFC rating, thereby indicating that the practical limit on the
UPFC size has been attained.

The UPFC also provides very significant damping to power oscillations when
it operates at power flows within the operating limits. The UPFC response to a
3-phase-line-to-ground fault cleared after four cycles, leaving the 345-kV line
in service, is illustrated in Fig. 10.30. Because the 345-kV line remains intact,
the oscillation frequency changes from that shown in Fig. 10.29.

Dramatic enhancements in power-oscillation damping with the use of the
UPFC are also reported in the planning study of the Mead-Phoenix project
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With UPFC, transfer is 357 MW

|Without UPFC, max. transfer is 176 MW

vV T | T | T | T | T |

-0 4 8 12 16 20

Time (s)

Figure 10.29 Power-transfer capability with the UPFC.

[34] and also with a modulation controller—equipped UPFC in a simple system
[38]. The application of UPFC for transient-stability improvement [42], [56] is
presented in the next section.

10.5 COMPARATIVE EVALUATION OF DIFFERENT FACTS
CONTROLLERS

The various functions achievable by different FACTS controllers described in
this book are listed in Table 10.5 [57]. A specific task can be performed by
several FACTS controllers, so their effectiveness in achieving the same tasks
can vary substantially.

-
o

Power (MW)
|

Power transfer is the
same as in Case 1,
with UPFC

Time (s)

Figure 10.30 A comparison of oscillation damping.
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TABLE 10.5 Capabilities of Different FACTS Controllers

Damping- Reactive- Power-
Voltage | Transient Power Power Flow SSR
Controller | Control | Stability | Oscillations | Compensation | Control Mitigation
BESS X X
SMES X X
SSSC X X X X X X
STATCOM X X X X
svc X X X X
TCPST X X X X
TCSC X X X X X
TSBR X X X
TSSC X X X X
UPFC X X X X X X

10.5.1 Performance Comparison

The relative efficacy of different FACTS controllers in achieving a major
objective in power systems—namely, the enhancement of transient stability—is
investigated in ref. [56]. Four FACTS controllers are evaluated and compared
in this study: the static var compensator (SVC), the static synchronous com-
pensator (STATCOM), the thyristor-controlled series capacitor (TCSC), and
the unified power-flow controller (UPFC). The comparison also includes the
high initial response (HIR) brushless generator excitation system. The effects
of different controllers are expressed in terms of the critical fault-clearing time
(CFCT).

The evaluation is performed on a small 2-generator, 5-bus system depicted
in Fig. 10.31. Faults are applied at the indicated bus and cleared after the CFCT
to ensure generator synchronism after fault removal. The ratings of all the con-
trollers are kept the same as the following:

e 150 MVAR SVC
e 150 MVAR STATCOM
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Backup
Generation General Comments
X ¢ Uninterruptible power supply.
e Primarily used for load leveling and spinning reserve.
X e Potentially useful for many future applications, including stabilizing systems,
serving as a standby power source for critical loads, and reducing governor
ripple.

e Can deliver desired var even at depressed voltages, thus giving better voltage
support than an SVC.
e Has a faster response than an SVC.

e Provides continuous control if used as a TCR with an FC bank.
e Otherwise, TSR and TSC use provides discrete control.

o Essentially a phase-shifting transformer with a thyristor-control circuit that
facilitates high-speed changes in the phase angle and hence the power flow.

e Can operate in a vernier mode that allows continuously varying of impedance
from the inductive to the capacitive.

e Can be used to effectively damp power swings.

¢ Essentially a discrete version of a TCSC (i.e., series capacitors are switched in
and out by thyristor-control circuitry).

e Essentially a STATCOM-SSSC combination connected back-to-back by a dc
link, thus combining the capability of power control (through phase) and
voltage control (through reactive power); hence the term unified.

e £50 MVAR TCSC (100% controllable)
o UPFC with £50 MVA STATCOM, £50 MVA series element

The control systems used for the SVC, STATCOM, TCSC, and UPFC are
illustrated in Figs. 10.32, 10.33, 10.34, and 10.35, respectively. The controller
parameters are listed along with the gains and time constants of different
controllers in each case are selected with only consideration of maximizing
the CFCT. Issues such as power-oscillation damping are not considered. The
transient-stability simulations were conducted with the EPRI’s ETMSP package
[58].

The CFCT obtained for the different controllers are compared in the bar chart
depicted in Fig. 10.36. This study demonstrates that all FACTS controllers have
a significantly higher beneficial impact on transient stability than HIR excita-
tion systems. Among the shunt controllers, the STATCOM performs better than
SVC because of its better characteristics in the low-voltage region. The TCSC
is more effective than the shunt controllers, as it offers greater controllability of
the power flow in the line. The UPFC is by far the best controller, as it provides
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x/r=10 for Lines

Shunt Controller

(SVC, STATCOM, and UPFC) Series Controller

(TCSC and UPFC)

Figure 10.31 A study system for transient-stability evaluation.

independent control over the bus voltage and the line real- and reactive-power
flows.

This study on a simplistic system gives only an indication of the relative
performances of different FACTS controllers. The actual quantitative benefits
that accrue from these controllers in realistic systems depend on several other
factors, including interconnections and the range of operating conditions.

10.5.2 Cost Comparison

An elaborate cost comparison of different FACTS controllers is presented in
Table 10.6 [59], [4]. These cost figures have been estimated from various
EPRI reports and information obtained from a vender involved in the instal-
lation of STATCOM and UPFC. The UPFC cost is equivalent to that of two
STATCOMs—one in shunt, the other in series. The cost of conventional series
and shunt capacitors and power angle-regulating (PAR) transformers are also
included for sake of completeness. Although HVDC links do not fall in the
category of FACTS equipment, the average turnkey costs for HVDC links of
different capacities are also indicated. This information may be of benefit while
deciding one of two options: using HVDC or using FACTS for attaining similar
power-system performance enhancements.

Vref
1-Q0/Q,

+
Vieas N ,7| 14T, /
- U |_, 1+sT, / Bsye

-Qp /0,

Figure 10.32 An SVC control system: K = 5.0, T1 = 0.05, T2 = 0.05, Q¢ = 50, and
Q1 = 100.
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Vv,

max

1+sT, r

1+sT,

VJ, VsTatcom
min

Figure 10.33 A STATCOM PI controller for voltage regulation: Kp = 0.05, K; = 1.0,
T =0,and T = 0.

The total installed cost of a FACTS or HVDC project mainly comprises
two components: direct costs and indirect costs. The direct costs encompass
those for construction material and labor related to the installation. Indirect costs
encompass those associated with licensing and permits, legal expenses, finance,
project administration, insurance, taxes, interest, and so on.

As an example, the costs are presented for the Chester SVC, which is rated
for —125/+425 MVAR [59]. This SVC is installed on a 345-kV transmission
line to strengthen the ac system linked to the New England Phase II HVDC
Project. For this project, the SVC vendor costs constituted 86% of the direct
costs, whereas the indirect costs constituted 14% of the direct costs. The total
installed cost for the Chester SVC included these costs, as well as the cost of ac-
system reinforcements. The breakdown of the total installed cost for different
items of the SVC project is presented in Table 10.7 [59].

The final selection of a specific FACTS controller is based on a technoeco-
nomic analysis [4]. The choice is a function of the objectives to be achieved,
the performance of each controller in attaining the performance specifications,
and the total costs involved.

10.6 FUTURE DIRECTION OF FACTS TECHNOLOGY [60]-[62]

The technology behind phase-controlled thyristor-based FACTS controllers has
been present for several decades and is therefore considered mature. More util-
ities are likely to adopt this technology in the future, even as the newer, more
promising switch-mode GTO-based FACTS technology is fast emerging. Fore-

Pres /‘1 B = 6- 1 sin(z6)

+
Preas 1 1+ 5T,
—

_ 1+sT, 1+sT,

Figure 10.34 The TCSC power-flow controller (100% variable B): T» = 0.02, T3 =
0.2, T4 =2.0,Tg =0, Oc =2869, and Q;, = 666.
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Pref
V;
+ V max
P - 1 e 4 Vsero
meas Ko+ }& N /;\ [ Vser
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dc 0
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Q +
meas  — Ki _r
Kog +5° 145,
Vref
+ Vmax
Vineas — Kiy T+sThy
Ko + 5 1+5sT,, 1" Vemarcon

Figure 10.35 The UPFC control system with both series real- and reactive-power
flow control and shunt control for bus-voltage regulation: Kp, = 0.05, K; = 5.0, T,
= 0.01, T2y = 0.01, Kpy = 0.05, Kiy = 1.2, Kpy = 0.05, Kjp = 0.5, T1p = 0, and
Try =0.

seen in the near future is the application of a hybrid technology involving both
thyristors and GTOs; for instance, STATCOM-compensated HVDC converters
that perform better than SVC-compensated HVDC links.

The second generation of FACTS controllers, such as the STATCOM, the
SSSC, and the UPFC, use switch-mode GTO-based VSC configurations. Novel
GTO-centered topologies are being researched and are expected to evolve into
another mature family of FACTS controllers. Recent advances in silicon power-
switching devices that significantly increase their power ratings will contribute
even further to the growth of FACTS technology.

UPFC
TCSC
STATCOM
SVC

HIR Exciter

Base Case

T T
0 5 10 15 20 25
CFCT (cycles)

Figure 10.36 Comparative evaluation of the CFCT.
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TABLE 10.6 Cost Estimates for FACTS Controllers
and HVDC Links

Controller Cost

Shunt capacitor $8/kVAR

Conventional series capacitor $20/kVAR

Conventional PAR transformer $20/kVAR

SvC $40/kV AR—controlled part

TCSC $40/kV AR—controlled part

STATCOM $50/kVAR

UPEC series portion $50/kW series-power flow

UPFC shunt portion $50/kV AR—controlled part
HVDC Links

Back-to-Back, 200 MW $108/kW/terminal

1250 kV, 500 MW $145/kW/terminal

+350 kV, 1000 MW $107/kW/terminal

+500 kV, 3000 MW $75/kW/terminal

10.6.1 The Role of Communications

The ongoing restructuring of power systems poses new stability problems
because of frequently changing power-transfer patterns [61]. The FACTS con-
trollers will play an important role in facing this challenge. Indeed, FACTS con-
trollers will be required to ensure global stability objectives. At such a time,
reliance on only locally measured signals may not be adequate. In addition,
the requirement that all supplementary damping-control signals be only locally
derived may make the placement of FACTS controllers difficult task from the
viewpoint of robustness [63], [64]. Hence it is increasingly felt that reliable,
globally obtained signals might be made available to the controllers to sup-
plement local signals. The selected remote signals that demonstrate superior
observability of the relevant modes will be transmitted primarily through com-
munication channels; it may not be all that unreliable to do so.

Digital fiber-optic communications hold much promise in this respect [65],
[66]. In the future, power systems are likely to see a wider application of dis-
tributed measurement technology, using the global-positioning system and accu-
rate phasor-measurement units for increases in overall system stability [61].
Wide-area control-information systems are anticipated to permeate the applica-
tion of FACTS controllers [60]. This is because the control interactions between
FACTS-HVDC-ac controllers proliferate to large areas because of the closely
interlinked systems.

10.6.2 Control-Design Issues

In the emerging deregulated power systems, FACTS controllers will provide
the following benefits at existing or enhanced levels of reliability [67]:
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TABLE 10.7 Total Installed Cost of the
Chester, Maine, -125/+425-MVAR SVC

Item Description % Total Project
Thyristor valves 16.39
345/24-kV transformers 19.82
ac-Switchyard equipment 22.48
Station auxiliary power 5.47
Control and protections 8.47
Station costs 23.04
ac-Transmission tap line 2.88
ac-Network reinforcements 1.45

1. Balancing the power flow over a wide range of operating conditions
(including contingencies), thereby using the power-system network most
efficiently.

2. Balancing the power flow in parallel networks operating at different volt-
age levels.

3. Alleviating unwanted loop flow in large, integrated power systems.
4. Mitigating inter-area power oscillations.

5. Obviating or delaying the construction of new transmission facilities by
significantly enhancing the power-transfer capacity of existing transmis-
sion corridors.

The delivery period of FACTS technology is much less than that of the instal-
lation of new transmission lines, thus making the technology highly attractive.

The FACTS controllers will be burdened with the responsibility of operating
reliably over an expansive range of unpredictable power-flow scenarios. Hence
control systems for these FACTS controllers may have to be designed not just
on the basis of linear-control techniques, but also by using intelligent, adaptive
digital controllers based on information obtained from wide-area measurement
networks.

For systems using FACTS controllers, aiming for high levels of damping
may not be a safe design goal for wide-area control. Adequate damping over the
largest realistic range of operating conditions may be a more desirable criterion
to fulfill [62]. The coordination of multiple FACTS controllers in the same
system as well as in the adjacent systems must be investigated extensively and
implemented to ensure the security of power-system operation.

10.7 SUMMARY

In this chapter, three important second-generation FACTS controllers—the
STATCOM, the SSSC, and the UPFC—were described briefly. The essential
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features of their control systems were mentioned, and some application exam-
ples for each controller were presented. One primary task for any utility is to
select a specific FACTS controller for a given objective; the comparison given
in this chapter of the technical capabilities and costs of various FACTS con-
trollers might facilitate this selection. The likely future direction of FACTS
technology, especially in restructured power systems, was discussed as well.
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I APPENDIX A

Design of an SVC Voltage Regulator

A.1 STUDY SYSTEM

The study system shown in Fig. A.1(a) consists of a synchronous generator
supplying power to a 230-kV, 50-Hz infinite bus over a 600-km transmission
line rated at 400 kV. The transmission line is compensted at its midpoint by an
SVC of FC-TC configuration.

The dynamic range of an SVC is determined on the basis of the reactive-
power requirement at the SVC bus to control the voltage under steady-state
conditions. An optimal load-flow program that minimizes the total transmis-
sion loss is used to obtain the SVC rating as 200-MVA inductive to 300-MVA
capacitive at 400 kV.

A proportional-integral (PI) controller is selected as the SVC voltage regu-
lator, G(s), for voltage-control applications.

G(s)<Kp+Ii1> (A.1)

The study-system data are as follows:
The Generator (on Its Own Base)

S, = 1110 MVA; V,, =22 kV; f=50 Hz; pf=0.9; R, = 0.0036 pu; x; = 0.21
pu; Ry = 0; xo = 0.195 pu; Ty = 6.66 s; Ty = 0.44 55 T = 0.032 55 T
= 0.057 s; x4 = 1.933 pu; x, = 1.743 pu; xd70467pux 71144pu
xy =0.312 pu; x7 = 0.312 pu; H=3.225;D =0

The Automatic Voltage Regulator (IEEE Type 1 Rotating Exciter)
Tr=0s; Ks=400pu; T4 =0.02s; Kg=1pu; Tg=1s; Kp =0.06 pu; Tr
=18, 8;=0

The power-system stabilizer (PSS) and governor control are not considered.

462
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Figure A.1 (a) The single-machine infinite-bus (SMIB) study system and (b) an equiv-
alent circuit diagram.

The Transmission Line

Resistance (R) = 0.055 Q /phase/mi
Reactance (X;) = 0.52 Q /phase/mi
Susceptance (B¢) = 5.92 x 107 © /phase/mi

SVC (6-Pulse Operation)
Ty =24ms; Tg=5ms; Ty = 1.667 ms; slope Ksp. = 3%

The design of the SVC voltage regulator is undertaken by two methods: the
method of system gain [A.1] and eigenvalue analysis [A.2], [A.3].
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A.2 METHOD OF SYSTEM GAIN

The equivalent circuit of the system is shown in Fig. A.1(b). The line-resistance
and line-charging capacitances are neglected. The base quantities are 400 kV
and 500 MVA in the line.

40072
Xpase = —— =320 Q
500

300 1
X =Xp=052—) (—| =0.
11 =X =05 (1‘6)<320) 0.305 pu

400? 1
Xr1 =X =015 —— ) ( —— | =0.0676
n=an (11102) (320) Py

500
”: . 12 —_— = .14
X/ =03 (1110) 0.1405 pu

As viewed from S,

Xy =j(0.1405 + 0.0676 + 0.305) || (0.305 + 0.0676)

0513103726
7/ 05131+ 03726

=j0.216 pu

For the fixed capacitor,

500
X, ——j 2 1667
300 ¢ pu

The equivalent effective impedance, including the effect of fixed capacitor, is
given by

Thus the system gain of Ky = VoX7g = 1.05 - 0.248 = 0.26 pu. Because only a
single-circuit transmission line is considered, the K corresponds to the weakest
network state. Hence Ky = Ky max.

The proportional gain of the controller is obtained as
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1
Kp=—
2(KSL + KN max)
oo b
T 200.01+026)
Kp 1.85
Ki=-2F " _ 379
! Ty 0.005

These values of Kp, K; and the susceptance output of the voltage regulator
correspond to a system base of 500 MV A. However, if the system base is chosen
as 100 MVA, the modified values of Kp, K; and the susceptance output can be
obtained as given in the text that follows.

Let the subscripts n and o refer to 100-MVA and 500-MVA systems, respec-
tively. The kV base for the two systems is identical at 400 kV. Then,

B, [in pu] = B, [in pu] MVA,
nlle.—(,l pu MVAn
500
-~ .B,=5B,

100

A susceptance of 5B, can be achieved by multiplying the gains Kp and K; by
the factor 5(= MVA,/MVA,). Thus the gains expressed on a system base of
100 MVA are

Kp, =5%1.85=9.25 pu
K, =5%x370=1850 pu

These values of optimal gains have been obtained on very simplistic assump-
tions without considering the dynamics of the generator.

Now, we obtain the optimal gains by the method of eigenvalue analysis,
which considers a detailed model of the system.

A.3 EIGENVALUE ANALYSIS

The voltage controller is designed at an operating point corresponding to the
generator output of 500 MW. An optimal load flow that minimizes transmission
losses results in the following operating data:

The generator bus: P, = 500 MW; Q, = —39.9 MVA; |V,| = 1.05 pu; L0,
=38.9°

The SVC bus: QSVC =6.19 MVA; |stc| =1.05 pu; Lesvc =19.58°

The infinite bus: Pjyr = —471.24 MW; Qpr = —18.14 MVA; Vi = 1 pu;
[0 = 0.0°
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The power system is linearized about the operating point, and state equations
are developed for the following two cases:

1. The simplified generator model, in which the generator is represented by
a constant-voltage source behind the subtransient reactance.

2. The detailed generator model, in which the generator is modeled as a
dependent current source in shunt with the subtransient reactance [A.3].
The automatic voltage regulator (AVR) is also included. The SVC con-
troller is chosen to be of the PI configuration described in Eq. (A.1).

The root loci with varying integral gain K; and proportional gain Kp, each
taken one at a time, are shown in Figs. A.2(a) and (b), respectively, for a simplified
generator model; the same loci for a detailed generator model are shown in Figs.
A.3(a) and (b), respectively. The root loci are obtained for a generator-operating
power tranfer of 500 MW. The gains Kp and K; are expressed on a 100-MVA
base.

It is observed from the root loci with varying K; (with Kp = 0) displayed
in Fig. A.2(a) that a negative value of K; or a large positive value of K;
(>4000) renders the system unstable. In both K; values, the SVC controller
mode becomes destabilized. When the generator dynamics are modeled as
shown in Fig. A.3(a), the lower end on the stable range of K; is imposed by
the generator-rotor mode that tends to become unstable if K; is decreased from
200. The upper limit of K; continues to be dictated by the SVC controller mode,
and its stability range is determined to be 180 < K; < 3500 for Kp = 0.

From the variation of roots with Kp (with K; = 1200) shown in Fig. A.2(b), it
is seen that the stability range of Kp is limited by an SVC controller mode in the
negative direction (Kp < —12) and by the TCR mode in the positive direction
(Kp > 6). When the generator dynamics are considered, the stability range is
governed by similar considerations. The stability range for Kp is obtained as
—14 < Kp < 5 for K; = 1200.

A.3.1 Step Response

Having obtained the range of stability of parameters Kp and Kj, the step-
response studies are performed for the linearized system with the simplified
generator model for a step change in the reference voltage V. The rise time
(to 90% of the steady-state value), settling time (to 5% of the final value),
and peak overshoot in the SVC bus voltage are obtained. The step-response
data with varying K; and Kp are compiled in Tables A.1 and A.2, respectively.

The actual responses for K; = 700, 900, 1200, and 1800 when Kp = 0 are
displayed in Figs. A.4(a), (b), (c), and (d), respectively. The positive step change
in the reference voltage AV, is equal to 0.01 pu. From Table A.1, it is observed
that a variation of K; from 700 to 2500 improves the rise time but worsens the
settling time. Also, although the response is damped for smaller magnitudes of
K, it tends to become oscillatory with increasing K;. The best value of K; is
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Figure A.2 (a) The root loci of a simplified model with varying K; (Kp = 0) and (b)
the root loci of a simplified model with varying Kp (K7 = 1200).
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Figure A.3 (a) The root loci of a detailed model with varying K; (Kp = 0) and (b)
the root loci of a detailed model with varying Kp (K; = 1200).
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TABLE A.1 Step-Response Data With Varying K; (Kp = 0;
Ksi, = 0.01; P, = 500 MW; Integration Step = 200 ps; and
AV = 0.01 pu)

Settling Peak

SvC Rise Time Time Overshoot
No. K; (ms) (ms) (pw)
1 700 43.6 48 0.02
2 900 30 54.8 0.06
3 950 29 55.4 0.07
4 1000 28 55.4 0.09
5 1050 26.8 55.4 0.11
6 1100 24.8 55.2 0.13
7 1150 21.2 55 0.14
8 1200 19.6 54.4 0.16
9 1250 18.6 54.8 0.17
10 1300 17.8 63.6 0.18
11 1350 17.2 64.2 0.19
12 1500 16 65 0.22
13 1800 144 74 0.32
14 2000 14 80 0.46
15 2500 12.4 98 0.90

chosen as 1200, which results in an acceptably small rise time, the minimum
possible settling time, and a reasonable overshoot of 16%.

Table A.2 shows that increasing magnitudes of Kp in both the positive and
the negative direction affect the rise time and settling time detrimentally. For
large negative values of Kp, a high value of peak overshoot is observed, whereas
for large positive values of Kp, the response is very oscillatory and poorly
damped even though the overshoot is small. Figures A.5(a) and (b) illustrate
the step responses for Kp = —3 and +3 when K; = 1200.

Considering the minimum settling time and acceptable peak overshoot, the
best value of proportional gain Kp is selected as +1. It is interesting to note
that the response is not very different in the range 0 < Kp < 1. The best value
of Kp can also be chosen as zero that reduces the controller to a purely integral
type for this example case.

The step-response studies show that for the foregoing system, the integral
gain K is essentially the one that controls the speed of response. It is further
seen that the best values of Kp and K; obtained from the detailed eigenvalue
analysis do not correlate with those values obtained from the simplified method
of system gain presented in Section A.2.

The optimization of voltage-regulator parameters is based on step-response
studies using a simplified generator model. However, the long-term step
response with optimized parameters using a detailed generator model is illus-
trated in Fig. A.6. The long-term oscillations visible in the response correspond
to the rotor-mode oscillations.
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TABLE A.2 Step-Response Data with Varying Kp
(K7 = 12005 Kgp, = 0.01; P, = 500 MW; Integration Step
=200 ps; and AVt = 0.01 pu)

Settling Peak
SvC Rise Time Time Overshoot
No. Kp (ms) (ms) (pw)
1 -10 24.2 188 0.98
2 -5 21.2 82.6 0.44
3 -3 20.4 68.4 0.3
4 -2 20 65.6 0.22
5 -1.5 19.8 64.2 0.22
6 -1 19.8 54.2 0.2
7 -0.5 19.6 54.4 0.18
8 0 19.6 54.4 0.16
9 0.5 19.4 54.6 0.15
10 1 194 54.8 0.14
11 1.5 194 62.4 0.13
12 2 26 80 0.13
13 3 27.2 143 0.13
14 4 15.6 200 0.14
T T T T T T T T
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Figure A.4 The step responses of a simplified model with varying K;: (a) K7 = 700;
(b) K1 =900; (c) Ky = 1200; and (d) Ky = 1800.
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Figure A.5 The step responses of a simplified model with varying Kp: (a) Kp = —3
and (b) Kp = 3.

A.3.2 Power-Transfer Studies

The power-transfer limits are determined both with and without the optimized
SVC by using eigenvalue analysis. As mentioned in the previous section, the SVC
voltage regulator has been optimized for a generator power transfer of 500 MW.
The power limit obtained without the SVC is 474 MW, with the limit imposed by
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Figure A.6 The step response of a detailed model with K; = 1200 (Kp = 0).

a rotor mode of frequency 4.36 rad/s. On the other hand, the maximum transmis-
sible power with the optimized SVC is 610 MW, with the limit again imposed by a
rotor mode—in this case, one of frequency 4.58 rad/s. The SVC with pure voltage
control thus improves the power transfer in the line by 29%.

A.4 SIMULATOR STUDIES

The eigenvalue analyses pertain to the prediction of system behavior under
small disturbances by using linearized models. It is therefore desirable to vali-
date these results and investigate the performance of the SVC under large dis-
turbances by using detailed simulator studies, wherein the various system non-
linearities and harmonic generation from the SVC thyristor-switching action are
also considered.

The study system is simulated on the ABB’s HVDC simulator that has elab-
orate models of the synchronous generator, the SVC, and the ac lines. Only
integral control is modeled on the simulator.

A.4.1 Step-Response Studies

The step-response studies are conducted for two reasons: (1) to investigate the
range of voltage-regulator integrator gain, K, to ensure stable system operation,
and (2) to determine the optimal value of gain Kj.

The stability range of K; is determined by long-term oscillations in the SVC
response. Figures A.7(a)—(g) illustrate the susceptance-signal output from the
voltage regulator in response to a negative step input in the reference voltage
Vier. These responses correspond to K; = 94.4, 198.7, 632, 1415, 2831, 4246,
and 6321, respectively. The numerical values of K; are constrained by the dis-
crete gain-knob settings of the controller.

It is noted that for K; = 94.4, the susceptance-order signal Bt begins to self-
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Figure A.7 The long-duration step response of the SVC as obtained on the simulator:
(a) susceptance-order Brer for K; = 94.4 without the application of step input; (b) K; =
198.7; (c) K; = 632; (d) K; = 1415; (e) K; = 2831; (f) susceptance-order Byer for K;
= 4246 without the application of step input; and (g) susceptance-order Bref for Kj =
6321 without the application of step input.

oscillate even without the application of a step input. Moreover, the oscillations
in Bys have a frequency of 0.74 Hz (4.65 rad/s), which tends to increase over
time. This increase implies that K; = 94.4 falls in the unstable range of Kj.
For K; = 198.7, the oscillations in Bs following the application of the step
input diminish in magnitude, although very slowly. However, the steady state
is reached in a relatively smaller time period (typically 8-12 s) when K is set
at values 632, 1415, and 2831.

These low-frequency oscillations are also observed in the step response
obtained from the linearized-system model of Fig. A.6. They are caused by
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the generator-rotor mode and take a long time to decay because the mechanical
damping is neglected. If the synchronous machine is modeled as a constant-volt-
age source behind a reactance, such long-term oscillations are not observed.

As Kj is increased to 4246, the susceptance Bt starts showing sustained
oscillations of large magnitude, even without the application of a step input.
The frequency of such oscillations is observed as 29.5 Hz (185.4 rad/s). For
the next higher gain-knob setting corresponding to K; = 6321, these oscillations
start growing over time. However, this growth is not visible from Fig. A.6,
for the plot is taken over a short time period. As measured from the plot, the
frequency of these oscillations is 32.3 Hz (202.9 rad/s).

From a study of the foregoing step responses involving long-term oscilla-
tions, it is concluded that the stability boundary for K; lies between 94.4 and
198.7 on the lower side and near 4246 on the higher side. It may be noted that
because the system is nonlinear, even sustained oscillations for K; = 4246 can
cause instability in the corresponding linearized model. The lower-side insta-
bility is caused by rotor-mode oscillations, whereas the higher-side instability
is caused by a mode of frequency 185.4 rad/s. Also, it is concluded that for
stable operation, the integral gain K; must lie between 632 and 2831.

The SVC responses are now investigated in a time period that is much shorter
than that considered in the example of the preceding paragraph. The rise time
and percent of peak overshoot are obtained for different values of K;; they are
based on which optimal magnitudes of integral gain are determined.

Figures A.8(a)—(d) display the step responses in which K; = 1120, 1415,
2239, and 3330, respectively, for the same 5% negative step input. The cor-
responding response data obtained from these plots are listed in Table A.3. It
is pertinent to note that measurement errors of 10% in the rise time and of
5-10% in the peak overshoot are likely in the values given in Table A.3. It
is observed that for higher values of Kj, the rise time decreases as the peak
overshoot increases. The optimal value of K; that gives a fast response and an
acceptable peak overshoot (<20%) is determined to be 1120.

A.4.2 Power-Transfer Limits

The power-transfer capacity of the study system is investigated both with and
without the optimized SVC. Without the SVC, it is observed that as soon as
the generator power exceeds the 521.7-MW level, it ceases to remain stable
and starts oscillating with a frequency of 0.73 Hz (4.59 rad/s) and a magnitude
that keeps increasing with time—marking the onset of system instability. Figure
A.9(a) shows the generator-power signals at a stable level of 400 MW and 522
MW when the power oscillations are set up.

With the optimized SVC, when the machine power surpasses the level of 648
MW, it starts oscillating with a continuously increasing magnitude and at a fre-
quency of 0.75 Hz (4.71 rad/s). Figure A.9(b) displays a stable power level of 500
MW and oscillations at 649 MW. The oscillation frequencies of 4.59 rad/s (with-
out the SVC) and 4.71 rad/s (with the SVC) correspond to the rotor mode, thus
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Figure A.8 The short-duration step response of the SVC as obtained on the simulator:
(a) Ky = 11205 (b) Kj = 1415; (c) K; = 2239; and (d) K; = 3330.

confirming that the rotor mode is indeed the one that limits the power-carrying
capability of the transmission system both with and without the SVC.

A.5 A COMPARISON OF PHYSICAL SIMULATOR RESULTS
WITH ANALYTICAL AND DIGITAL SIMULATOR RESULTS
USING LINEARIZED MODELS

Presented in Table A.4 is a comparison of results obtained from physical sim-
ulators with results predicted from eigenvalue analysis and digital simulation

TABLE A.3 Response Data With Varying
K; as Obtained on the Simulator

SvC Rise Time % Peak
No. K, (ms) Overshoot
1 1120 19 18
2 1415 16.3 323
3 2239 7.5 71
4 3330 100
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Figure A.9 The power-transfer limits obtained on the simulator: (a) without the SVC
and (b) with the SVC.

using linearized models. It is seen that the stability ranges of K; as obtained
from both methods are quite similar. The exact stability boundary for both small
and large values of K; could not be obtained in the simulator because of the
discrete nature of the K; variation. The frequencies of spontaneous oscillations
in the B.s signal observed in the simulator for the two values of K; lying beyond
the stability range are also compared with the critical-mode frequencies for the
same values of K; obtained from eigenvalue analysis. A good correlation is
observed between the magnitudes of these frequencies.

The optimal values of the integrator gain setting obtained from the two meth-
ods are also similar. Because it is not possible to vary K; continuously in the
simulator, the value K; = 1120 is the best that could be obtained by chang-
ing the gain knob. It is noted from the step-response data corresponding to the
simplified machine model given in Table A.2 that there is little variation in the
response characteristics in the 1100-1200 K range.

The optimal responses obtained from both methods are observed to be similar
regarding the rise time and the peak overshoot. However, the response obtained
on the simulator is slightly faster. It is noted that the power limits obtained on
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TABLE A4 Comparison of Results From Physical Simulation and Analytical
Prediction

SVC. Physical Analytical
No. Item Simulation Prediction
1 Stability range of SVC integral 198.7<K;<4246 200 < K, <4400
gain, K,
2 Critical mode frequency (rad/s)
K;,=94.4 4.7 4.6
K, =4246 185.4 195.5
3 Optimal K, 1120 1200
4 Optimal step response
Rise time (ms) 18.1 21
Peak overshoot (%) 18.2 15
5 Power limit without SVC
MW 521.7 474
Critical-mode frequency (rad/s) 4.59 4.36
6 Power limit with optimized SVC
MW 648 610.2
Critical-mode frequency (rad/s) 4.71 4.58

the simulator are higher than those computed from eigenvalue analysis. The
differences in power with and without the optimized SVC are observed to be
6% and 9%, respectively. A close correlation is also witnessed in the frequencies
obtained from both methods for the rotor mode that is critical in limiting the
stable transfer of power across the transmission line both with and without the
SVC.

Thus the design of the SVC voltage regulator as performed through lin-
earized analysis is validated from detailed simulation studies. This validation
can also be performed through digital simulation using EMTP/EMTDC pro-
grams.
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I APPENDIX B

Transient-Stability Enhancement
in a Midpoint SVC-Compensated
SMIB System

Consider the single-machine infinite-bus (SMIB) system depicted in Fig. 6.1(b),
in which the transmission line is compensated at the midpoint by an SVC.
Applying Kirchoff’s current law at the SVC bus, we have

ViLS — Vil (8/2) | VaLO— Vul(8/2)

— Vul(8/2) - jBs =0 (B.1)

JX/2) JX/2)
or
Valio/2) = (EEV2LO) (B.2)
where
X
X,=2-B; 5 (B.3)

Equating the real and imaginary component of Eq. (B.3), we have

1

V. sin 5 = X, Vsin 6 (B.4)
Vcosﬁf ! (Vicos 6+ V) (B.5)
m ) - Xe 1 2 .

Because the SVC maintains constant voltage, V,,, at the bus, Egs. (B.4) and
(B.5) are solved to give

1
X

Vi = \/(vl2 +V3+2V,V,cos 8) (B.6)

478



APPENDIX B 479

The power transfer, P, over the SVC-compensated line is given by

VaVs . 6
- 2 sin — (B.7)
X/2 2

Substituting from Eq. (B.5) in Eq. (B.7), we get

AL
T

P

sin 6 (B.8)

where

XX,

Xr= >

(B.9)

which establishes that X7 is the equivalent transfer reactance between the gen-
erator and the infinite bus. The synchronizing torque of the SVC-compensated
system is now expressed as

oPg
K, = B.10
Differentiating Eq. (B.8),
K - 2V V,cos & 2V, sin 6 - 0X,./d6 (B.11)
XX, X - X2
Differentiating Eq. (B.6),
0X, -V V,sind
= B.12
% V2X, (B.12)
Substituting Eq. (B.12) in (B.11),
k. 2ViVacoss ([ ViVasin$ P2 1 B.13)
X * Xe XmXe X Xe
or
ViV, ViVysind \* X2
K, = 5 B.14
- cos +< XX, > e (B.14)

The increase in synchronizing torque by the SVC is therefore given by
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AK, =K, — Ky (B.15)

where K, = the synchronizing torque of the uncompensated system given
by (6.17)

Substituting Egs. (B.13) and (B.17) in (B.15), we obtain

AL
- 2X,

AK; (B.16)
VinXe XX,

. 2
2
-Bscos6+< V1V251n6>
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I APPENDIX C

Approximate Multimodal
Decomposition Method for the Design
of FACTS Controllers

C.1 INTRODUCTION

This appendix presents a general technique of FACTS controller design used for
damping various power-swing modes simultaneously, as described by Larsen
et al. [C.1]. It is based on well-established concepts of power-system stabilizer
(PSS) design [C.2], [C.3] and assesses the influence of the FACTS controller
on overall system damping by examining the controller’s incremental effect on
each mode of interest. Certain assumptions, however, are made:

1. the low-frequency modes have small damping, and

2. the designed control does not substantially impact the frequency and mode
shape of the relevant mode.

In a single-machine system [C.2], the rotor-inertial mode is modeled in terms
of the damping and synchronizing torques. A similar approach is adopted in
the multimodal decomposition as well.

Let the linearized-system model be represented by the following state equa-
tions:

X =Ax+ Bu (C.1)
y=Cx+Du (C.2)

where x = the rearranged state vector
= [A01Ad; - AdAwg1Awgs - -AwgnzT]T
Ad; = the rotor angle of the ith generator
Aw; = the angular speed of the ith generator
z = the vector of all other system state variables
u = the control-input variables
y = the output-measurement variables

481



482 APPROXIMATE MULTIMODAL DECOMPOSITION METHOD

The system matrices A and B emerge in the following form:

A=

0 wpl O 0
Axy Axn A23l ; B= l B,
Az Az Az Bj

where [ = the identity matrix

wp = the system-base frequency (rad/s)

(C.3)

It is noted that the effect of the swing modes is embedded in the matrices A;;
and Aj,. The multimodal transformation involves diagonalizing the matrix Aj;

using the following relationship:
VI©AyV=A

where V = the matrix of the right eigenvectors of Ay,

Ap) = an n X n matrix in which »n is the number of generators
in the system (Incidentally, the matrix A,; is significantly

(C.4)

smaller—about ten times so—than the total system matrix, A.)

The system-state equations (C.1) and (C.2) are subject to the following modal

transformation:
TS
Xn=U "x
where
Vv 0 0
U= 0 vV 0
0 0 I

xm=U'AUx,, + U 'Bu
=A,xn + Bu
y=CUx,;;, + Du

=Cuxm +Du

where

(C.5)

(C.6)

(C.7)

(C.8)
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0 wl 0
Am - A Am 22 Am 23 (C9)
An3t Ann Ap3z

Such a transformation allows an independent study of each swing mode. The
contribution of each swing mode can be later combined to obtain the over-
all system behavior. However, the analysis and the controller-design procedure
enunciated in the forthcoming text correspond to a single swing mode presumed
to be the dominant swing mode.

C.2 MODAL ANALYSIS OF THE iTH SWING MODE, A;

The state variables of the transformed state vector are rearranged so that the
modal angle, Ad,,;, and modal speed, Aw,,;, corresponding to the swing mode,
N\i, become the first and second state variables, respectively. Rearranged, the
state equation can then be written as

Abyi 0 W 0 Ab,; 0
Ay |=| —Kmi —dmi —Aax Awpi |+| —Ba2 | u (C.10)
Zmi Agzt Agzn Ags Zmi Bys
Abmi
y=[Cq1 Cqo Cg3l| Awmi |+Du (C.11)
Zmi

where K,,; = the approximate modal-synchronizing coefficient
d,; = the approximate modal-damping coefficient
Zni = the balance of the state variables

The foregoing form of the state equation is similar to the single-mode sys-
tem described in ref. [C.2]. Hence the system equations (C.10) and (C.11) can
be represented by the block diagram depicted in Fig. C.1, using the following
appropriate transfer functions:

SAWpi(s) = —(@p/)Kmi()Awmi(s) = Kci(s)U(s) (C.12)
Y(s) = Koi($)Awmi(s) + KiLi(s)U(s) (C.13)

The different transfer functions used in the preceding equations are as follows:

e K,,i(s) = the modal transfer function relating the modal angle to the modal
torque, and
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The ith Modal System

Ab i
B P Bl (R D

> Swing Mode of Interest

1

g Power System
(except the ith mode)

Kii(s) +\Z

Inner-Loop J
T T ul T T T "\ Feedback /T TTT 7] 'y T

> PSDC
S )

Figure C.1 Multimodal-decomposition block diagram.

.

= ki + (5/@p)dmi + Aa23(s] — Ag33) ' [Ag31 + (s/wp)Ad32]
e K. (s) = the modal-controllability transfer function relating the control
input, u, to Aw,,;, and
= Aax3(sI — Agq33) 'Bas + B>
e K,i(s) = the modal-observability transfer function relating the modal speed
to the specific measurement signal, y, and
= Ca3(s1 = Ag33) '[Ag31(wp/s) + Agz) + [(wp/5)Cai + Ca2]

e Kj1i(s) = the inner-loop gain transfer function relating the control signal
u to the specific measurement signal y for constant 6,,; and w,;,
and

= Cy3(sI— Ag33) 'Baz+D

All four transfer functions are complex when computed at s = jw. The mag-
nitude and phase data of each provide valuable information for the design
of power-swing damping controllers (PSDCs). An analysis of the transfer
functions—K ,,;(s), K.i(s), K,i(s), and Kjz;(s)—is presented in the text that fol-
lows.
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C.2.1 Effect of the Damping Controller

The effective control action, K,;(s), is expressed by

e Kpspc(s) '
Kei(s) *Kcz(s) 1 K[Li(s)KPSDC(S) Kot(s) (C14)

It is assumed that the dominant swing mode, A;, is lightly damped or that its
real part is negligible. Then,

\i = jw; (C.15)
For this dominant swing mode, it can be shown that
wpKmi(jw;) = w0} (C.16)

Following the analysis presented in ref. [C.1], the characteristic polynomial of
the closed-loop system with the PSDC is given by

5% + K oi(8)s + 0pK i(s) = 0 (C.17)
Let
Kei(jowi) = Kre + jKim (C.13)
Also, let the PSDC modify the swing mode from
s=jw; to s=-Acg;+j(w;+Aw;) (C.19)
Substituting Egs. (C.18) and (C.19) in Eq. (C.17) gives
(A0 +j(w; + Aw))? + (Ko + jKi) {~A0; +j(w; + Aw)} + w7 =0 (C.20)
Neglecting higher-order incremental terms, we get

2Aw,~w,~+K,~mw,~z0 (C21)
—2A0;0 + K,ew; =0 (C.22)

Solving Egs. (C.20), (C.21) and (C.22) results in the effective contribution of
the PSDC on the dominant swing mode as

AN = — K.i(jw)/2 (C.23)
Aog; = Kyepp = real {Kei(jwi)/2} (C24)
Aw;= = Kimp = —In{Kei(jw:)/2} (C.25)
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C.3 IMPLICATIONS OF DIFFERENT TRANSFER FUNCTIONS

C.3.1 Controllability

The influence of the PSDC on a given ith swing mode is described by the
controllability function, K ;(s). For s = jw;, K (jw;) indicates how effectively
the ith mode can be controlled by the control signal u. If more than one control
signal is employed, K ;(s) assumes the form of a vector-transfer function; the
effective control action is dependent directly on K;(s).

The controllability function K.;(s) is one of network structure and loads.
Also, K i(s) has different values for different swing modes, implying that a
thyristor-controlled series capacitor (TCSC) with a given control input u# may
influence one swing mode beneficially and influence another adversely. An
appropriate control signal or a combination of control signals must therefore
be chosen to avoid such an effect.

In addition, K,;(s) also serves as a useful signal for deciding the placement
of a TCSC. For instance, a large value of K ;(s) at a given site suggests that a
TCSC-type PSDC can be used more effectively there.

C.3.2 Observability

The effectiveness of the measured signal y for damping control is obtained from
the observability function, K,;(s). At s = jw;, K,;(jw;) expresses the modal con-
tent of the ith swing mode in y. The effective control action, K.;(s), is also a
direct function of K,;(s). Because K,;(s) is defined mainly with respect to modal
speed, any measurements corresponding to machine speeds result in real observ-
ability gains. On the other hand, power-flow signals demonstrate an integral
characteristic that gives an almost 90° lag with respect to speed signals.

In conclusion, an effective input signal for damping control should have a
high value of K,;(jw;) for a given mode.

C.3.3 The Inner loop

A highly desirable feature of a damping controller is that the controller output
must have a minimal direct effect on its own input (i.e., the component of mea-
surement signal y that relates to control input u). The controller influence on y
must be largely through the dominant swing mode of interest only—an effect
that is expressed by the inner-loop transfer function, Kjz;(s).

C.4 DESIGN OF THE DAMPING CONTROLLER

The TCSC-type PSDC is designed using three key indices: the controller-phase,
maximum damping influence, and natural phase influence indices.
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C.4.1 The Controller-Phase Index (CPI)

If the controller gain is so small that in Eq. (C.14) Kj1;(jw;) << 1, the effective
control action then becomes directly proportional to the PSDC gain. Equation
(C.23) can then be written as

AN; = —kei(jw)Kpspc(jwi)Kpi( jwi)/2 (C.26)

The PSDC can impart a pure damping influence if the phase of AN; is made
zZero.
A CPI for the ith mode is defined as

CPI() = ~L K i(jowi) + LK,i(jwi) (C.27)

Ideally, pure damping can be achieved if the phase of Kpspc(jw;) is made equal
to CPI(i). The actual influence on the ith swing mode is expressed through Eqgs.
(C.24)—(C.26) as

Ac; = |Kpspc(jw)l|Kei(jwi)l|Koi(jwi)| cos(Ap)/2 (C.28)
Aw; =|Kpspc(jo)||Kei(jwd Ko jwi)| sin(Ap)/2 (C.29)

where A(p = LKPSDC(jwi) - CPI(l)

= the difference between the actual achieved phase and the
desired pure damping phase for the damping controller

To achieve damping for all relevant swing modes, the selected measurement
signal must have nearly constant CPI in the same quadrant over the range of
swing-mode frequencies—typically, 0.3-2 Hz.

Having selected an appropriate measurement signal, one can choose (based
on personal experience) the appropriate time constants of lead-lag transfer-func-
tion PSDC(s). More important than phase matching is choosing a suitable band-
width so that high-frequency modes do not influence the performance of the
PSDC. Introducing some phase lag at the swing-mode frequency may be accept-
able, for doing so enhances the synchronizing torque between the machines.

C.4.2 The Maximum Damping Influence (MDI) Index

Even though a high PSDC gain is desirable for enhanced damping, it cannot be
increased beyond a specific limit; otherwise, the inner-loop gain will supersede
the influence of the PSDC, as evident from Eq. (C.14). A gain margin of 10
dB is chosen for the inner loop, restricting the maximum PSDC gain to

1

Kpspc max = ———— (C.30)
V10K i(jw;)
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The maximum eigenvalue shift attainable with the specified maximum PSDC
gain of Eq. (C.30) is defined as the MDI index for each swing mode \;; by
using Eq. (C.26), it is expressed as

|K i jw)l| Koi( jwi)l
2V10| K i jw))|

MDI() = (C.31)

The MDI concept implies that a preferred measured signal must have a mini-
mum inner-loop gain to ensure a high PSDC gain for damping improvement.

C.4.3 The Natural Phase Influence (NPI) Index

Even though the observability and controllability of a selected signal vary with
the operating condition, it is desirable to have a fixed controller for damping the
dominant swing modes. An effective, robust signal should therefore have a large
MDI index and a constant CPI over the expected range of operating conditions.
This is, however, difficult to achieve in real systems, especially when more than
one swing mode must be damped. A new index—the NPI—relates to the inner-
loop phase and is based on the influence of Kj;;(s) on the system zeroes.

The frequency response of the closed-loop transfer function between control
signal # and measurement y displays peaks and troughs that correspond to the
poles and zeroes, respectively, of this transfer function. The poles relate to the
eigenvalues of swing modes in which damping must be improved [C.4], [C.5].

If the controller gain is made infinitely large, all swing modes A; move to
their neighboring zeroes, z;, in the s plane, attaining the damping levels of those
zeroes. This activity constitutes the “natural” behavior of closing the loop with
the measurement signal. The path followed by the swing modes is influenced
by the phase compensation of the controller.

When Kpspe — o, then \; — z;, and the effective control action given in
Eq. (C.14) modifies to

_ Kci(S)Koi(s)
K.i(s) = T Kl (C.32)

The natural change in the ith swing mode A; is then given by Egs. (C.23) and
(C.32) as

K i(jow)Ki(jw;)

A)\i =2 — )\i = . (C'33)

2Ki(jwi)

The NPI index for each swing mode A; is defined as
NPI@) = —{CPI(0)) + LK1i(jwi)} (C.34)

Substituting from Eq. (C.27),
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NPIG) = +L K i(jw;) + LKyi(jw;) — LKi(jw;) (C.3%)

If NPI(i) = 0°, a pure, positive damping effect will be provided; however,
if NPI(i) = —90°, a pure, positive synchronizing influence will be imparted.
As a compromise to achieve a natural tendency for both damping- and
synchronizing-torque enhancements, NPI(i) must lie in the range 0° > NPI(i)
> -90°.

To summarize, the PSDC control design must be based on the following
criteria:

1.

The selected measurement signal must, as much as possible, ensure that
the CPI remains nearly constant in the same quadrant for the range of
frequencies spanned by all dominant swing modes.

The inner-loop gain K;;;(jw;) should be small for the selected measure-
ment signal to ensure a high MDI index.

. The NPI index for each swing mode A; must lie in the range —90° <

NPI(i) < 0°.
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I APPENDIX D

FACTS Terms and Definitions

All definitions given in this appendix are reproduced from ref. [D.1].

D.1 DEFINITIONS OF BASIC TERMS

Flexibility of electric power transmission The ability to accommodate
changes in the electric transmission system or operating conditions while
maintaining sufficient steady-state and transient margins.

Flexible ac transmission system (FACTS) Alternating-current transmission
systems incorporating power electronic—based and other static controllers to
enhance controllability and increase power transfer capability.

FACTS controller A power electronic—based system and other static equip-
ment that provide control of one or more ac transmission system parameters.

D.2 DEFINITIONS OF FACTS CONTROLLER TERMS

The following terms and definitions are arranged alphabetically.

Battery-energy—storage system (BESS) A chemical-based energy-storage
system using shunt-connected switching converters to supply or absorb
energy to or from an ac system which can be adjusted rapidly.

Interphase power controller (IPC) A series-connected controller of active
and reactive power consisting, in each phase, of inductive and capacitive
branches subjected to separately phase-shifted voltages. The active and reac-
tive power can be set independently by adjusting the phase shifts and/or the
branch impedances using mechanical or electronic switches. In the partic-
ular case where the inductive and capacitive impedances form a conjugate
pair, each terminal of the IPC is a passive current source dependent on the
voltage at the other terminal.

Static condenser (STATCON) This term is deprecated in favor of the static
synchronous compensator (SSC or STATCOM).

Static synchronous compensator (SSC or STATCOM) A static syn-
chronous generator operated as a shunt-connected static var compensator

490
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whose capacitive or inductive output current can be controlled independent
of the ac system voltage.

Static synchronous generator (SSG) A static, self-commutated switching
power converter supplied from an appropriate electric energy source and
operated to produce a set of adjustable multiphase output voltages, which
may be coupled to an ac power system for the purpose of exchanging inde-
pendently controllable real and reactive power.

Static synchronous series compensator (SSSC or S®C) A static syn-
chronous generator operated without an external electric energy source as
a series compensator whose output voltage is in quadrature with, and con-
trollable independently of, the line current for the purpose of increasing or
decreasing the overall reactive voltage drop across the line and thereby con-
trolling the transmitted electric power. The S*C may include transiently rated
energy-storage or energy-absorbing devices to enhance the dynamic behav-
ior of the power system by additional temporary real power compensation,
to increase or decrease momentarily, the overall real (resistive) voltage drop
across the line.

Static var compensator (SVC) A shunt-connected static var generator or
absorber whose output is adjusted to exchange capacitive or inductive cur-
rent so as to maintain or control specific parameters of the electrical power
system (typically bus voltage).

Static var generator or absorber (SVG) A static electrical device, equip-
ment, or system that is capable of drawing controlled capacitive and/or
inductive current from an electrical power system and thereby generating
or absorbing reactive power. Generally considered to consist of shunt-con-
nected, thyristor-controlled reactor(s) and/or thyristor-switched capacitors.

Static var system (SVS) A combination of different static and mechanically
switched var compensators whose outputs are coordinated.

Superconducting magnetic energy storage (SMES) A superconducting
electromagnetic-based energy-storage system using shunt-connected switch-
ing converters to rapidly exchange energy with an ac system.

Thyristor-controlled braking resistor (TCBR) A shunt-connected, thyristor-
switched resistor, which is controlled to aid stabilization of a power sys-
tem or to minimize power acceleration of a generating unit during a dis-
turbance.

Thyristor-controlled phase-shifting transformer (TCPST) A phase-shift-
ing transformer, adjusted by thyristor switches to provide a rapidly variable
phase angle.

Thyristor-controlled reactor (TCR) A shunt-connected, thyristor-controlled
inductor whose effective reactance is varied in a continuous manner by
partial-conduction control of the thyristor valve.

Thyristor-controlled series capacitor (TCSC) A capacitive reactance com-
pensator which consists of a series capacitor bank shunted by a thyristor-con-
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trolled reactor in order to provide smoothly variable series capacitive reac-
tance.

Thyristor-controlled series compensation An inductive reactance compen-
sator which consists of a series reactor shunted by a thyristor-controlled reac-
tor in order to provide a smoothly variable series inductive reactance.

Thyristor-controlled voltage limiter (TCVL) A thyristor-switched metal-
oxide varistor (MOV) used to limit the voltage across its terminals during
transient conditions.

Thyristor-switched capacitor (TSC) A shunt-connected, thyristor-switched
capacitor whose effective reactance is varied in a stepwise manner by full- or
zero-conduction operation of the thyristor valve.

Thyristor-switched reactor (TSR) A shunt-connected, thyristor-switched
inductor whose effective reactance is varied in a stepwise manner by full- or
zero-conduction operation of the thyristor valve.

Thyristor-switched series capacitor (TSSC) A capacitive reactance com-
pensator which consists of a series capacitor bank shunted by a thyristor-
switched reactor to provide a stepwise control of series capacitive reactance.

Thyristor-switched series compensation A impedance compensator which
is applied in series on an ac transmission system to provide a stepwise control
of series reactance.

Thyristor-switched series reactor (TSSR) An inductive reactance compen-
sator which consists of a series reactor shunted by a thyristor-switched reac-
tor in order to provide a stepwise control of series inductive reactance.

Unified power-flow controller (UPFC) A combination of a static syn-
chronous compensator (STATCOM) and a static synchronous series compen-
sator (S3C) which are coupled via a common dc link, to allow bidirectional
flow of real power between the series output terminals of the S?C and the
shunt output terminals of the STATCOM, and are controlled to provide con-
current real and reactive series line compensation without an external electric
energy source. The UPFC, by means of angularly unconstrained series volt-
age injection, is able to control, concurrently or selectively, the transmission
line voltage, impedance, and angle or, alternatively, the real and reactive
power flow in the line. The UPFC may also provide independently control-
lable shunt-reactive compensation.

Var compensating system (VCS) A combination of different static and rotat-
ing var compensators whose outputs are coordinated.
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