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Preface

Modern power systems are highly complex and are expected to fulfill the
growing demands of power wherever required, with acceptable quality and
costs. The economic and environmental factors necessitate the location of
generation at places away from load centres. The restructuring of power
utilities has increased the uncertainties in system operation. The regulatory
constraints on the expansion of the transmission network has resulted in
reduction of stability margins and increased the risks of cascading outages
and blackouts. This problem can be effectively tackled by the introduction
of high power electronic controllers for the regulation of power flows and
voltages in AC transmission networks. This allows 'flexible’ operation of
AC transmission systems whereby the changes can be accommodated easily
without stressing the system. Power electronic based systems and other
static equipment that provide controllability of power flow and voltage are
termed as FACTS Controllers.

It is to be noted that power electronic controllers were first intro-
duced in HVDC transmission for not only regulation of power flow in HVDC
links, but also for modulation to improve system stability (both angle and
voltage). The technology of thyristor valves and digital controls was ini-
tially extended to the development of Static Var Compensator (SVC) for
load compensation and voltage regulation in long transmission lines. In
1988,Dr.Narain G. Hingorani introduced the concept of Flexible AC Trans-
mission Systems (FACTS) by incorporating power electronic controllers to
enhance power transfer in existing AC transmission lines, improve voltage
regulation and system security without adding new lines. The FACTS con-
trollers can also be used to regulate power flow in critical lines and hence, ease
congestion in electrical networks. FACTS does not refer to any single device,
but a host of controllers such as SVC, Thyristor Controlled Series Capacitor
(TCSC), Static Phase Shifting Transformer (SPST), and newer controllers
based on Voltage Source Converters (VSC)-Static synchronous Compen-
sator (STATCOM), Static Synchronous Series Compensator (SSSC), Unified
Power Flow Controller (UPFC), Interline Power Flow Controller (IPFC) etc.
The advent of FACTS controllers has already made a major impact on the
planning and operation of power delivery systems. The concept of Custom
Power introduced by Dr.Hingorani in 1995 has extended the application of
FACTS controllers for distribution systems with the objective of improv-
ing power quality. An understanding of the working of individual FACTS
controllers and issues that affect their operation under various conditions is
essential for both students and engineers (in industry) who are interested in
the subject. This book aims to provide detailed information for students, re-
searchers, and development and application engineers in industry. It contains
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comprehensive and up-to-date coverage of the FACTS controllers that have
been proposed and developed both for transmission and distribution. It is
hoped that this book will complement the excellent book on ” Understanding
FACTS-Concepts and Technology of Flexible AC Transmission Systems” by
the pioneers, Dr. Narain G. Hingorani and Dr.Laszlo Gyugyi. The present
book covers many analytical issues that affect the design of FACTS Con-
trollers, which are of interest to academics and application engineers. It can
be used as a text or reference for a course on FACTS Controllers. The author
has been working in the area of HVDC and FACTS Controllers over many
years. He has taught a course on FACTS for graduate students at Indian
Institute of Science and has guided several Masters and PhD students who
have worked on various aspects of different FACTS controllers. He has de-
livered many lectures in short- term intensive courses attended by teachers
from engineering colleges and engineers from industry. He is the author of a
book on HVDC Power Transmission Systems (published by Wiley Eastern
and John Wiley in 1991), which is widely used. Hence, it was natural to
attempt this book based on the expertise and experience gained.

The book is organized into 14 chapters and 4 appendices. The first
chapter introduces FACTS controllers and their application in transmission
and distribution networks in the context of operational problems of modern
power systems involving transmission congestion, loop flows, system secu-
rity and power quality issues. The second chapter reviews the modeling and
steady state characteristics of AC transmission lines. It also covers the anal-
ysis of how an individual FACTS controller can modify the power flow and
voltage profile in a line.

Chapters 3 to 9 cover the various FACTS controllers -SVC, TCSC
and GCSC, Static PST, STATCOM, SSSC, UPFC, IPFC, CSC, IPC and
other devices such as Fault Current Limiter (FCL), Thyristor Controlled
Braking Resistor (TCBR), NGH Damping and Thyristor Controlled Volt-
age Limiter (TCVL). In each case, the function of the FACTS device is
explained with the description of power circuit, associated controllers and
operating modes. The modeling of each FACTS Controller is derived from
first principles and simplifications where appropriate are discussed. The
applications and control interactions involving Subsynchronous Resonance
(SSR), electromagnetic interactions and harmonic interactions are also dis-
cussed in some detail wherever required.

A major function of a FACTS Controller is power oscillation damp-
ing involving low frequency oscillations that threaten system security under
peak power flow conditions. Chapter 10 covers the analysis of this problem
with solutions involving control strategies for voltage and power modulation.
Tllustrative examples are included to explain the techniques.

Another important control function is the improvement of transient
stability using bang-bang control technique. This is also termed as discrete
control. The analysis and control strategies for this function are discussed
in detail in chapter 11 with the help of case studies.

Chapter 12 introduces the power quality issues involving voltage fluc-
tuations, flicker, sags and swells, momentary interruptions, unbalance and
harmonics. The measures for power quality are described and introduction
to Custom Power Devices (CPD) is presented. Chapter 13 deals with load
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compensation and application of distribution STATCOM (DSTATCOM) for
fast voltage regulation or reactive power compensation, balancing of source
currents and active filtering. Chapter 14 covers series power quality condi-
tioner involving dynamic voltage restoration and harmonic isolation. The
Unified Power Quality Conditioner (UPQC), which includes both shunt and
series compensators is also described. In all cases considered, the operation
of the individual device is described along with modeling, control algorithms
and simulation of the system to evaluate the performance. The case studies
are presented to illustrate the analysis.

The Appendix A describes the modeling of synchronous machines
for both stability and transient analysis. The mechanical system of rotor
masses and shafts is also modeled. The major Pulse Width Modulation
(PWM) techniques such as Sine PWM and Space Vector modulation are
discussed in Appendix B. The per unit system for a STATCOM is discussed
in Appendix C. The Appendix D lists the abbreviations used.

It is assumed that the reader has an exposure to elementary power
electronics, power systems and basic control theory. Hence, topics on power
semiconductor devices and converters have been deliberately left out. Still,
the book contains more material than what can be covered in a one-semester
course.
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Chapter 1

Introduction

1.1 General

Modern power systems are designed to operate efficiently to supply power
on demand to various load centres with high reliability. The generating
stations are often located at distant locations for economic, environmental
and safety reasons. For example, it may be cheaper to locate a thermal power
station at pithead instead of transporting coal to load centres. Hydropower
is generally available in remote areas. A nuclear plant may be located at a
place away from urban areas. Thus, a grid of transmission lines operating at
high or extra high voltages is required to transmit power from the generating
stations to the load centres.

In addition to transmission lines that carry power from the sources
to loads, modern power systems are also highly interconnected for economic
reasons. The interconnected systems benefit by (a) exploiting load diversity
(b) sharing of generation reserves and (c) economy gained from the use of
large efficient units without sacrificing reliability. However, there is also
a downside to ac system interconnection — the security can be adversely
affected as the disturbances initiated in a particular area can spread and
propagate over the entire system resulting in major blackouts caused by
cascading outages.

1.2 Basics of Power Transmission
Networks

A large majority of power transmission lines are AC lines operating at dif-
ferent voltages (10 kV to 800 kV). The distribution networks generally op-
erate below 100 kV while the bulk power is transmitted at higher voltages.
The lines operating at different voltages are connected through transformers
which operate at high efficiency. Traditionally, AC lines have no provision
for the control of power flow. The mechanically operated circuit breakers
(CB) are meant for protection against faults (caused by flashovers due to
overvoltages on the lines or reduced clearances to ground). A CB is rated for
a limited number of open and close operations at a time and cannot be used
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for power flow control. (unlike a high power electronic switch such as thyris-
tor, GTO, IGBT, IGCT, etc.). Fortunately, ac lines have inherent power
flow control as the power flow is determined by the power at the sending
end or receiving end. For example, consider a trasmission line connecting a
generating station to a load centre in Fig.1.1(a). Assuming the line to be
lossless and ignoring the line charging, the power flow (P) is given by

p_ ViVa

sin(6, — 62) (1.1)

where X is the series line reactance. Assuming V; and V5 to be held constants
(through voltage regulators at the two ends), the power injected by the power
station determines the flow of power in the line. The difference in the bus
angles is automatically adjusted to enable P = Py (Note that usually there
could be more than one line transmitting power from a generating station
to a load centre). If one or more lines trip, the output of the power station
may have to be reduced by tripping generators, so as to avoid overloading
the remaining lines in operation.

Vi/81  Vo[62

(ORE SR

P=P
G

(a) A line transmitting power from a generating station
Vi/61  Vo/82

(D] o

P=P
L

(b) A line supplying power to a load

Figure 1.1: A transmission line carrying power

Fig. 1.1(b) shows another situation where a line supplies power to a
load located at bus (2). Here also the eq. (1.1) applies but the power flow in
the line is determined by the load supplied. The essential difference between
the two situations is that in Fig. 1.1(a), the load centre is modelled as an
infinite bus which can absorb (theoretically) any amount of power supplied
to it from the generating station. This model of the load centre assumes that
the generation available at the load centre is much higher than the power
supplied from the remote power station (obviously, the total load supplied
at the load centre is equal to the net generation available at that bus).
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The reliability of the power supply at a load bus can be improved by
arranging two (or more) sources of power as shown in Fig. 1.2. Here, P is
the output of G1 while P; is the output of G2 (Note that we are neglecting
losses as before). However, the tripping of any one line will reduce the
availability of power at the load bus. This problem can be overcome by
providing a line (shown dotted in Fig. 1.2) to interconnect the two power
stations. Note that this results in the creation of a mesh in the transmission
network. This improves the system reliability, as tripping of any one line does
not result in curtailment of the load. However, in steady state, P; can be
higher or lower than Pgq (the output of G1). The actual power flows in the
3 lines forming a mesh are determined by Kirchhoff’s Voltage Law (KVL).
In general, the addition of an (interconnecting) line can result in increase
of power flow in a line (while decreasing the power flow in some other line).
This is an interesting feature of AC transmission lines and not usually well
understood (in the context of restructuring). In general, it can be stated that
in an uncontrolled AC transmission network with loops (to improve system
reliability), the power flows in individual lines are determined by KVL and
do not follow the requirements of the contracts (between energy producers
and customers). In other words, it is almost impossible to ensure that the
power flow between two nodes follows a predetermined path. This is only
feasible in radial networks (with no loops), but the reliability is adversely
affected as even a single outage can result in load curtailment. Consider
two power systems, each with a single power station meeting its own local
load, interconnected by a tie line as shown in Fig. 1.3(a). In this case, the
power flow in the tie line (P) in steady state is determined by the mismatch
between the generation and load in the individual areas. Under dynamic
conditions, this power flow is determined from the equivalent circuit shown
in Fig. 1.3(b). If the capacity of the tie is small compared to the size
(generation) of the two areas, the angles d; and dy are not affected much by
the tie line power flow. Thus, power flow in AC tie is generally uncontrolled
and it becomes essential to trip the tie during a disturbance, either to protect
the tie line or preserve system security.

In comparison with a AC transmission line, the power flow in a
HVDC line in controlled and regulated. However, HVDC converter stations
are expensive and HVDC option is used primarily for (a) long distance bulk
power transmission (b) interconnection of asynchronous systems and (c) un-
derwater (submarine) transmission. The application of HVDC transmission
(using thyristor converters) is also constrained by the problem of commuta-
tion failures affecting operation of multiterminal or multi-feed HVDC sys-
tems. This implies that HVDC links are primarily used for point-to-point
transmission of power and asynchronous interconnection (using Back to Back
(BTB) links).
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Figure 1.2: Two generating stations supplying a load

ST

(a)Single line diagram

E/§ Vg V6, B, 5,

<:> — i Z
T <>

Thevenin equivalent of area 1 Thevenin equivalent of area 2

(b)Equivalent circuit

Figure 1.3: Two areas connected by a tie line

1.3 Control of Power Flow in AC
Transmission Line

We may like to control the power flow in a AC transmission line to (a)
enhance power transfer capacity and or (b) to change power flow under
dynamic conditions (subjected to disturbances such as sudden increase in
load, line trip or generator outage) to ensure system stability and security.
The stability can be affected by growing low frequency, power oscillations
(due to generator rotor swings), loss of synchronism and voltage collapse
caused by major disturbances.
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From eq. (1.1), we have the maximum power (Ppax) transmitted
over a line as

Vi Vs
Prax = ;(2 Sin Omax (12)

where Opax (30°-40°) is selected depending on the stability margins and the
stiffness of the terminal buses to which the line is connected. For line lengths
exceeding a limit, Pax is less than the thermal limit on the power transfer
determined by the current carrying capacity of the conductors (Note this is
also a function of the ambient temperature). As the line length increases, X
increases in a linear fashion and Py, reduces as shown in Fig. 1.4.

A

Thermal limit

Stability limit

/

\j

Line length >

Figure 1.4: Power transfer capacity as a function of line length

The series compensation using series connected capacitors increases
Ppax as the compensated value of the series reactance (X.) is given by

Xe = X(l - kse) (13)

where kg is the degree of series compensation. The maximum value of kg,
that can be used depends on several factors including the resistance of the
conductors. Typically ks does not exceed 0.7.

Fixed series capacitors have been used since a long time for increas-
ing power transfer in long lines. They are also most economical solutions for
this purpose. However, the control of series compensation using thyristor
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switches has been introduced only 10-15 years ago for fast power flow con-
trol. The use of Thyristor Controlled Reactors (TCR) in parallel with fixed
capacitors for the control of X, also helps in overcoming a major problem of
Subsynchronous Resonance (SSR) that causes instability of torsional modes
when series compensated lines are used to transmit power from turbogener-
ators in steam power stations.

In tie lines of short lengths, the power flow can be controlled by
introducing Phase Shifting Transformer (PST) which has a complex turns
ratio with magnitude of unity. The power flow in a lossless transmission line
with an ideal PST (see Fig. 1.5) is given by

P:V1V2

sin(f £ ¢) (1.4)

where 6 = 61 — 05.

v, /8 V,/8,

iX

1 ei?

Figure 1.5: A lossless line with an ideal PST

Again, manually controlled PST is not fast enough under dynamic
conditions. Thyristor switches can ensure fast control over discrete (or con-
tinuous) values of ¢, depending on the configuration of PST used. Ppax
can also be increased by controlling (regulating) the receiving end voltage
of the AC line. When a generator supplies a unity power factor load (see
Fig. 1.1(b)), the maximum power occurs when the load resistance is equal
to the line reactance. It is to be noted that V5 varies with the load and can
be expressed as

Vo = Vi cos(61 — 62) (1.5)

Substituting (1.5) in (1.1) gives

_ V2sin[2(61 — 602)]

P
2X

(1.6)

By providing dynamic reactive power support at bus (2) as shown in
Fig. (1.6), it is possible to regulate the bus voltage magnitude. The reactive



1. Introduction 7

V.6, Vo/6,
| ix

Load at unity
power factor
Q&

Figure 1.6: Transmission line compensated by controllable reactive power
source at receiving end

power (Qc¢) that has to be injected is given by

V22 — ViVacos(0; — 62)

Qe = X (1.7)

Comparing eq. (1.6) with (1.1), it can be seen that the maximum
power transfer can be doubled just by providing dynamic reactive power
support at the receiving end of the transmission line. This is in addition
to the voltage support at the sending end. It is to be noted that while
steady state voltage support can be provided by mechanically switched ca-
pacitors, the dynamic voltage support requires synchronous condenser or a
power electronic controller such as Static Var Compensator (SVC) or STATic
synchronous COMpensator (STATCOM).

1.4 Flexible AC Transmission System
Controllers

1.4.1 General Description

The large interconnected transmission networks (made up of predominantly
overhead transmission lines) are susceptible to faults caused by lightning
discharges and decrease in insulation clearances by undergrowth. The power
flow in a transmission line is determined by Kirchhoff’s laws for a specified
power injections (both active and reactive) at various nodes. While the
loads in a power system vary by the time of the day in general, they are also
subject to variations caused by the weather (ambient temperature) and other
unpredictable factors. The generation pattern in a deregulated environment
also tends to be variable (and hence less predictable). Thus, the power flow
in a transmission line can vary even under normal, steady state conditions.
The occurrence of a contingency (due to the tripping of a line, generator)
can result in a sudden increase/decrease in the power flow. This can result
in overloading of some lines and consequent threat to system security.
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A major disturbance can also result in the swinging of generator
rotors which contribute to power swings in transmission lines. It is possible
that the system is subjected to transient instability and cascading outages
as individual components (lines and generators) trip due to the action of
protective relays. If the system is operating close to the boundary of the
small signal stability region, even a small disturbance can lead to large power
swings and blackouts.

The increase in the loading of the transmission lines sometimes can
lead to voltage collapse due to the shortage of reactive power delivered at
the load centres. This is due to the increased consumption of the reactive
power in the transmission network and the characteristics of the load (such
as induction motors supplying constant torque).

The factors mentioned in the previous paragraphs point to the prob-
lems faced in maintaining economic and secure operation of large intercon-
nected systems. The problems are eased if sufficient margins (in power trans-
fer) can be maintained. This is not feasible due to the difficulties in the ex-
pansion of the transmission network caused by economic and environmental
reasons. The required safe operating margin can be substantially reduced
by the introduction of fast dynamic control over reactive and active power
by high power electronic controllers. This can make the AC transmission
network ‘flexible’ to adapt to the changing conditions caused by contin-
gencies and load variations. Flexible AC Transmission System (FACTS) is
defined as ‘Alternating current transmission systems incorporating power
electronic-based and other static controllers to enhance controllability and
increase power transfer capability’ [1,2]. The FACTS controller is defined as
‘a power electronic based system and other static equipment that provide
control of one or more AC transmission system parameters’.

The FACTS controllers can be classified as

. Shunt connected controllers
. Series connected controllers

. Combined series-series controllers

= W NN

. Combined shunt-series controllers

Depending on the power electronic devices used in the control, the
FACTS controllers can be classified as

(A) Variable impedance type
(B) Voltage Source Converter (VSC) — based.

The variable impedance type controllers include:
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(i) Static Var Compensator (SVC), (shunt connected)

(ii) Thyrister Controlled Series Capacitor or compensator (TCSC), (series
connected)

(iii) Thyristor Controlled Phase Shifting Transformer (TCPST) of Static
PST (combined shunt and series)

The VSC based FACTS controllers are:

Static synchronous Compensator (STATCOM) (shunt connected)

)

(ii) Static Synchronous Series Compensator (SSSC) (series connected)
) Interline Power Flow Controller (IPFC) (combined series-series)
)

Unified Power Flow Controller (UPFC) (combined shunt-series)
Some of the special purpose FACTS controllers are

) Thyristor Controller Braking Resistor (TCBR)

) Thyristor Controlled Voltage Limiter (TCVL)

c¢) Thyristor Controlled Voltage Regulator (TCVR)
) Interphase Power Controller (IPC)

) NGH-SSR damping

The FACTS controllers based on VSC have several advantages over
the variable impedance type. For example, a STATCOM is much more
compact than a SVC for similar rating and is technically superior. It can
supply required reactive current even at low values of the bus voltage and
can be designed to have in built short term overload capability. Also, a
STATCOM can supply active power if it has an energy source or large energy
storage at its DC terminals.

The only drawback with VSC based controllers is the requirement
of using self commutating power semiconductor devices such as Gate Turn-
off (GTO) thyristors, Insulated Gate Bipolar Transistors (IGBT), Integrated
Gate Commutated Thyristors (IGCT). Thyristors do not have this capability
and cannot be used although they are available in higher voltage ratings and
tend to be cheaper with reduced losses. However, the technical advantages
with VSC based controllers coupled will emerging power semiconductor de-
vices using silicon carbide technology are expected to lead to the wide spread
use of VSC based controllers in future.

It is interesting to note that while SVC was the first FACTS con-
trollers (which utilized the thyristor valves developed in connection with
HVDC line commutated convertors) several new FACTS controller based
on VSC have been developed. This has led to the introduction of VSC in
HVDC transmission for ratings up to 300 MW.
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1.4.2 Voltage Source Converter Based Controllers
- An Introduction

This section is aimed at giving a brief introduction to the VSC based con-
troller. The individual controllers are discussed in detail in the following
chapters (6-8). The schematic diagram of a STATCOM is shown in Fig. 1.7
while that of a SSSC is shown in Fig.1.8. The diagram of a UPFC is shown
in Fig. 1.9.

Line

o

e T

uvi

Figure 1.7: Shunt connected STATCOM

Line
—
R

.

Figure 1.8: Series connected SSSC

U —

AR
g sy
e R
vscl = vsc2

Figure 1.9: Unified power flow controller
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A six pulse Voltage Source Converter (VSC) is shown in Fig. 1.10.
By suitable control, the phase and the magnitude of the AC voltage injected
by the VSC can be controlled. The Phase Lock Loop (PLL) ensures that
the sinusoidal component of the injected voltage is synchronized (matching
in frequency and required phase angle) with the voltage of the AC bus to
which VSC is connected through an inductor. Often, the leakage impedance
of the interconnecting transformer serves as the inductive impedance that
has to separate the sinusoidal bus voltage and the voltage injected by the
VSC (which contains harmonics). The injection of harmonic voltages can
be minimized by multipulse (12, 24 or 48), and/or multilevel convertors. At
low power levels, it is feasible to provide pulse width modulation (PWM) to
control the magnitude of the fundamental component of the injected volt-
age. The high voltage IGBT devices can be switched up to 2 kHz and high
frequency of sinusoidal modulation enables the use of simple L-C (low pass)
filters to reduce harmonic components.

TR T
¥ % %% yE T

Figure 1.10: A three phase, six pulse VSC

< <<

o o

The operation of a VSC can be explained with reference to a single
phase (half-wave) convertor shown in Fig. 1.11. This can represent one leg
of the 3 phase VSC.

V, T
e R
2 Rl

Figure 1.11: A single phase half wave converter
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T4+ and T4 are controllable switches which can be switched on or
off at controllable instants in a cycle. The diodes ensure that the current
can flow in both directions in the DC capacitor. The switches Ty and T's_
work in complementary fashion — only one of them is on while the other is
off. If the switch is turned on only once during a cycle, this is called as
the square-wave switching scheme with each switch conducting for 180° in a
cycle. The peak value of the fundamental component (V4n1) is given by

4 (Ve Vie
Vant = — <;> = 1.273 <;> (1.8)

The waveform contains odd harmonics with the magnitudes

v
VANh = Atha h = 375a7a"' (19)

It is to be noted that in the square wave switching scheme, only the phase
angle of the voltage injected by the VSC can be controlled (and not the mag-
nitude). It will be shown in chapter 6 that in a three phase converter with
3 legs the triplen harmonics will disappear such that the non-zero harmonic
order (h) is given by

h=6n+l, n=12,... (1.10)

Increasing the pulse number from six to twelve has the effect of elim-
inating the harmonics corresponding to odd values of n.

The introduction of PWM has the effect of controlling the magnitude
of the fundamental component of the injected voltage by the VSC. For this
case, the waveform of the voltage v 4 is shown in Fig. 1.12. Using sinusoidal
modulation (with triangular carrier wave), the peak value of the injected
sinusoidal voltage can be expressed as

Vae

VAN1:m< 9

), 0<m<1 (1.11)

where m is called the modulation index.

The maximum modulation index can be achieved with space vector
modulation and is given by [10]

2
Mmayx = —= = 1.1547 (1.12)

V3

It is to be noted that the modulation index (m) and the phase angle
(o) are controlled to regulate the injected current by the shunt connected
VSC. Neglecting losses, a STATCOM can only inject reactive current in
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<
P4

Time—
Figure 1.12: Waveform of v4n and the fundamental component

steady state. The reactive current reference can be controlled to regulate
the bus voltage. In a similar fashion the reactive voltage injected by a lossless
SSSC can be controlled to regulate the power flow in a line within limits.
The combination of a STATCOM and a SSSC, in which the STATCOM feeds
(or absorbs) power on the DC side to SSSC, can be used to regulate both
active and reactive power flow in a line (subject to the constraints imposed
by the ratings of the converters in addition to the limits on bus voltages).

1.4.3 A General Equivalent Circuit for FACTS
Controllers

The UPFC (shown in Fig. 1.9) is the most versatile FACTS controller with
3 control variables (the magnitude and phase angle of the series injected
voltage in addition to the reactive current drawn by the shunt connected
VSC). The equivalent circuit of a UPFC on a single phase basis is shown
in Fig. 1.13. The current i is drawn by the shunt connected VSC while
the voltage e is injected by the series connected VSC. Neglecting harmonics,
both the quantities can be represented by phasors I and E.

Neglecting power losses in the UPFC, the following constraint equa-
tion applies.

Re[ViI*] = Re|EL}] (1.13)

Assuming that Vl = Vlejel, fg = I,el?2, I and E can be expressed as

~

I = (I, —jI,)e"% (1.14)
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Figure 1.13: An equivalent circuit for UPFC

E = (Vo+iV;)e? (1.15)

where I, and I, are ‘real’ and ‘reactive’ components of the current drawn
by the shunt connected VSC. Similarly V), and V, and the ‘real’ and ‘re-
active’ voltages injected by the series connected VSC. Positive I, and V,,
indicate positive ‘real’ (active) power flowing into the shunt connected VSC
and flowing out of the series connected VSC. The positive values of I, and
V, indicate reactive power drawn by the shunt convertor and supplied by the
series converter. These conventions will be used throughout this book.

Using egs (1.14) and (1.15), (1.13) can be expressed as

Vil, = LV, (1.16)

The remaining shunt and series connected FACTS controllers can be
viewed as special cases of a UPFC. For example in a SVC,

V,=0,V, =0,I,=0,I, = —BsycVi, (1.17)

There are 3 constraint equations and one control variable (Bgy¢) in a SVC.
In a STATCOM, I, is the control variable. Table 1.1 gives the constraint
equations and control variables for all the FACTS controllers. Note that in
a STATCOM or SSSC with an energy source at the DC terminals, there are
2 control variables as I, or V), is non-zero.

1.4.4 Benefits with the Application of FACTS
Controllers

Primarily, the FACTS controllers provide voltage support at critical buses
in the system (with shunt connected controllers) and regulate power flow
in critical lines (with series connected controllers). Both voltage and power
flow are controlled by the combined series and shunt controller (UPFC).
The power electronic control is quite fast and this enables regulation both
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Table 1.1: Constraint Equations and Control Variables for FACTS Con-

trollers.

Controller Constraint Equations Control Variable(s)

SvC Vp=0,V,=0,1,=0 Bgve
I, = =BsvcWi

TCSC 1,=0,1,=0,V,=0 Xresc
Vi = Xresclz

SPST E=Vi(ed® —1) ~ jVi¢ )

(TCPAR) Vil, = Voo, Vi1, = IV,

STATCOM Vp=0,V,=0,1,=0 1,

STATCOM with Vp=0,V,=0 I, I,

energy source

SSSC »=0,1,=0,V,=0 Vi

SSSC with I,=0,1,=0 Vo, Vi

energy source

under steady state and dynamic conditions (when the system is subjected
to disturbances). The benefits due to FACTS controllers are listed below.

. They contribute to optimal system operation by reducing power losses

and improving voltage profile.

. The power flow in critical lines can be enhanced as the operating mar-

gins can be reduced due to fast controllability. In general, the power
carrying capacity of lines can be increased to values upto the thermal
limits (imposed by current carrying capacity of the conductors).

. The transient stability limit is increased thereby improving dynamic

security of the system and reducing the incidence of blackouts caused
by cascading outages.

. The steady state or small signal stability region can be increased by

providing auxiliary stabilizing controllers to damp low frequency oscil-
lations.

. FACTS controllers such as TCSC can counter the problem of Sub-

synchronous Resonance (SSR) experienced with fixed series capacitors
connected in lines evacuating power from thermal power stations (with
turbogenerators).

. The problem of voltage fluctuations and in particular, dynamic over-

voltages can be overcome by FACTS controllers.
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The capital investment and the operating costs (essentially the cost
of power losses and maintenance) are offset against the benefits provided by
the FACTS controllers and the ‘payback period’ is generally used as an index
in the planning. The major issues in the deployment of FACTS controllers
are (a) the location (b) ratings (continuous and short term) and (c) control
strategies required for the optimal utilization. Here, both steady-state and
dynamic operating conditions have to be considered. Several systems studies
involving power flow, stability, short circuit analysis are required to prepare
the specifications. The design and testing of the control and protection
equipment is based on Real Time Digital Simulator (RTDS) or physical
simulators.

It is to be noted that a series connected FACTS controller (such as
TCSC) can control power flow not only in the line in which it is connected,
but also in the parallel paths (depending on the control strategies). This
will be explained in chapter 4.

1.5 Application of FACTS Controllers in
Distribution Systems

Although the concept of FACTS was developed originally for transmission
network; this has been extended since last 10 years for improvement of Power
Quality (PQ) in distribution systems operating at low or medium voltages.

In the early days, the power quality referred primarily to the continu-
ity of power supply at acceptable voltage and frequency. However, the pro-
lific increase in the use of computers, microprocessors and power electronic
systems has resulted in power quality issues involving transient disturbances
in voltage magnitude, waveform and frequency. The nonlinear loads not only
cause PQ problems but are also very sensitive to the voltage deviations.

In the modern context, PQ problem is defined as “Any problem
manifested in voltage, current or frequency deviations that result in failure
or misoperation of customer equipment” [5].

The PQ problems are categorized as follows

1. Transients

(a) Impulsive
(b) Oscillatory

2. Short-duration and Long-duration variations

(a) Interruptions
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(b) Sag (dip)
(c) Swell

3. Voltage unbalance

4. Waveform distortion

a) DC offset

(a)
(b) Harmonics
(¢) Interharmonics
(d) Notching
)

(e) Noise
5. Voltage Flicker

6. Power frequency variations

More details about these problems are discussed in chapter 12.

Hingorani [7] was the first to propose FACTS controllers for improv-
ing PQ. He termed them as Custom Power Devices (CPD). These are based
on VSC and are of 3 types given below.

1. Shunt connected Distribution STATCOM (DSTATCOM)
2. Series connected Dynamic Voltage Restorer (DVR)
3. Combined shunt and series, Unified Power Quality Conditioner (UPQC).

The DVR is similar to SSSC while UPQC is similar to UPFC. In spite
of the similarities, the control strategies are quite different for improving PQ.
A major difference involves the injection of harmonic currents and voltages
to isolate the source from the load. For example, a DVR can work as a
harmonic isolator to prevent the harmonics in the source voltage reaching the
load in addition to balancing the voltages and providing voltage regulation.
A UPQC can be considered as the combination of DSTATCOM and DVR. A
DSTATCOM is utilized to eliminate the harmonics from the source currents
and also balance them in addition to providing reactive power compensation
(to improve power factor or regulate the load bus voltage).

The terminology is yet to be standardized. The term ‘active filters’
or ‘power conditioners’ is also employed to describe the custom power de-
vices. ABB terms DSTATCOM as ‘SVC light’. Irrespective of the name,
the trend is to increasingly apply VSC based compensators for power quality
improvement.
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Chapter 2

AC Transmission Line and
Reactive Power Compensation

In this chapter, the reactive power control in AC power transmission lines is
examined. The requirements are to

(a) transmit as much power as feasible on a line of specified voltage and

(b) to control the voltage along the line within limits.

The steady-state characteristics of a transmission line are first studied based
on equations derived from first principles. The benefits of reactive power
compensation (both shunt and series) are described with analysis and exam-
ples. Several FACTS controllers (such as STATCOM, SSSC) can be viewed
as fast acting reactive power controllers. Their influence on power angle
characteristics are investigated.

2.1 Analysis of Uncompensated AC Line

2.1.1 General

A transmission line has distributed circuit parameters. We will be assuming
the line to be symmetric in three phases and operating with balanced (posi-
tive sequence) voltages and currents. Hence it is adequate to consider only a
single phase positive sequence equivalent network of the line (see Fig. 2.1).

In Fig. 2.1, it is assumed that the sending end is connected to a
generator and the receiving end is connected to a (unity power factor) load.
The line has series resistance r and inductance [, shunt conductance g and
capacitance ¢ (all parameters expressed per unit length).

2.1.2 Transmission Line Equations

It is assumed that in steady state all the voltages and currents in the line
are sinusoidal of frequency (w rad/sec) and expressed in phasors.
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Vs/3 Ve/0

lST .

Figure 2.1: A transmission line supplying a unity power factor load
Considering a small element of the line of length (dx) at a distance
x from the receiving end, (see Fig. 2.2) the following equations apply,
I(z +dzx) = I(z) + (ydx)V (z + dz) (2.1)
V(z+dz) =V(x) + (2dz)I(x) (2.2)
where y = g+ jb,z =1+ jr,b = we,z = wl.

<7x—ﬁ
zdx

— |'® |
I |

| (x-+dx) VR

V (x+dx ydx V(x)

L

Figure 2.2: Voltage and current variation in a long line

It is to be noted that both V and I are phasors that are functions of
x. From the above equations, we get the following differential equations for
V and I.
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AV
A 2.
- 21, (2.3)
dl
o _ 2.4
o yV (2.4)

Taking derivative of both sides of Eq. (2.3), we get

d*v
prol zyV (2.5)
Similarly, it can be shown that,
d?1
The solution of Eq. (2.5) gives
Viz) = A1€7* + Age™* (2.7)
where
Y=Vzy=a+jp (2.8)

is termed as the propagation constant. « is called the attenuation constant
and [ is called the phase constant.

Ay and A, are constants dependent on the boundary conditions.
Substituting (2.7) in (2.3), we can derive
1
I(x) = ?[Alew — Age™ 7] (2.9)

[

Z.— \/g (2.10)

is termed as the characteristic impedance.

where

The constants A7 and A, are determined from

Ve = V(x = O) = A+ Ay (211)
(A1 — Ay)

IR = I(I'ZO): 7
c

(2.12)

Solving for A; and As from the above and substituting in (2.7) and (2.9),
we have

V(z) = Vgcosh(yz) + IgZsinh(yz) (2.13)

I(z) = %sinh(’yx) + Ircosh(yz) (2.14)



22 FACTS Controllers in Power Transmission and Distribution

where cosh(yzx) = W7 sinh(yz) = ew_;iw'

Normally, the conductance g of a line can be neglected. The series
resistance r has only a secondary effect on the voltage and power flow in the
line and hence can be neglected for simplicity. It is to be noted that r is to
be considered while computing transmission (active power) loss.

Expressions for a Lossless line

Neglecting r and g, the propagation constant v is purely imaginary
with
v =jB=jwVic (2.15)

and the characteristics impedance Z,. is purely resistive with

Z, = ﬁ =7, (2.16)

In this case the Z. is termed as surge impedance or natural impedance (Zy,).
Substituting (2.15) and (2.16) in (2.13) and (2.14), we get

V(z) = Vgcos(Bz)+ jIrZy,sin(fBx) (2.17)
I(x) = j;: sin(fz) + I cos(fx) (2.18)

For the special case when

Ve = Znlr (2.19)

we have,
Viz) = /™Vg (2.20)
I(z) = €&%Ig (2.21)

This shows that the magnitude of voltage (and current) at any point on
the line is constant but the phase angle varies uniformly as the distance (z)
increases. When x = ), such that

B\ =21 (2.22)

A is defined as the wavelength, which depends on the frequency f. It can be

shown that 5

AT
f w
where u is the velocity of propagation of the (voltage or current) wave given
by

(2.23)

(2.24)

u =

1
Vie
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Typically, the value of u for overhead high voltage transmission lines is
slightly less than the velocity of light (u = 3 x 10® m/sec).

Substituting = d (where d is the length of the transmission line)
in Egs. (2.17) and (2.18) we have

Vg = VgcosO+ jIrZ,sinf (2.25)
Is = j?sin@—k[;gcose (2.26)
where
2
0 = Bd = wVled = o (2.27)

is termed as the electrical length of the line expressed in radians.

Remarks

1. Equations (2.25) and (2.26) can be expressed as
Vsl [4 B] [ wa

where A = cos0,B = jZ,sinf, C = %,D = cosf are the A, B,C,D
constants of the two port network shown in Fig. 2.3.

ls—> —lr
O— —O
Two port
Vs Network Vi
oO—— 0

Figure 2.3: Transmission line as a two port network

2. It is to be noted that D = A and AD — BC = 1, with the result
that Vr and Ir can be expressed as

Ve =Vgcost — jlgZ, sinf } (2.29)

Ig = —j%sin@%—ISCOSQ
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2.1.3 Performance of a Line Connected to Unity
Power Factor Load

Assuming that the sending end voltage of the line is held constant at Vg,
the receiving end voltage Vg varies with the load. It will be assumed that
the line is lossless.

It is convenient to represent the line by Thevenin equivalent at the
receiving end. The Thevenin voltage is the open circuit voltage at the re-
ceiving end given by,

Vi = 2.30
™= g (2.30)
and Thevenin impedance is obtained as
V] .
ZTh = —I—}Z’VSZO = jZn tan 6 (231)

The equivalent circuit of the line and the load is shown in Fig. 2.4. The
phasor diagram of the voltages Vi, and Vi are shown in Fig. 2.5. It can be
seen from Fig. 2.5, that

Vg cos
= 2.32
R cos 6 ( )
and the power flow in the line, P = Ppg is given by
P VrpVesind  VEZsin26 (2.33)

Zntanf  Z,sin20

The maximum power (theoretical limit) occurs at § = 45° and is given by

Prax = Vig (2.34)
T Z, sin 26 '
At this value of power, the receiving end voltage is
Vs
Vem = ——— 2.35
= V2 cos 6 ( )
j Ztan(®)

Figure 2.4: Equivalent circuit of the line connected to a unity p.f. load
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V1

Z,|ptand

VR
Figure 2.5: Phasor diagram of voltages
At no load (Pr = 0), the voltage at the receiving end is higher than

the sending due to the line charging. This is termed as Ferranti Effect. The
no load voltage at the receiving end is given by

(2.36)

This can be excessive as 6 increases. At line lengths approaching quarter
wavelength, Vgg is very high. Note that Vg is bounded in real lines as the
resistance of the line cannot be ignored at high charging currents.

At no load, the sending end current is the charging current of the
line and is given by
- sin «9175 VS
Isp=j——==j—tanf 2.37
S0 ]chosg ]Zn ( )
This also increases as 6 increases and can overload the generator. The no
load reactive power Qgg is obtained as

N VZtand
Qso = Im[VsIg] = —ST

2.1.4 Performance of a Symmetrical Line

To control the receiving end voltage and increase the power transfer capabil-
ity of the line it is necessary to have a generator or a controlled reactive power
source (with fast control) such as a SVC at the receiving end (see Fig. 2.6).
The reactive power injected is —Qpg. If line is symmetrical (Vg = Vg = V),
then from symmetry, Qg = —Qpg. Thus, the reactive power requirements of
the line are shared equally at both ends of the line.

From Fig. 2.6, it can be derived that if the voltage Vg is controlled
using a reactive power source in parallel with Ry, then the power transfer
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Vg /8 vpZa
|
|

) oy =

¢

Figure 2.6: A transmission line with dynamic voltage support at the receiv-
ing end

on the line is given by
V2

P =
Zpsinf

sin § (2.38)

This result can be derived also from the transmission line equation.
The current Ir is obtained as

s VS—VRCOSG _V/§—VcosO

Ip = = 2.
R jZpsinf JjZpsinf (2:39)
The complex power (Sg) at the receiving end is defined by
~ V2/ -6 —V?cosb
=P iQpr = Vrlh = 2.4
Spr=Ppr+ jQr = VrIg 7. sin0 (2.40)
From the above,
VZsin§d P,sind
P = = 2.41
Zy, sin 0 sin ( )
where P, is termed as Surge Impedance Loading (SIL) defined by
V2
P,=—
Zy,
and )
Qr = 7 Sime(cosé —cosf) = —Qs (2.42)

The voltage profile along the line varies as the loading varies. For P =
P, (SIL) the voltage profile is flat. The voltage variation at the midpoint
is maximum for the symmetrical line as the load varies from zero to the
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maximum value. (see Fig. 2.7) To compute the midpoint voltage (V,,) we
can divide the line into two equal sections of half the length. For the line
section connecting the sending end to the midpoint, we have

. 0 A 0
Vg =V /6 =V, cos 2 + j1nZy sin 2 (2.43)
where I,,, is the current flowing at the midpoint.

P<R

Figure 2.7: Voltage profile along the line

For the line section connecting midpoint to the receiving end, we
have

. 0 . 6
Ve=V/0=1V,,cos g jImZy sin 3 (2.44)
Adding (2.43) and (2.44), we can solve for V,,, as
~ 0/2
Vi = Mza/z (2.45)
cos 5

Subtracting (2.44) from (2.43) we can solve for I,,, as

~ 1 2
h, = Vo2, 5 (2.46)
Zp,Sin 5

Since I, is in phase with V},, we can obtain the power (P) as

V2siné
P=V,I, = - 2.47
Zn sinf ( )

The no load voltage at the midpoint (V,,,) is given by

Vv

mo — 2.4
Vi cos /2 (248)
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The charging reactive power at no load is given by

V2 V2 0

7 sinQ(C089 —-1)= -z tan 2 (2.49)
Comparing the expressions for the power, no load voltage and charging re-
active power with those given in the previous section (2.1.3) shows that a
symmetrical line can be viewed as two line sections of half the length each
(see Fig. 2.8). One end of each line section is connected to unity power fac-
tor load and at the other end the voltage is regulated. The load is negative
for one line section and positive for the other line section. The negative load
results in the reversal of power flow.

Qso=—Qro =

V/a v /(812) v/s Vin £(8/2)
i | ",

| | E

v/a v/0 Vv, Z(812)

@ (b)
Figure 2.8: Representation of a symmetrical line

In general, it is not possible to consider the voltages at the two ends
of the line as constants. It is necessary to consider the effects of the systems
connected to the two ends by representing Thevenin equivalents at both ends
as shown in Fig. 2.9. The mutual coupling between zg and zp is neglected.

E/d Vg VR B0
X ‘ X

kil Siia

Figure 2.9: A transmission line with Thevenin equivalent at both ends

For simplifying the analysis we can consider Fg = Er = E and
rg = xr = x. In this case, it can be shown that
Ecosé/2

Vin = cos(0/2)(1 — £ tan(6/2)) £9/2 (2:50)

and
Esind/2

~ Znsin(0/2)(1+ £ cot(0/2))

I £(5/2) (2.51)
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The power flow (P) is obtained as

E?siné

Zysinf 1—|—%—icot0— 2—2}

P =V, (2.52)

The effect of source reactances is to reduce the power flow (compared to the
case with z = 0) when

x

— < 2cotf (2.53)
Zn

and increase it for higher values of x. However increasing values of x result

in large values of V,,, and high reactive power flows. In practical situations,

7. 1s generally less than unity.

Performance of uncompensated lines — summary

Based on the analysis given in this and the previous sections, the
following points emerge

1. The dynamic regulation of voltage at the receiving (load) end of the
line by using a controllable reactive source, improves power transfer
and voltage profile along the line.

2. However, even with symmetrical lines (with voltages maintained at
both ends), the power transfer capability is decreased as the line length
increases. Assuming that a line is operated with dpa.x = 30°, the
maximum power transfer reduces below SIL for line lengths 6 > 30°
(approximately 500 km long line in systems operating at 50 Hz).

3. The problems of voltage control and charging reactive power (at no
load) become severe as line length increases. For a symmetric line, the
voltage variation is maximum at the mid point of the line.

2.2 Passive Reactive Power Compensation

The transmission line has series inductance which absorbs reactive power
while the shunt capacitance releases (generates reactive power). For light
loads, the absorption is less than the generation and voltage in the line tends
to rise. On the other hand, at loads exceeding Surge Impedance Loading
(SIL), the absorption is higher than the generation and the voltage tends to
fall. By connecting series capacitors and shunt inductors in the line, we can
control the reactive power flow in the line to limit the voltage variations and
increase (active) power transfer capability. To study the effects of passive
reactive compensation, we will first consider the distributed compensation
(which is difficult to arrange, but is easier to analyze) before taking up
discrete compensation (which is practical).
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2.2.1 Distributed Compensation

Let us consider distributed series compensation (capacitive) whose effect, in
steady state, is to counteract the effect of the distributed series inductance of
the line. Similarly, by providing distributed shunt (inductive) compensation,
the effect of line capacitance is reduced.

The phase constant (') of a compensated line is given by
Bo= Vwl-wd = \/wl(l — kgse)we(l — kgp)
= By/(1— k)1 — ka) (2.54)

where ( is the phase constant of the uncompensated line, kg is the degree
of series compensation and kg, is the degree of shunt compensation. It is
assumed that both ks and kg, are less than unity.

The surge impedance (Z),) of the compensated line is obtained as

wﬁ’ Ese)
2.
o Zny / (2.55)

From Eqgs. (2.54) and (2.55) we note that the electrical length (6”) of the
compensated line given by

0 = df' = 0,/ (1 — kee) (1 — ko) (2.56)

is reduced by both series and shunt compensation. On the other hand,
Z, is reduced by series compensation (capacitive) and increased by shunt
compensation (inductive).

For a lossless symmetrical line, the power flow in a compensated line
is given by
V2 V2 V2siné

P/ — 1 ~ 1 e —— 2
Z! sin ¢’ sino Z10 sin o Zn0(1 — kse) (2:57)

for small values #'.

The no load voltage at the mid-point (V,!,,) is given by

Vv

9/
COS b}

V!, = (2.58)

The charging reactive power (Q’,) at no load is given by
V2 o Vel V20
Q{So = _QIRO = _7 tan 5 >~ 277/15 = E(l — k;sh) (259)

From Egs. (2.57) to (2.59) we can observe that
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1. The distributed shunt compensation reduces the no load voltage and
charging reactive power, but has little effect on the maximum power
flow in the line.

2. The distributed series compensation reduces the no load voltage and
increases the power transfer capacity, but less little effect on the no
load charging reactive power.

2.2.2 Discrete Passive Compensation

It is not practical to provide distributed compensation. Here, we will con-
sider discrete series and shunt compensation. Before taking this up, it is
instructive to derive an equivalent circuit (in steady state) of the distributed
parameter, uncompensated line. Figure 2.10 shows the equivalent 7 circuit
of the line.

z=jz, s

jtan (6/2)
-

Vo | Y Y| Ve
2 n

O O

Figure 2.10: The exact m equivalent circuit of a lossless uncompensated line

This is obtained by comparing the A and B constants of the line and
the equivalent circuit as given below

YZ
A:1—|—7:cos€, B=7Z=jZ,sin6

We can also express Z and Y as

z=jx" 0l =i

sin 0 Y B™ [tan g
0 2 2

where X" = wld = Z,0 the total (nominal) reactance of the line and B" =

wed = Zi is the total (nominal) susceptance of the line.

For small values of 0, Sige ~ 1 and tang ~ g. Hence Z ~ j X",
Y ~ jB™. With this approximation, this equivalent circuit is called as the

‘nominal’ 7 circuit of the transmission line.

Note: When we are dealing with single phase equivalent of a balanced
symmetric 3 phase network, the parameters of this circuit are the positive
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sequence parameters while the voltages and currents are assumed to contain
only positive sequence components. As a matter of fact, for symmetric
networks with no zero sequence components, the coupled 3 phase network
can be reduced to 3 uncoupled single phase networks. For example, from
the simple 3 phase network described by

Va Zs Zm Zm I,

Ve Zm Zm Zs I
the network is decoupled if I, + I, + I. = 0 and is described by the equation
Vo= Zs—Zn)la, a=aborc (2.61)

The positive sequence impedance is (Zs — Zp,).

For a lossless transmission line, the shunt susceptance is capacitive
and results in charging reactive power at no load. The shunt reactors at
both ends of the line can be used to fully or partially compensate for this
reactive power. With full shunt compensation (by reactors), the lossless line
is represented by only a series reactance (X) given by

X = Z,sind (2.62)

2.3 Compensation by a Series Capacitor
Connected at the Midpoint of the Line

The two cases of the series compensation are considered.

Case 1: Series compensation accompanied by shunt compensation:

The equivalent circuit of the line with the series and (full) shunt
compensation connected at the midpoint in addition to the two ends of the
line (see Fig. 2.11(a)) is shown in Fig. 2.11(b).

The power flow in the compensated line is given by
VsVr
-6

(2Zn sin 5 — XC>

P= sin 0 (2.63)

It is to be noted that when Vg = Vi = V, the no load voltage at the
midpoint of the line is V' (and at both terminals of the series capacitor as
the current through the capacitor is zero at no load). The Eq. (2.63) can

also be expressed as
p_ VsVgsind _ VsVRsind - cos% (2.64)
Zpsinf {i@ Xe } Zpsinf {1 Xe ]

cos g Zn sin @ 27, sin %
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_j XC

[/
I\

iz,
tan(6/4)

iz,
tan(6/4)

(a) Series capacitor and shunt reactors connected at the midpoint

J Z,8in(6/2)

Ok

T T

- X, J Z8in(6/2)

+

Ve[ 0 6

(b) Equivalent circuit of the compensated line

Figure 2.11: Representation of a compensated line

j Z,tan(6/2)

e g g -

—_—>
+ P X

V5[ 8 @ T2

cos (6/2)

c

j Z,tan(6/2)

T

K¢

K
" e

+

Vr/0

cos (6/2)

Figure 2.12: Equivalent circuit of a line with pure series compensation

Case 2: With pure series compensation at the midpoint:

If no shunt reactors are used at the terminals the series capacitor,
the equivalent circuit of half the line can be obtained — as shown in Fig. 2.4
and the combined equivalent circuit of the series compensated line is shown

in Fig. 2.12.
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The power flow (P) in the line is given by

B - VsVir sin;S _ VsVg sin d (2.65)
cos® 5 [ZZn tan 5 — Xc:| Zy,sinf {1 — gznji;n%}

It is to be noted that when Vg = Vi = V| the midpoint voltage (V,,) is
unaffected by the series capacitor while the midpoint current (I,,) is modified
(compared to Eq. (2.46)) to

V sin g
o= 12 (2.66)
Zysin5(1 — kse)
where X
se = 760 (2.67)
27y, tan 5

It can be shown that both (V;,) and (I¢) are in phase and the power flow
(P) is
P =V, I* (2.68)

Remarks

Using the equivalent circuits of the uncompensated line sections, the
power flow in a series compensated line, where the series capacitor is located
at any point in the line, can be obtained as

p_ VsVisin é

) (2.69)
Zysind 1 - % (iorgtimnas )|

where 0 = 61 + 0.

For small values of §; and 6, the degree of series compensation (ks )
is independent of the location of the capacitor and is given by

Xe

Fse = 7

(2.70)

2.4 Shunt Compensation Connected at
the Midpoint of the Line

As mentioned earlier, the control of no load voltage requires a shunt reactor.
On the other hand, increase in the power flow in a line requires shunt ca-
pacitor. Unlike in the case of the series capacitor, the location of the shunt
capacitor is very crucial. The best location is at the midpoint of the line to
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(D) 1Zptenen) . jZ,tarern) ()
——
P +
Vs/8 @ iB — | B @ Vp/0
2 Vin 2 cos(6/2)

Figure 2.13: Equivalent circuit of a line with shunt capacitor at the midpoint
maximize the power flow in the line. The equivalent circuit of the line with
the shunt susceptance connected at the midpoint, is shown in Fig. 2.13.

The transfer reactance (X;) between the nodes (1) and (2) is given
by

0 0
Xy =22y tan o — B.Z? tan® 3 (2.71)

The power flow (P) in the line is given by

p_ VsV SI2H65 _ VsVg sin d (2.72)
X cos® 5 Z, sin 6 {1 — Bc% tan g}
If V¢ = Vg =V, the midpoint voltage (V,,,) is given by
h V cos $
ViEh = 2 (2.73)

0|1 _ ZuB 0
COS 5 {1 ¢ tan 2}

The current (fm) at the midpoint is given by the same expression as in Eq.
(2.46). It is unaffected by the shunt susceptance. Both V;$* and I,, are in
phase and hence the power flow is the product of V;,, and I,,.

Remarks

In deriving expressions for V5" and I,,, the following circuit relations
are used.

vV 9 A B~ 0 .
5l=—(Im+j="Vin)jZptans = Vp, (2.74)
cosg 2 2 2
~ .B. ~ ) ~
7.0+ (I —j—Vim)jZntan 5 = Vi, (2.75)
Cos 5 2 2

Adding (2.74) and (2.75) results in (2.73).
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2.5 Comparison between Series and Shunt
Capacitor

The maximum power flow in the line is given by substituting ¢ = dpax in
the expression for the power flow (P). dmax is chosen from considerations
of the steady state margin that will not result in the power flow exceeding
limits during a contingency.

For the same amount of maximum power transfer, we obtain the
following relation (comparing (2.65) with (2.72)).

B. 0 X,
—Zy,tan - = ——— 2.76
2 " 2 2z, tang ( )

While transferring maximum power, the reactive power (Qs.) supplied by
the series capacitor (for a symmetric line with Vg = Vg = V) is given by

V2 sin? —5“5“‘ X,

— 12X =
Qse m<rc 272;, SiIl2 %(1 o kse)2

(2.77)

The reactive power (Qgp,) supplied by the shunt capacitor (B.) at P = Ppax

is obtained as s s
V< cos® dmax B
=V?B. = 2 ¢ 2.78
Qsh m=c COS2 g(l - ksh)2 ( )

where

Since kge = kgp, (from Eq. (2.76)), we get from comparing (2.77) and (2.78),

61’11&){
Qe _ 1 B (Ko _ e 27

Qsh B Z% tan2g Bc 2
The above relation shows that the series capacitor is much more effective
than the shunt capacitor in increasing power transfer.

Note: The peak voltage (V;fh) across the shunt capacitor occurs at no load
and is given by
Vv

[
COS b}

sh __
Vp =

If this voltage is used instead of V,,,, in determining the rating of the shunt
capacitor, then the comparison of the two ratings (of the series and shunt
capacitors) is given by
Qse ) 5max
Qsh 2

(2.80)
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(a). Series capacitor
XL XL
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TBC

(b). Shunt capacitor

Figure 2.14: Equivalent circuits for determining resonance frequencies

Another factor in the comparison of the series and shunt (capacitor)
compensation is the electrical resonance frequency. The comparison can be
made from the Fig. 2.14.

The electrical resonance frequency (f5¢) for the series capacitor com-

pensation
1
or = %\/ foy/ = fo/ (1 — kse) (2.81)

The resonance frequency for the shunt capacitor compensation is obtained

as
fo”BX = for| 1_ " (2.82)

where fp is the operating system frequency (50 or 60 Hz).Note that in de-

riving these expression, the equation, XT Z, tan g is used.

It is shown in reference [3] that oscillations of the generator rotor
corresponding to a subsynchronous frequency torsional mode (of frequency,
fm) causes amplitude modulation of the generator voltage. This causes two
side bands of frequency (fo — fm) and (fo + fm) of the injected voltage,
which result in a subsynchronous frequency and a supersynchronous fre-
quency current components flowing in the generator armature. While the
subsynchronous frequency current component results in a negative damping
torque, the supersynchronous frequency current results in a positive damp-
ing torque. The electrical resonance at frequency, fo — fm, increases the
negative damping torque while resonance at fy + fi,, results in increase in
the positive damping torque.
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Comparing (2.82) with (2.81), it is obvious that f* > fu while

5¢ < fo. This implies that there is no danger of Subsynchronous Resonance

(SSR) with shunt capacitor, while it exists with the series capacitor. On

the other hand, the rating of the shunt capacitor required is high unless the

lines are substantially long resulting in large operating values of d,.x. The

cost of a series capacitor is higher (typically by a factor of 2) as it has to be
designed to withstand overvoltages during fault transients.

2.6 Compensation by STATCOM and
SSSC

2.6.1 STATCOM at the Midpoint of the Line

The shunt connected STATCOM draws a pure reactive current if losses are
neglected. Thus, it has similar effects on the bus voltage and power flow as
the shunt connected susceptance. The major difference is that a STATCOM
is more effective at low voltages as it can regulate (at constant value) the
reactive current drawn.

As mentioned earlier, the location of a STATCOM is optimum when
connected at the midpoint.

Fig. 2.15 shows the equivalent circuit of the line with shunt connected
STATCOM (constant reactive current source) at the midpoint. It is assumed
that Vg = Vg = V. The following equations apply.

jz tan®2) 1, jZ,tan(6/2)

m— VR ) S—
+ P/\ N +
Vs/ 8 R ORIV Vr/ 0
cos(0/2) @ 2 " 2 6 cos(6/2)

Figure 2.15: Equivalent circuit of a line with STATCOM at the midpoint

V.6 0 (. I .

—jZytan = | I, + — = Vn 2.83
cosg J 2 < 2 ) ( )
V/ 0 (. I .

COSs 5
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where .

A Vin

I, = —j—1 2.85

T J V" ( )
(Note: Tt is assumed that I, is positive, when it lags the bus voltage. In
other words, inductive reactive current drawn is assumed to be positive).

Adding (2.83) and (2.84) we have

2Vecosl § 9. .
/2 iz, tan o1, = 2V,
oS 5 2 2

Substituting for I, (from Eq. (2.85)), we finally get

R Veosd 1.7 0 1)
Vi = ——2 - " /=. 2.86
< cosg 2 2) 2 ( )

By subtracting (2.84) from (2.83) and simplifying, we get

. Vsind §
I, = 2 /= 2.87
" Z,sin§ 2 (2.87)

From (2.86) and (2.87) we note that Vj, and I,,, are in phase and the power
flow (P) is given by
V2sind VI, sin$

B Zy sin @ 2cosg

P (2.88)

To increase power transfer, I, should be negative (capacitive) and this is as
expected. The major difference between a shunt capacitor and STATCOM
is that the maximum power for the latter, occurs at 90° < ¢, < 180° and is
a function of I, in addition to the line length.

Remarks

In general, when the power angle relationship is expressed as
: .0
P = A81n5+Bsm§

the angle (J,) at which the power is maximum is defined by

dP 1 0
o =0= Acosdp, + §Bcos§

. h) . .
Defining # = cos %, the above equation can be expressed as a quadratic
equation in z, namely,

1
A2z — 1) + §B:c =0
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The solution of this equation is given by

B2 2
B 7 +84
8A 4A
Only the positive solution for z is selected as relevant. Fig. 2.16
shows a typical power angle curve (for I, = —0.5,0 = 30°) where P is
expressed in per unit of the SIL.

25
I =-05
r
2t ]
=0
r
15F .
P/P
n
1t ]
0.5 .
O | | | | | | | |
0 20 40 60 80 100 120 140 160 180

Figure 2.16: Power angle curve with STATCOM

2.6.2 SSSC at the Midpoint of the Line

For simplicity, it is assumed that the SSSC is connected at the midpoint
of the line. The SSSC injects a reactive voltage (V;.) in series with the line
(neglecting losses). The reactive voltage is considered to be positive when it
is capacitive.

Assuming Vg = Vi =V, the following equations can be written from
the circuit shown in Fig. 2.17.

Vv

[
COS 5

| 0

by = Vo

N D

L0 — jZy tan (2.89)
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0 - -V
70+ jZytan S 1y = Vi + — (2.90)
oS 5 2 2
where R
V=iV (2.91)

(the voltage (V;) leads the current (I,,) as it is assumed to be a voltage rise
in the direction of the current).

(VY]
jZ tan(e2) 2 2 j Z,tan(6/2)
P T

+
Vg/ 8 (j Vr/O
cos(6/2) @ Vv, ) cos(8/2)

Figure 2.17: Equivalent circuit of a line with SSSC at the midpoint

From the above equations, we can obtain,

. \% )
Vi = cos =/ — 2.92
coS g 2 2 ( )
R V sin § " )
By o= (222 W )0 (2.93)
Zysing  2Z,tang 2

V2sind VYV, cos %

2.94
Zysing 27, sin g ( )

P = Vil =

2.6.3 Comparison between STATCOM and SSSC
in Enhancing Power Transfer

The power angle expression for a SSSC is given by
_ 0
P= ASID5+BCOS§

It can be shown that P is maximum at 6 = d, and 0 < ¢, < 90°. On the
other hand, the power is nonzero for § = 0. A major advantage is that
increase in the power transfer is directly proportional to the reactive voltage
injected for small values of the operating angle é.
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It can be shown that the rating of SSSC required for the same level
of power enhancement as a STATCOM at the midpoint, can be related to
the STATCOM rating as

5m X
Qsssc = tan? (Ta> - QsTATCOM

(Hint: The rating of the STATCOM is given by

QSTATCOM = Vindr max
while the rating of SSSC is given by

Qsssc = Im Vi max)

2.7 Some Representative Examples

Example 2.1

Consider the system shown in Fig. 2.18, where a generator feeds power to a
load through a line. (Even if there are several lines feeding the load, there is
no loss of generality in representing the system in steady state as shown in
the Figure). There is a fixed capacitor of susceptance B¢, connected at the
load bus. Depending on the size, this can compensate not only the power
factor of the load, but also the requirements of the line to boost the load
bus voltage to the rated value. For simplifying the analysis, it is assumed
that the resistance and shunt capacitance of the line are neglected and the
series impedance is assumed to be jX. The normalized voltage (V) at the

load bus and the normalized power flow (P) in the line are defined by

PX

S VA
V=2,P="2
BT E?

E/0 v/-6

@ ‘ TIBC R*iQ

Figure 2.18: A transmission line feeding a load

Thevenin equivalent at the load bus and the phasor diagram are
shown in Fig. 2.19. From this, we can derive expressions for V and P as

_ Vrpcos( + ¢) p_ VrpVsin @

v
cos ¢ ’ Xrn
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Since,
E X
= X7, = K =BcX
we obtain,
_ cos(0 + ¢) - 1 . .
V= P=—— —  [sin20+¢) —
(1—K)cos¢’ 2(1—K)cos¢[sm< +9) —sing]
where ¢ = tan~! %—f (power factor angle). P is maximum when 6 = 0,,,
such that _
",
g

It can be observed that 0, = 7 — % Thus, when ¢ = 30°, 6,, = 30°.

Xpp V=9
T |

+ IL

(a) Thevenin equivalent

~VTh
0 /
0
I v
(b) Phasor diagram

Figure 2.19: Equivalent circuit and phasor diagram

It is interesting to note that the provision of fixed capacitor does not
affect the value of 6, which is determined only by ¢. By providing dynamic
voltage regulation, it is possible to increase 6, to 7.

To obtain a specified voltage (V') at the load bus, the total reactive
power required at the load bus is given by

E? _
Qc = Prtan¢ + YQ

where @ is the normalized reactive power injected into the line at the load
bus and is expressed by

Q = cosa[V?cosa — Vcos(f + a)]
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—tapn—1 R
where a = tan™" .

In the above expression, the line losses are also considered as they
affect () (which is increased while P is reduced). For example, for V' = 1.0,
0 =30° (i) @ = 0.134 for R =0 and (i) @ = 0.182 for £ = 0.1.

The P — V curves for the three following cases are shown in Fig.
2.20.

(i) Bc =0
(i) Be = Br, where By, is the inductive susceptance of the load
(iii) B is adjusted to keep V = 1.0 at = 0,,.

0.8 .

0.6 : i .

0.4 .

0 I I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

o]

Figure 2.20: Plot of V vs. P

It is assumed that the load power factor is 0.866 lagging (¢ = 30°). It
is interesting to observe that in case (i) the maximum value of P is only 0.289
and the corresponding load bus voltage is 0.577. By compensating the power
factor to unity in case (ii), Pax is increased to 0.5 and the corresponding

V = 0.707. Although the variation of the load requires variation of B¢ to
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maintain unity power factor, this can be achieved by slow control (using
mechanically switched capacitors) if the load variation is slow. In case (iii)
B¢ is set at the constant value of

Bo— Y31

since ¢ = 30°, 0, = 30°. For case (iii) it is observed that load rejection
results in overvoltage of 1.73F at the receiving end. Also, Pyax = 0.5 even
though V = 1.0. This shows the limitation of providing fixed capacitors
at load bus for voltage support. Although the voltage is normal at the
operating point of P = 0.5, any incremental increase in the load results in
voltage collapse.

B If fast reactive power control using SVC or STATCOM is employed,
V' can be regulated at V' = 1.0 at all times irrespective of the load. In this

case, Ppax = 1.0 which is double of the value corresponding to case (ii) or
(iii).
This example highlights the importance of reactive power compen-

sation at a load bus if there are no generators in the vicinity to regulate the
bus voltage.

It is interesting to note that reference [4] mentions the possibility of
utilizing the excellent voltage control capability of shunt FACTS controllers
(such as STATCOM) to replace older, less efficient urban generation that is
“must run” for voltage support in that area. This implies importing power
from more efficient and less costly generation. This also helps in meeting
environmental constraints of maintaining strict air quality standards.

Example 2.2

A 400 kV, 50 Hz, 600 km long symmetrical line is operated at the rated
voltage.

(a) What is the theoretical maximum power carried by the line? What is
the midpoint voltage corresponding to this condition?

(b) A series capacitor is connected at the midpoint of the line to double
the power transmitted. What is its reactance?

(c) A shunt capacitor of value 450 ohms is connected at the midpoint of
the line. If the midpoint voltage is 0.97, compute the power flow in
the line corresponding to this operating point.

Data: [ =1 mH/km, ¢ = 11.1 x 107 F/km.
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Solution

From the data given

Ly = \/7 \/11 = 3000hms

1
B8 = le =27 -50V/1 x 11.1 x 10-12 x 8Odegfrees

= 0.06°/km
0 = (d=0.06x 600 =36°
P, 400 x 400
Pmax - . = N - AM
sinf  300sin(36°) 07TAMW

Prhax occurs at § = dmax = 90°. The midpoint voltage corresponding to this
condition is

V cos 9 400 cos 45°
Vi = 2 — = 297.4kV
" cos g cos 18°

(b) Since the power flow with a series capacitor is given by
P, siné
" sin 0(1 — kge)
If power is to be doubled, kg. = 0.5. The expression for kg (when the series
capacitor is connected at the midpoint) is given by
kse = 2); 0
Substituting the values for kg, # and Z,,, we get

X, =2ksZ, tang = 300 x tan 18° = 97.480hms

(¢) The midpoint voltage, with a shunt capacitor connected there, is
given by

V cos & B.Z 0
Vip=——2 ko = —— tan —
™ cos g(l — ksn) sh 2 2
Hence,
1) 300 tan 18°
Z = 0. 18° 1 — -~
cos2 0.97 x cos 18 150 % 2

= 0.823 = § =69.31°
The power flow in the line is given by

p_ Ve sinag _ 1X0.97 xsin3465°
Z,, sin 2 sin 18°

2
_ 1785P, = 182X ;)%0 X400 _ oo v
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Example 2.3

A SSSC is connected at the midpoint of the lossless, 600 km long described
in example 2.2. At the operating angle of § = 30°, the current in the line
(at the midpoint) is same as the current in the line when a series capacitor
of the magnitude calculated in Example 2.2 is connected.

(a) Compute the reactive voltage (V) injected

(b) With the constant reactive voltage calculated in (a) what is the
maximum power flow in the line? What is the value of § at which this
occurs?

(c) Compute the power flow at § = 0. What are the line voltages at
the two terminals of the SSSC?

Solution

(a) With series capacitor, the current at the midpoint is given by

V sin §
I = Sy ke =05
(1 = kse)Zysing

At 0 = 30°, I,;, in per unit is given by
Iy, =2 x 0.8376p.u.
The current with SSSC is given by

C)
sin 5 V.

Im
.0 6
sin 5 2tan 5

= (0.8376 + 0.8376)p.u.
The injected voltage (V;.) in per unit is given by
V, = 2x0.8376 x tan 18° = 0.5443p.u.
V., = 0.5443 x 400 = 125.7kV
V3

(b) The power flow with constant reactive voltage injected is

_ P )
P:E:Asin5+Bcos§

where

7.
[

JEREER
sin 6 2sin 5
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Substituting values for V,. and 6, we get

1 0.5443
A= =1.7013, B = = 0.8807
sin 36° ’ 2sin 18
P is maximum when % =0
dpP 5
5 :Acosé—Bsin§ =0

If we let x = sin g, we get a quadratic equation given below.
242 + Bt — A =0

The solution (z > 0) of the equation is

x = 0.5894 = sing =0 =T72.24°

Pnax = Asin(72.24°) + B cos(36.12°)
2.3316
2

4
Phax = 2.3316 x % = 1243.52MW

(c) The power flow with SSSC at § =0 is
P = B = 0.8807p.u.(469.7TMW)

The single line diagram of the line with midpoint connected SSSC is shown
in Fig. 2.21. The voltage at the midpoint (V,,) is same as that without

SSSC.

0
— COS 5

Vin = 5
2

_ 1
For§ =0, V,= = 1.0515

cos cos 18°

The voltages Vi and Vs are given by

- Ve .0.5443

Vi=Vnl0— j; = 1.0515/0 —i——
= 1.086/ — 14.5°

- Vr

Vo =V, /0 +j? = 1.086/14.5°

Example 2.4

For the line described in Example 2.2, a STATCOM is connected at the
midpoint instead of a shunt capacitor of 450 ohms. If the operating point
for both cases is same with V,,, = 0.97, (a) compute the reactive current
drawn by the STATCOM. (b) What is the maximum power flow in the line
with constant reactive current calculated in (a).
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Figure 2.21: A SSSC connected at the midpoint of the line

Solution
With shunt capacitor of 450 ohms, it was calculated that 6 = 69.31° when

Vin = 0.97.
(a) To get same operating point, the required I, is calculated from

1.7, tang

the equation,
V., — Vcoseg B :
oS 5
In per unit, we calculate I, as
I =2 9%%%%5?3-— 97 Egﬁ%ggiZ-—Oﬁ466plh
300 = —0.6466

Note that I, = —V,, Bo = 0.97 x
(b) The power flow in the line is given by
_ P
P=— :Asin5+Bsin§

n

1 —4r
—, DB = !
sin 0 2cosg

0.6466

where
A=

A=
sin 36°
From the analysis given in section 2.6.1, P is maximum when
B )
2Ax2+§m—A:O, z=cosy

The solution of this equation gives x = 0.6826. Hence P is maximum at

0 = 94°.
The maximum value of P is given by
5 4007 oo e
Phax = Pmaxx%, Pmax:Asm94 + Bsin47
4002
—— =1037.6 MW
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Note that the maximum power flow in the line with a shunt capacitor
of 450 ohms (connected at the midpoint) is given by

V2 B.Z 0
ksn = N tan —

Poax = —
B Zasin0(1 — kg’ 2 2

Substituting the values for B¢, Z,, and 6,

ks, = 0.1083,
4002

300(1 — 0.1083) sin 36°
2

400
— 1.9079 x —— = 1017.6 MW
7300

Pmax

The maximum power with STATCOM is higher than with shunt capacitor.
This is due to the fact, the reduction of midpoint voltage (as d is increased)
is less with STATCOM.
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Chapter 3

Static Var Compensator

In this chapter, the Static Var Compensator (SVC), a first generation FACTS
controller is taken up for study. It is a variable impedance device where
the current through a reactor is controlled using back to back connected
thyristor valves. The application of thyristor valve technology to SVC is an
offshoot of the developments in HVDC technology. The major difference is
that thyristor valves used in SVC are rated for lower voltages as the SVC is
connected to an EHV line through a step down transformer or connected to
the tertiary winding of a power transformer.

The application of SVC was initially for load compensation of fast
changing loads such as steel mills and arc furnaces. Here the objective is
to provide dynamic power factor improvement and also balance the currents
on the source side whenever required. The application for transmission line
compensators commenced in the late seventies. Here the objectives are:

Increase power transfer in long lines [1,3,6]
Improve stability with fast acting voltage regulation [7,8]

Damp low frequency oscillations due to swing (rotor) modes [9-12]

= W o=

Damp subsynchronous frequency oscillations due to torsional modes
[13-15]

5. Control dynamic overvoltages [1,5]
A SVC has no inertia compared to synchronous condensers and can

be extremely fast in response (2-3 cycles). This enables the fast control of
reactive power in the control range.

3.1 Analysis of SVC

The location of SVC is important in determining its effectiveness. Ideally,
it should be located at the electrical centre of the system or midpoint of a
transmission line. For example, consider a symmetric lossless transmission
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line with SVC connected at the midpoint (see Fig. 3.1). Without SVC, the
voltage at the midpoint is given by,

~ Vcosd/2

mo — .1
Vi cos /2 (3:1)

where § = I is the electrical length of the line, [ is the length of the line
and [ is the phase constant given by

B =wVic=2nfVic (3.2)

where [ and ¢ are positive sequence inductance and capacitance of the line
per unit length, f is the operating frequency.

Ak v, [372 V[0

a a
Isve

SvC

Figure 3.1: A transmission line with SVC connected at midpoint

It can be shown that the voltage variation in the line (due to varia-
tion in §) is maximum at the midpoint. SVC helps to limit the variation by
suitable control. The steady state control characteristics of SVC is shown
in Fig. 3.2 where ADB is the control range. OA represents the charac-
teristic where the SVC hits the capacitor limit, BC represents the SVC at
its inductor limit. Note that SVC current is considered positive when SVC
susceptance is inductive. Thus

Isyc = —BsvcVsve (3.3)

The slope of OA is B¢ (susceptance of the capacitor) and the slope of OBC
is By, (susceptance of the reactor). A positive slope (in the range of 1-5%)
is given in the control range to

(a) enable parallel operation of more than one SVC connected at the same
or neighboring buses and

(b) prevent SVC hitting the limits frequently.
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Vavc$

Figure 3.2: Control characteristic of SVC

The steady state value of the SVC bus voltage is determined from
the intersection of the system characteristic and the control characteristic
(see Fig. 3.3). The system characteristic is a straight line with negative

slope and is defined by

Vsve =V — Xrnlsve

(3.4)

where Vi, and X7y, are the Thevenin voltage and reactance viewed from the

SVC bus. For the system shown in Fig. 3.1, we have

B ~ Vcos(/2)

V= Vimo = cos(0/2)
Z,

Xrp = 7” tan(0/2)

where Z,, is the surge impedance defined by

Zp =1/ -
C
Expression for Voltage and Power

(a) Control Range: The SVC control range is described by
Vsve = Vieg + Xslsye

(3.5)

(3.6)
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Vsve

— Vsvco
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|
|
| System characteristics
|
|
|

Isyvco Isve

Figure 3.3: Determination of operating point of SVC

where X is the slope of the control characteristic. V. is the SVC voltage
(corresponding to point D) when Igy ¢ = 0.

Combining eqs (3.4) and (3.8), we get

VrnXs n Vieer XTh

\% =V, = 3.9
sve X+ Xrn | Xo+ Xrn (3:9)
The expression for power flow in the line is given by
ViV sin(6/2)
P=———2 3.10
Zpsin(0/2) (3.10)
With V,..; =V, it can be shown that P is given by,
where ) 2 in(5/2)
V<siné V<sin(0/2
Ph=——— =—_——"= 12
07 Zysin®' ' Z,sin(6/2) (3.12)
and x
k > (3.13)

- Xs+ Xy,
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Remarks

1. Py is the power flow in the line without SVC and P; is the power flow
in the line when SVC maintains a constant voltage V' at the midpoint
(Xs =0)

2. k—1as X; —

3. For small values of 6, it can be assumed that sinf ~ 6, sing ~ %,
cosg ~ 1.

In this case,
2 2

|4 |4
POZESiné, P1:2X7LSIH(S/2

where X7, = (wl)d is the total reactance of the line (d is the length of the
line).

(b) At SVC limits: When the SVC hits the limit it can be represented as
a fixed susceptance (Bgyc) where Bgyc = Be at capacitive limit. At the
inductive limit, Bgy o = —By,.

Substituting Isy ¢ from eq. (3.3) in eq. (3.4), we get

Vi, V cos(d/2)
Veve = = 3.14
YO (1= XguBsve)  (1— XgnBsve) cos(6/2) (314
The power flow in the line is given by
2 .
P Py _ VZsiné (3.15)

(1= XmBsve)  Zn(l1 — XrpBsyc)sinf

Power Angle Curve for SVC

The power angle curve for SVC is made up of 3 segments correspond-
ing to
(i) Bsve = —Bi,
(ii) control range
(iii) Bsvc = Be.
For typical value of parameters, the power (expressed in per unit of P, =

Surge Impedance Load) as a function of § is shown in Fig. 3.4. The power
angle curve for the line without SVC is also shown in Fig. 3.4 (curve b).
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Figure 3.4: Plot of Power Vs §

Example 3.1

A three phase, 400 kV, 50 Hz, 900 km long line is operating with Vg =
Ve =V =1.0 p.u. and § = 60°. A SVC is planned to be connected at the
midpoint of the line to increase power transfer capability. The limits on the
control range correspond to § = 30° and § = 90°.

(a) Find the limits of SVC susceptance if the slope (Xg) of the control
characteristic is (i) 0.0 and (ii) 0.05 p.u.

(b) What is the maximum power flow in the line for the two cases, (i)
X5 =0.0 and (ii) X5 = 0.05 (Data : Z,, = 300 ohms, 5 = 0.06°/km).

Solution

(a) Without SVC

v _Vcos%_cos?)oo
me cosg  cos27°

= 0.972p.u.

(Note 6 = 0.06 x 900 = 54°).
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With SVC, the midpoint voltage (V) is given by

Z. 0
Vin = Vino — Xopdyy, X = ftani

With Z,, = Base impedance, X1p, = % = 0.2548 p.n. The reactive
current (/) drawn by SVC, also satisfies the equation V;,, = Vier +
X,I.. Hence, we can solve for I, as

_ (Vmo - V;“ef)
" (Xs +XTh)

In Fig. 3.2 showing the control characteristics of a SVC, the limit
A corresponds to the higher value of power flow. In this example,
the operating angle § = 90°. Hence, at the capacitive limit, V;,, =
chggéé" = 0.7936 p.u. Vs corresponds to § = 60°, the operating
point in the line for which we assume I, = 0.0. Hence

0.7936 — 0.972

0.7936 — 0.972
7 Loyin = ——————— = —0.5853 p.u.
(4) min =70 9548 + 0.05 b

The value of By, = =zmin, For case (i) Voye = 0.972 and (ii)

Vsve

Vsveo = 0.9427. Hence

Bsvcmar = 0.72 p.u. for case (i)

= 0.621 p.u. for case (ii)

For the inductive limit of SVC corresponding to point B, we have

V cos 15°
Vino = —— 55~ = 1.0841
1.0841 — 0.972
Irmes = —ooEim = 0.4399 p.u. for case (i)
1.0841 — 0.972

_ Losdi—-0972 i .
(0.2548 + 0.05) 0.3678 for case (ii)

The SVC bus voltage (Vsyc) is 0.972 for case (i), and 0.99 for case
(ii). Hence Bsycmin is given by

-1

(2> Bsvemin = T = —0.453 p.u. and
Vsve

(i) Bsyvemin = —0.372 p.u.

Note that a positive slope in the control characteristic reduces the
ratings of a SVC.
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(b) The maximum power corresponds to 0 = 90° as the SVC behaves like
a constant capacitor for § > 90°. As

oo b
P = p, Y VmSiny
sin g
. Prax 0.972 sin 45°
= =1.5139
Q P, sin 27°
.. Prax 0.9427 sin 45°
= = 1.4683
(3) P, sin 27°

Note that Py,q = 1.2361 P, in the absence of SVC. The SVC designed
with 0.05 p.u. slope increases the power limit by 124 MW.

3.2 Configuration of SVC

There are two types of SVC:

1. Fixed Capacitor-Thyristor Controlled Reactor (FC-TCR)

2. Thyristor Switched Capacitor - Thyristor Controlled Reactor (TSC-
TCR).

The second type is more flexible than the first one and requires
smaller rating of the reactor and consequently generates less harmonics.

The schematic diagram of a TSC-TCR type SVC is shown in Fig.3.5.
This shows that the TCR and TSC are connected on the secondary side of
a step-down transformer. Tuned and high pass filters are also connected in
parallel which provide capacitive reactive power at fundamental frequency.
The voltage signal is taken from the high voltage SVC bus using a potential
transformer.

The TSC is switched in using two thyristor switches (connected back
to back) at the instant in a cycle when the voltage across valve is minimum
and positive. This results in minimum switching transients. In steady state,
TSC does not generate any harmonics. To switch off a TSC, the gate pulses
are blocked and the thyristors turns off when the current through them fall
below the holding currents. It is to be noted that several pairs of thyristors
are connected in series as the voltage rating of a thyristor is not adequate
for the voltage level required. However the voltage ratings of valves for a
SVC are much less than the voltage ratings of a HVDC valve as a step down

i
transformer is used in the case of SVC. To limit — in a TSC it is necessary

to provide a small reactor in series with the capacitor.
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SVC BUS

STEP DOWN
000 - 000
TRANSFORMER -~ Crrr P

CONTROL

el

HP TUNED TCR TSC
FILTER FILTER

Figure 3.5: A Typical SVC (TSC-TCR) Configuration

Thyristor Controlled Reactor [1,4]

The current in a TCR can be continuously varied from zero (corresponding

to zero conduction angle) to maximum (corresponding to conduction angle

of 180°) by phase control in which the firing angle a (with respect to the

zero crossing of the voltage) is varied from 180° to 90°. The instantaneous

current ipcr over half a cycle is given by

ITCR :%(cosa—coswt), a<wt<a+o (3.16)
=0, ato<wt<a+mw '

where V' is the rms voltage applied, Xy is the fundamental frequency reac-
tance of the reactor. The current waveform in a single phase TCR is shown
in Fig. 3.6. The current is non-sinusoidal and contains odd harmonics which
are functions of the conduction angle o.

The fundamental component of the TCR, current, I is given by

I = Breg(o)V (3.17)
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i(®)

“)
L

(a) A TCR circuit

ot

c
— >
| | \\ //I
‘ ot

(¢) Waveforms of vy, and vp

Figure 3.6: Voltage and current waveforms in TCR

where

o —sino
Brer = ——— (3.18)
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The conduction angle o is related to « by

o=2(r—a)

The TCR current contains odd harmonics. The rms value of the nth
harmonic is given by

7 Vv 2[—2cosa in )+sin(n—1)a+sin(n+l)a]
= — — |—sin(na
" Xp 7l n n—1 n+1
vV 4 sinacos(na)—ncosasin(na)]
= —— =2k+1 (3.19
X1 7T|: n(n? —1) " +1(319)

where k is an integer, 1,2,3,. ...

The peak values of the individual harmonic currents are shown in
Table 3.1. It is to be noted that I,, = 0 at both o = 90° and o = 180°. The
variations of I1 and I}, where

0o 1/2
Ih:lzlﬂ , n=2k+1
n=1

are shown in Fig. 3.7(a) as functions of a. The variations of I5 and I7 as
functions of « are shown in Fig. 3.7(b).

By connecting the TCR in delta, the triplen harmonics are eliminated
on the line side. The harmonics present in the line current are of the order

n==6kx1 (3.20)
where k is an integer.

It is assumed that the TCR currents are identical in waveform and
magnitude in the three phases and only phase shifted from each other by
120°. This is possible only if « is the same in all three phases. To limit the
harmonics entering the system, some of the fixed capacitors are connected
as series tuned filters. To reduce the harmonics further, it is possible to have
twelve pulse configuration of TCR, in which there are two branches of TCR
supplied by the two sets of secondaries of the step down transformer. One
set of the secondary windings is connected in delta while the other set is
connected in star. In this case, the line currents on the primary side will
have harmonics of the order

n=12k=+1 (3.21)

where k is an integer. This happens because the harmonics of the order other
than those defined in (3.21) , generated in the two TCR branches cancel each
other as they flow on the primary side.
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Figure 3.7: Variation of fundamental and harmonic components
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Table 3.1: Peak values of harmonic currents

Harmonic Peak Value
order (Percentage)
3 (13.78)

) 5.05

7 2.59

9 (1.57)

11 1.05

13 0.75

15 (0.57)

17 0.44

19 0.35

Note that the peak values of harmonics are expressed
as a percentage of peak value of Iy (XLL)

Another way of reducing the harmonics generated by TCR is to seg-
ment the TCR into two or more parallel connected branches and operate
all except one of the branches as Thyristor Switched Reactors (TSR) which
do not contribute any harmonics. The controllability is provided by varying
the a (phase control) of one of the TCR branches.

The advantages of TSC-TCR type SVC over FC-TCR type are

(i) the reduction in the reactor size and consequently the harmonics gen-
erated

(ii) greater flexibility in control and

(iii) better performance under system fault conditions. The power losses
in the quiescent operating condition (with SVC output current close
to zero) also tend to be less with TSC-TCR type SVC.

For a FC-TCR type SVC, the rating of TCR covers the entire control
range (AB) in the control characteristics of SVC shown in Fig.3.2. On the
other hand, the rating of the TCR required for a TCS-TCR type SVC is
DB. Although FC-TCR type SVC can generate higher harmonic currents,
existing (fixed) capacitor bank can be designed as a filter. This is not feasible
in the case of TSC-TCR type SVC.

The speeds of response for both types of SVC are similar. Fast
switching of capacitor can be used to reduce overvoltages and for better
control response under faulted conditions.
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Figure 3.8: A TSC with series reactor

Thyristor Switched Capacitor (TSC)

When a capacitor is switched into a sinusoidal voltage source, a large current
surge flows through the capacitor if the initial voltage acrose the capacitor
is different than the supply voltage at the instant of switching. The current
through the capacitor will be finite (corresponding to the steady state value)

if the initial capacitor voltage is equal to the supply voltage at the instant
of switching. However the rate of change of current (@> will be very high,

beyond the rating of the thyristor devices (acting as switches). To limit the

%, it is necessary to insert a reactor in series with the capacitor, as shown

in Fig. 3.8.
Let the supply voltage v(t) be defined as
v(t) = V2V sin(wot + a) (3.22)

and the switch is turned on at t = 0 with the initial conditions, ¢(0) = 0 and
ve(0) = Veo.
It can be shown that the expression for the current i(t) is given by

n2
\/_V sin | sin wy,t

i(t) = \/_IAC cos(wot + ) — nB¢ [VCO —

—V/2I ¢ cos o cos wpt (3.23)

nwo—\/ C Bc—WQC——
L Xc

, VBCBL VBCn B
ACT B, “Bo nz-1 ET XL

where
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The reactor value is chosen such that n > 3. In eq. (3.23), the first term in
the R.H.S is the steady-state current component, while the other two terms
are transient current components. (It is to be noted that for simplicity, the
circuit resistance is ignored in the solution for i(¢). The presence of the
resistance will result in the decay of the transient components).

If the switching has to be transients free, the following conditions
have to be met.

cosa=0=sina==+1 (3.24)
Vn?

Voo = +V2— o= +V2X oI ac (3.25)
n —

In practice, it is not possible to satisfy both conditions. The condition
represented by (3.25) implies that the capacitor has to be precharged and
this is not realistic. In general, the residual voltage on the capacitor (Voo)
can vary from 0 to v/2V(n%/n? — 1). There are two switching strategies
depending on the value of V¢o.

Switching Strategy 1 (0 < Voo < V2V)

1 Veo

V2V

The above implies that the capacitor is turned on at the instant when the
supply voltage is equal to Voo.

(3.26)

a = sin~

The transient current component (Iy.) where

Itr = \/a2+b2

2
a = nBc lVCO " 1\/§Vsino¢]

n2 —

b = V2Is0 cosw (3.27)

can be derived as

=iy~ (Y2}’ (1 1) 329

Itr
VY

Note that I = I4c when Voo = 0. The variation of as a function of

n for different values of r (z %) are shown in Fig. 3.9. It is to be noted
that Iy, < I4¢ for all values of sina # 0.



66 FACTS Controllers in Power Transmission and Distribution

1 -
r=0
r=0.5
0.8 B
ltr/ IAc r=0.7
0.6
04r
0.2
0 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Figure 3.9: Plot of I}, /I4¢c as a function of n for different values of r

Switching Strategy 2 (Voo > 0.75v/2V)

Here, the capacitor is switched on when the supply voltage is at peak. At
this instant

cosa =0 (3.29)
I;, can be obtained as
n®—1 Voo
Iy —n|t LYo 4| 3.30
t n l N T AC ( )

The variation of ‘IIA%‘ as a function of n for different values of r is shown in
Fig. 3.10. It is to be noted that the two expressions (3.28) and (3.30) are
identical for Voo = v2V. Also, for Voo = \/ivn;‘—il, I, = 0 for strategy
2. For low values of r, the transients are high. As a practical scheme for
TSC firing, the two strategies can be combined as follows. If Voo < V2V,
adopt strategy 1, otherwise adopt strategy 2. This is equivalent to the firing
scheme when vp is minimum. (The thyristor that is forward biased is fired
first. The subsequent firings are equidistant).

Although the precharging of capacitors can eliminate the transients,
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Figure 3.10: Plot of I;,/I4¢ as a function of n for different values of r

this method is not used in the application of TSC for power transmission
lines.

It is to be noted that when the thyristor is switched off, the capacitor
has peak value of the supply voltage across it as the capacitor current be-
comes zero at that instant. The voltage across the thyristor switch reaches
a value of twice the peak voltage when the supply voltage reverses its sign
and reaches a maximum. The capacitor voltage decays slowly depending on
the losses in the circuit. Thus, the thyristors in the TSC have to be rated for
twice the peak voltage (24/2V) whereas the thyristors in a TCR are rated
for the peak voltage (v/2V).

Since the T'SC continues to conduct when the capacitor is on, there is
no blocking voltage (across the thyristor) available to energize the thyristor
electronics of an optoelectronic gating system (where the gating command
from the ground potential is sent through the optical fibres to the thyristor
level). However, this is not a problem as a current transformer is provided
as the second source of energy.
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3.3 SVC Controller

The block diagram of basic SVC Controller incorporating voltage regulator
is shown in Fig.3.11. This shows that both voltage (Vsy¢) and current
(Isyc) signals are obtained from potential and current transformers and
then rectified. The AC filter is basically a notch filter to eliminate the
signal component of frequency corresponding to the parallel resonance in
the system viewed from the SVC bus. The line capacitance (in parallel with
SVC capacitance) can result in parallel resonance with the line inductance.
The SVC voltage regulator has a tendency to destabilize this resonant mode
of oscillation and the notch filter is aimed at overcoming this problem. As
a matter of fact, any parallel resonance mode (of frequency below second
harmonic) can have adverse interaction with SVC voltage regulator. If series
capacitors are used along with SVC, then they can cause parallel resonance
with a neighbouring shunt reactor. If the second (parallel resonance) mode
has a lower frequency (say below 20 Hz), a high pass filter in addition to the
notch filter has been suggested [23].

Ol S
CLEES

TSC Blocking
DCFILTER l Bref Linearizer Firing Pulses

svC

fo
i ref Tsc/ | TCR[ -1 | %ref TCRand TSC

Vief  + Bave + Fia)

@H LIMITER —| TCR Al GPU

+T I ¥ LoGIC

Gain Aux. Sig.
Vs Reduction
(Aux. Signal)

Figure 3.11: SVC Controller

The rectified signal is filtered. The DC side filters include both a
low pass filter (to remove the ripple content) and notch filters tuned to
the fundamental and second harmonic components. The notch filters are
provided to avoid the adverse interactions of SVC caused by second harmonic
positive sequence and fundamental frequency negative sequence voltages on
the SVC bus. For example, second harmonic positive sequence voltages at
the SVC bus cause a fundamental frequency component in the rectified signal
that results in the modulation of SVC susceptance at the same frequency.
This in turn (due to amplitude modulation) results in two components at side
band frequencies (0,2f) in the SVC current. The dc component can result in
unsymmetric saturation of the SVC transformer and consequent increase in
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the magnetization current containing even harmonics. It has been observed
that this adverse harmonic interactions between the SVC and the network
can result in large distortion of the SVC bus voltage and impaired operation
of SVC (termed as second harmonic instability).

The auxiliary signals mentioned in Fig.3.11 are outputs from the
Susceptance (or reactive power) Regulator (SR) and Supplementary Modu-
lation Controller (SMC). The Susceptance Regulator is aimed at regulating
the output of SVC in steady state such that the full dynamic range is avail-
able during transient disturbances. The output of Susceptance Regulator
modifies the voltage reference V,.; in steady state. However its operation
is deliberately made slow such that it does not affect the voltage regulator
function during transients.

In contrast to the Susceptance Regulator, the Supplementary Mod-
ulation Controller (SMC) is designed to improve the performance of SVC
during transient conditions and not affect the steady state. SMC has con-
trol input using appropriate signal obtained from local measurements and
provide a limited output at either the summing junction before the voltage
regulator or after it. Thus, it modulates directly either the SVC bus voltage
or susceptance in order to damp oscillations and improve stability.

The gate pulse unit for SVC produces firing pulses for TCR and
TSC. The logic determines whether a TSC is to be switched in or out.

B;e(ij is calculated from Bgﬁ}cc and if B;egR < 0, then a TSC is switched

in. If B;%CR > By, then a TSC is switched out. In computing B;%CR from

Bge‘fc the effect of leakage reactance of the step down transformer is to be
considered as Bgy ¢ is given by

By(Bo — Brer) _ Bc — Brer
Bc — Brer — B, (1 — Be=Brcr)

o

Bsyc = — (3.31)

where B¢ is the capacitance of the fixed capacitor or TSC. B, = X%,’ X, is
the leakage reactance of the transformer. If B, > B¢ or Bropg then,

B
Bsye ~ (1+ BfC)Bc -1+
g

(2Bc — Br)

B |Brer = C1 — CoBrer  (3.32)

By, is the reciprocal of X and is the maximum value of TCR susceptance.
Neglecting leakage reactance of the transformer, the variation of Bprog with
variation of Bgy ¢ for a case with two identical TSC’s is shown in Fig.3.12.
This shows that By, (the rating of TCR) is slightly larger than the rating
of either TSC and there is hysteresis in the operation of the TSC. This is
desirable as the switching of a TSC is not well defined if B¢y (susceptance of
a TSC) is exactly equal to By. If B¢y is greater than By, then the operation
of the SVC is degraded.
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Brcr

B, Be Bea Bsve

Figure 3.12: Variation of Bpgogr with Bgy ¢ for TSC-TCR type SVC

For stability studies, it is not essential to model GPU. In this case,
the modelling of the controller shown in Fig.3.11 can be simplified greatly by
also assuming that SVC does not generate harmonics. The block diagram of
the controller in this case is shown in Fig.3.13. Here the voltage regulator is
typically a PI controller as shown in Fig.3.14. The proportional gain (K p)
may be set zero unless a faster response is required. The transfer function
H,,(s) represents a low pass filter as given below:

V. - I
sve +< 5 > X, sve

Hy, (3 )
v - B
ref + /Z\ 5G SV - e*STd BSVC’
\>) R 1+ T,
+ +
Vs
Vs,

Figure 3.13: Block Diagram of SVC Voltage Control

First order LP filter:

(3.33)
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Figure 3.14: Voltage Regulator for SVC

Second order LP filter:

1
H,.(s) = 3.34
) = T 25Ty & T (3:34)
Ty, is typically 2 to 3 ms and ¢ = 0.7.
The transport delay, Ty is typically
T
T, = 12 (3.35)

where T is the period of the supply voltage. Ty arises due to the discrete
nature of the firing pulse. Tj represents the average delay in getting Bgy o
from the instant of delivering the order and is given by
T, = — 3.36
b= (3.36)
It is to be noted that T} represents maximum (average) delay when
the B;%fR changes from maximum (By,) to zero.

In Fig.3.11 or Fig.3.13, the current signal Igy ¢ is used to provide
a positive slope for the control characteristic of SVC. However the current
signal contains harmonics and there are measurement problems particularly
when Igy ¢ is close to zero (the normal operating point) . A solution to this

problem is to take the signal from Bgﬁ}tc instead of Igy¢.

In this case, the block diagram of Fig.3.13 can be simplified as shown
in Fig.3.15. Here, assuming Kp = 0,

Kp=— 3.37
R X, ( )
and
Tp =& .
'R e (3.38)

Kpg (typically) varies from 20 to 100, whereas Tz varies between 20 to 150
ms.
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Figure 3.15: Simplified Block Diagram of SVC Voltage Control

Control Instability and Gain Supervisor [21]

The transfer function between change in the SVC susceptance ABgy ¢ and
the change in the SVC voltage AVgy ¢ is independent of frequency if only
fundamental component of Vgye is considered. Assuming the operating
voltage at SVC bus as unity, then

AVsyo ~ XpnABgye (3.39)

The loop gain of the control system shown in Fig.3.15 depends on Xrp.
The speed of the response depends on the loop gain and increases as Xy,
is increased. However for high values of Xpj the system can be unstable.
The voltage regulator of SVC is designed to provide the fastest response
corresponding to a contingency condition at which Xy, is maximum (in the
range of operating conditions considered) or the short circuit level at the
SVC bus is minimum. However, during abnormal conditions resulting in
tripping of several transmission lines in the system, X, will be higher than
the design value and the SVC controller can be unstable. In such cases,
it is necessary to reduce the gain of SVC (K7) automatically by detecting
instability. This is called as gain supervisor. The gain is restored to the
normal value when the instability is not present. It is to be noted that
although instability can be avoided by designing the voltage regulator gain
corresponding to the lowest value of short circuit level (highest value of X7p,)
this is not an optimal choice as the response of SVC will be slower under
normal conditions.

The transfer function <§‘B§7§\‘ig) is in general, a function dependent
on frequency if network (electromagnetic) transients are considered. The
magnitude of the transfer function is maximum at frequency, f, defined by

fr:pr_fo (340)
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where fy;, is the frequency corresponding to the parallel resonance in the
network and f, is the operating frequency.

The controller gain will be severely restricted even under normal
conditions if f, is within the controller bandwidth. Hence the practical
solution to this problem is to provide a notch filter in the controller (on the
input side) as mentioned earlier.

Susceptance Regulator (SR)

A typical SR is shown in Fig.3.16. Here the output of the voltage regulator,
Bge‘}cc and a set reference Bgﬁ}c are compared. If the error exceeds a thresh-
old, it activates an integrator after an adjustable time delay (of the order of
several seconds). The integrator output is hard limited by a non-wind up

limiter and modifies the voltage reference.

Vmax
DEAD BAND o
ref
Bgyeo - ) | TIME Ksgr Vies
+\/ 1] DELAY s
Bset

Vmin

Figure 3.16: Susceptance Regulator

The SR has to be coordinated with other reactive power controllers in
the vicinity such as HVDC converter control, switched capacitor and reactor
banks, tap changing transformers etc.

Supplementary Modulation Controller (SMC)
[11,19,20,25]

This controller modulates either Vgy o or Bgy ¢ by processing a signal ob-
tained from local measurements. The objective is to damp critical low fre-
quency inter area or local modes that can affect stability during disturbances.
The control signals are selected on the basis of following criteria

1. The signal should predominantly contain the mode that needs to be
damped.

2. The controller design based on a particular control signal should be
simple and reject noise.

3. The controller should not destabilize modes that are otherwise stable.
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4. The controller should be effective and robust under widely varying
operating conditions.

The control signals that have been used or suggested include: (1) line cur-
rent (2) active and reactive power (3) bus frequency (4) Computed Rotor
Frequency (CRF) and (5) Computed Thevenin voltage. The last two signals
are synthesized from current and voltage measurements at the SVC location.

A typical controller configuration of SMC is shown in Fig.3.17. The
washout circuit is designed to drive the SMC output to zero during steady
state. The gain and phase compensation of SMC are chosen such that it
improves the system response under a wide variety of operating conditions
and different types of disturbances.

, Washout Phase Lead
Filter Gain
u 1 . sTW a+ STl)(1+ sT3) Vs
1+ ST "1 smc 3 3
F 1+ sTW a+ sT2)(1+ sT4)

Figure 3.17: Block Diagram of SMC

Protective Functions of SVC control

The SVC control also has functions to provide protection under faulted or
overload conditions that may affect the equipment or system response. These
are listed below.

1. Undervoltage Strategy

The SVC is ineffective under low voltage conditions due to faults in the sys-
tem. However, the clearing of the fault can result in temporary overvoltages
due to load rejection, particularly under weak system conditions. The re-
sponse of the SVC required immediately after the fault clearing is opposite
of the normal voltage regulator function during a fault. To avoid delay in
the required response of the SVC, the normal voltage regulator action is
deactivated when voltage falls below a threshold (say 60% of the normal
voltage). TSC is blocked and Bge‘fc is frozen at the previous value (prior
to the voltage dip). The normal SVC regulator action is resumed after the
voltage climbs above a certain threshold (say 70%) and remains (above the
threshold) there for sometime (say 30 ms). The blocking of TSC also helps
in reducing the transient by preventing the capacitor discharge.
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2. TCR Overcurrent Limiter

Under high voltage conditions, the SVC will be at its inductive limit and the
TCR current may exceed its rated value. To protect the thyristor valves used
in TCR, it is necessary to limit the current through it by phase control. To
avoid interaction with voltage regulator function, a time delay is introduced
(of the order of 100 ms). The overcurrent limiter takes into account the
short-term overload capability of the TCR.

3. SVC Control Interactions at Subsynchronous Frequencies

[15,26]

The SVC voltage regulator can adversely affect the damping of the sub-
synchronous frequency torsional modes due to turbine-generator rotors and
elastic shafts (constituting a lightly damped mass-spring-damper system).
Unlike in the case of fixed series capacitors, the Torsional Interaction (TI)
problem with SVC is not very significant. It has been suggested that the use
of low pass filter or Transient Gain Reduction (TGR) in conjunction with
the voltage regulator is adequate to overcome the problem.

3.4 Voltage Regulator Design — Some
Issues

3.4.1 Speed of Response as Function of ESCR

As mentioned in the previous section, the voltage regulator is of PI (Pro-
portional - Integral) type. Neglecting limiters, measurement and transport
delays, the voltage regulator loop can be simplified as shown in Fig.3.18.
Here, the transfer function £25YC¢%) is assumed to be a static gain (Kn),

] ABsvc(s)
neglecting the network dynamics.

The expression for K is obtained from the equivalent circuit shown
in Fig.3.19. It is to be noted that the operating values of the SVC suscep-
tance (Bgyco) is considered as part of the network and Xy, is calculated at
the operating point. The SVC bus voltage (Vsy¢) is obtained from Fig.3.19

as
Vrn
1 - X7rnABgyc)
From the above, we get AVgy ¢ as
AVsye =Vsve —Vrn = Vi XrnABsye
— KyABsyo (3.41)

Veve = ( ~ Vrp(1 + X7pABsye)

where
Ky =V Xt (3.42)
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Figure 3.18: Simplified system block diagram

Assuming Vi, ~ 1.0, we can also write

1 Qsve

K ﬁX = —
N=ATh = ESCR ~  Sc

(3.43)

The Effective Short Circuit Ratio (ESCR) is defined as the ratio of the
short circuit level to the rating of the SVC. In defining ESCR it is assumed
that the operating value of Bgy ¢ is merged with the network admittance in
computing the short circuit level (in MVA).

X1 Vave

+

Figure 3.19: An equivalent circuit

In Fig. 3.18, the feedback from Igy ¢ is obtained as K;ABgy . This
follows from the relation

—XAlsyc = XsABsyc = KiABgsyc (3.44)

In deriving (3.44) it is assumed that Vgy ¢ ~ 1.0 and Bsyco = 0 in lineariz-
ing Eq. (3.3).
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The transfer function of the voltage regulator (Gg) is assumed as

1+ STC
Gr(s) = Ko (W) (3.45)
By selecting T = T and K¢ = W where K npae corresponds to

the operating point with lowest value of ESCR, we get a regulator with fast
response with good margin of stability. The closed loop transfer function
[G.(s)] is obtained as

AVsyc(s) Ky < 1 )
G, = = 3.46
(5) AVies(s)  Kn+ Kr \1+ sTy, (3.46)
where ol %
7, = 2E+ Enmae) 1 (3.47)

(Kr+ Kn)

As Ky increases to K nmaz, 1w reduces to a value of 2T, = % (10 ms for
the nominal frequency of 50 Hz). For a step input in AV,f, the variation
in AVsy ¢ is given by

- Ky + K
The response time (to reach 95% of the final value) is 37,,. The fastest

response time for the minimum value of ESCR is 30 ms (for the 50 Hz
system).

AVsye(t) AV p(1 — 7/ Tw) (3.48)

Remarks

1. The response of the SVC slows down as the ESCR increases. This is
fortunately not a major problem as the speed of SVC is not critical for
strong systems.

2. The choice of the regulator gain (K¢) is dependent on the minimum
value of ESCR considered. If too small a value of ESCR is considered (cor-
responding to loss of several lines in the network), this can lead to a sluggish
response of the SVC in normal operating conditions. It is realistic to choose
credible contingencies in determining minimum value of ESCR.

If, under abnormal conditions, the ESCR, goes below the design value
(selected in the determination of the regulator gain) there is a possibility of
the controller instability (as the control delays cannot be ignored in prac-
tice and higher gains result in instability with a pair of complex eigenvalues
crossing imaginary axis). The controller instability can be avoided by the
installation of the gain supervisor which automatically reduces the gain as
it detects sustained or growing oscillations in the output of the voltage reg-
ulator.
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Example 3.2

The voltage regulator of a SVC is designed for an ESCR of 2.0. If the slope
of the control characteristics is 0.05 p.u., determine the transfer function of
the regulator. If the operating value of ESCR is 5.0, what is the response
time (to reach 95% of the final value) and the steady state change in the
SVC voltage if V,..y is increased by 0.05 p.u. Assume the system frequency
to be 50 Hz.

Solution

From Eq. (3.45), the transfer function of the voltage regulator is

B Kc(l + STc)

G'r(s) sTo

where T =T, = %,

1 1
Ko = Ky ~
“T K + Knmax) V" ESCR
Since the design value of ESCR is 2.0,

1 1

Knmax = — =05, Ko=-——
Nmax =5 © 7 2(0.05+0.5)

= 0.909p.u

Note that the output of the voltage regulator is Bgﬁ}tc in per unit.
The response time is 37, where T, is given by Eq. (3.47)

T - 2(K1 + KN max)
v (K1 + Kn)

For ESCR = 5, Ky ~ 0.2, K; = 0.05, T}, = 4.4T;,. For 50 Hz system,
T, = % = 5 ms. The response time is 66 ms (increased from 30 ms at ESCR
= 2.0).

b

The steady state change in Vgy ¢ is given by Eq. (3.48) as

Ky 0.2
AVsyo = —N AV . = 22 %005
SVC = Ko v K, el 0.25
= 0.04p.u.

3.4.2 Control Interaction with Network Resonance

It was mentioned in the previous section that any parallel resonance mode (of
frequency below the second harmonic) can result in adverse interactions with
the voltage regulator. In James Bay system involving shunt compensation of
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the 735 kV line, a 90 Hz frequency component is critical and a notch filter is
provided in the voltage measuring circuit [36]. This problem is generic in all
SVC installations used for compensating high voltage transmission lines. A
possible explanation for this phenomenon is given in [44] and is reproduced
below.

Consider a simplified system as seen from the terminals of the static
shunt compensator (shown in Fig. 3.20).

R L
o) T (O

Figure 3.20: A simplified representation for interaction with network reso-
nance

The positive sequence driving point impedance Zpp,(s) in the Laplace
domain, at the SVC bus is given by

(R+sL)
(s2LC + sRC' + 1)

Zrn(s) = (3.49)

The equations in the D-Q (synchronously rotating reference frame)
variables are given by

[ Vip(s) ] _ [ Zpp(s) Zpq(s)
Vsq(s) Zop(s)  Zqq(s)

Irp(s)
] e

where ’ ’
_ ZTh(S -I-jujo) + ZTh(S — jwo)

Zpp(s) = Zgg(s) : -
Zgop(s) = —Zpg(s) = jZTh(S + jwo) g Zrn(s — jwo)
= —Im[Zrp(s + jwo)] (3.52)

The D-Q components of the SVC bus voltage (Vg) and current (Ig) are
shown in Fig. 3.21.
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D axis

Figure 3.21: A phasor diagram

From Fig.(3.21), we have

Vsp = Vgsinf, Vgg = Vgcosf (3.53)
From Eq. (3.53), we get
AVg = sin0gAVsp + cos gAVsq (3.54)

If we assume that the current injected by the SVC is purely reactive, we
have

Irg = —Igrsinf, Igp = Igcosf (3.55)
FI‘OIIl Eq (355)’ we get
Alrp(s) _ cos Oy — sin 6y
[ Algrg(s) | — | —sinfp Alr(s) +1po | _ o 8o Ad(s)
_ cos By
B [ —sin 6 ] Alg(s) (3.56)

We have assumed Ig, = 0 as before. Linearizing Eq. (3.50), and substituting
from (3.54) and (3.56), we get

AVs(s) _ (s) = KN(s)
Alp(s) ~ 79P D(s)

where N(s) and D(s) are the numerator and the denominator polynomials,
where

(3.57)

K = (wl)w?

D(s) = [s+0+j(w—wo)]ls+ 0 —j(w—wo)]
x[s+ 0+ j(w+wo)][s+ 0 —j(w+wo)]
2
N(s) = s2+2%5+%+w8—%

R 1
o 57 w=\/w; — 0% wp Tﬁ
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When R ~ 0, then

=52 +wi -2 (3.58)

n

N(s) =~ 8% +w? — —
(s) ~s” +wg 78

Since wy, > wp, the numerator polynomial N (s) has a pair of real zeros given

by
s =4/ w2 — w} (3.59)

Thus, the transfer function 2\}/5((;) is a non-minimum phase type with a zero

in the R.H.P. (on the positive real axis). The control of plants with non-
minimum phase type is always problematic and requires compensation to
enable the use of P-I control with high gains.

Remarks

1. The four poles of the transfer function 2}/: 8 all lie in the L.H.P. and are

given by
p1,p2 = —0 £ j(w —wo), p3,pa=—0=%j(w+wo)
where —o + jw are the poles of the impedance function Zpp(s).

2. For R ~ 0, it can be shown that the transfer function reduces to

AVs(s) o (woL)w?(s? — w2 + wd) (3.60)
AIR(s) — [$%+ (wn — wo0)?][s? + (wn + wo)?]
Substituting for s = 0, we get
i‘j/j — o Xp, (3.61)
where
Xpp = wo L _ (wol) 721

270 W2 — w2
1 -wyLlC  wz —wg

is the reactance of the parallel combination of L and C, evaluated at the
operating frequency wg. Eq. (3.61) can be compared with Eq. (3.41) as
Ir = Isyc = —BsycVsye. As it is assumed that Ig, = 0, Vsyeoo = Vg
(Note that the subscript ‘o’ indicates the operating value of the variable).

The adverse control interactions with network resonance are func-
tions of the ESCR and the operating point. The lower value of ESCR and
the SVC operation at capacitive region worsen the control stability problem.
The controller gain needs to be reduced to overcome the problem. This may
not be practical as the response of SVC needs to be fast at lower values of
ESCR. One of the solution suggested in [44] is to provide a compensator
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in cascade with the voltage regulator, that rejects the complement of the
network resonance frequency component. The transfer function of the com-
pensator is assumed to be

(s+01)* + w?

Geomp(3) = (o + o

(3.62)

where o1 < g9. This transfer function represents a notch filter that rejects
the component of frequency of w,. By arranging w, = w, — wq, the inter-
action between the network resonance (of frequency wy,) and the controller
can be avoided. It is to be noted that a frequency of w, in the AC volt-
age is transformed to a frequency of w, after demodulation in the voltage
measurement circuit.

Example 3.3

A voltage regulator with the transfer function Ggr(s) = —% is used to
control the reactive current injected into the static compensator bus. The
plant (system) transfer function is given by Eq. (3.57) (Note the gain is
assumed to be negative as the reactive current has opposite sign to that of
the SVC susceptance).

(a) Plot the root loci as K; varies from zero to a high value

(b) Repeat (a) if a compensator with a transfer function given in Eq. (3.62)
is connected in cascade with the voltage regulator

Data: wy = 377 rad/sec, woL = 0.5, R = 0.05, w, = 1.5wp, o1 = 30,
o9 = 300.

Solution

The root loci for case (a) is shown in Fig. 3.22(a). The root loci for the case
(b) is shown in Fig. 3.22(b).

It is interesting to observe that without the compensator, the sys-
tem becomes unstable when K; > 33.7. The provision of the compensator
increases the value of instability gain to 978. In this case, two complex roots
cross imaginary axis at w = 292 rad/sec.

The provision of the compensator in the voltage control system is an
alternative to providing a notch filter (tuned to wy,) on the AC side, before
the voltage input signal is demodulated using a rectifier.
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Figure 3.22: Root loci

3.5 Harmonics and Filtering

3.5.1 General

The harmonics in a SVC are generated by the TCR. Neither TSC or TSR
(Thyristor Switched Reactor) generate harmonics. The current harmonics
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generated by TCR can be classified into two categories:

1. Characteristic harmonics which are the harmonics present under ideal
conditions such as sinusoidal, balanced AC voltages, equidistant firing
pulses, and identical values of impedances in the three phases.

2. Uncharacteristic harmonics are the result of non-ideal conditions such
as

(a) Unbalanced AC voltages, also containing harmonics

(b) Tolerances of short circuit impedances of the step-down trans-
former

(c) Tolerances of reactors
(d) Asymmetry of the firing angles in the phases

(e) Asymmetry of the firing angle for positive and negative half cycles
of one phase.

The non-characteristic harmonics are usually less than % of the char-
acteristic harmonics for AL = 5%, Aa = 1° (AL is the tolerance in the reac-
tors, A« is the deviation in the firing angle from equidistant pulse control).
However, these non-characteristic harmonics cannot be neglected. For ex-
ample, a small dc component present in the SVC current (due to firing angle
asymmetry) can drive the connecting transformer into saturation resulting
in large harmonic voltages at the SVC bus.

3.5.2 Harmonic Interactions

A major concern is the possibility of harmonic interactions with the AC
network (Note that this is a separate phenomenon from what was discussed in
the previous section regarding control instability). The problem of harmonic
magnification (of low order such as second or third) has been viewed by some
as ‘harmonic instability’ in the past. The harmonic interactions with the
network can arise from the following factors.

(a) Direct: Effects due to the harmonics present in the bus voltage. These
harmonics influence the harmonics in the TCR, current which in turn
affect the harmonic distortion in the bus voltage. Normally such effects
are secondary unless the impedance seen by the TCR current is very

high.

(b) Through voltage regulation loop: The modulation of the TCR admit-
tance at frequency f., results in the frequencies, fo £+ f. at the SVC
bus which are picked up by the voltage measuring circuit and may
be amplified. This problem can be solved by providing notch filters
in the control circuit. To eliminate the possibility of magnification of
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(positive sequence) second and third harmonics, filters at the funda-
mental frequency (fy) and second harmonic (2fy) are provided. The
voltage unbalance can result in second harmonics on the dc side and
third harmonic on the ac side.

(¢c) Through gate pulse synchronization: Although the gate pulses are
equidistant in normal steady state, during network faults, there can
be firing angle asymmetries that result in harmonics. In general, gate
pulse synchronization should be insensitive to the presence of harmon-
ics in the bus voltage.

3.5.3 Harmonic Filters

The presence of harmonics (both current and voltage) is viewed as ‘pollution’
affecting the operation of power systems. The injection of current harmonics
by nonlinear loads also results in the distortion of the voltage waveforms due
to the system impedances. The adverse effects of the harmonics include

1. Harmonic over voltages, particularly during a transient which can also
be sustained due to inrush current phenomena in transformers.

2. Increased losses in shunt capacitor banks and rotating machines whose
impedances are much lower at harmonic frequencies than at system
frequency

3. Telephone interference

The single-tuned shunt filters are commonly applied to eliminate
harmonic currents injected by SVCs. The configuration of the single tuned
filter is shown in Fig. 3.23(a) and its impedance characteristics are shown

in Fig. 3.23(b). The normalized impedance (XLT) magnitude and its phase
angle (¢) are given by

-Gl e
ff
L —
where T
freg—= X z

In FC-TCR type SVC, the fixed capacitor branches can also be designed
to operate as tuned filters by inserting a reactor with appropriate @) factor.
Double tuned and damped high pass filters are also used as filters.
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Figure 3.23: Single tuned filter

The filter design is based on the specification of various performance
indices.

1. Voltage distortion factor (D,) at n'"* harmonic
Vi
‘/?l )

where V,, is the rms voltage at frequency f = nfy.

D, =
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2. Total harmonic (voltage) distortion factor (THD

)
1 N
THD = — |y V2
e

N is the highest harmonic order considered.

3. IT product
IT = | > (kspsln)?
n=1

k¢ = 5nfo, py = weighing factor.
4. Telephone Interference Factor (TIF

)
1 > 9
TIF = v Z(kfpfvn>
n=1

o0

Vo= > W

n=1

The equivalent circuit used to evaluate the effectiveness of the filter is
shown in Fig. 3.24.

tr

IFh INh

Figure 3.24: Equivalent circuit for the filter design
The ratio (@V—h’l) is given by

Inn _ Zrh _ Z
I | Zpn+Znn+ X | 2w+ 5 X

(3.65)
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X

\d)m Rmin Rmax R

Figure 3.25: Region of system impedance

Xy is the leakage reactance of the step-down transformer and Z in
the effective impedance seen by the TCR (the parallel combination of the
filter and the network).

The network impedance may not be known exactly at different fre-
quencies. However, the region in which the system impedances (at different
operating points and frequencies) are located is assumed to lie in a circle in
the R-X plane with centre on the R-axis. The upper limit on the impedance
angle is also specified. A typical region is shown in Fig. 3.25.

3.5.4 A Mathematical Model for the Investigation
of Harmonic Stability

This is illustrated by considering a single phase SVC as shown in Fig.3.26.
The state vector z(t) is defined by

x(t) = [it vo is)T (3.66)

The source voltage v(t) is assumed to be periodic with period 7. When the
thyristors are conducting (i; # 0), the system equations are given below.

z(t) = [A]z(t) + [Blo(t) (3.67)
where
_% L% 0 0
A= -5 0 & |. [Bl=]|0
I 1
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When the thyristors are off, the system equations are
z(t) = [PA]x(t) + [PBJv(t) (3.68)

where [P] is the projection matrix

0 0

10 (3.69)
01

Note that [PB] = [B].

+ + !
e ow L

Figure 3.26: A single phase SVC system

Fig. 3.27 shows the evolution of the system dynamics from the state
Ty at tg to the state x1 at t = tg+ 7. tg is the instant at which the thyristor
switch closes and 7 is the conduction time in the forward (when the supply

voltage is positive) direction of the current flow in TCR. Similarly, 2 is the

conduction time of the TCR current in the reverse direction. (Note w = 2%).

tp, is the instant at which the thyristor is fired to allow conduction (Note that
th =to+T1).

|
|
| T
|

- 1

(AB) , (PAPB) ' (AB) | (PAPB)
< oy .

< 01 —

Q]

|
|
1
|
| |
| [ |
I I

t
0 tor h hi

9(x ¢, tp) f(Xoto)

t t t=tgtT

Figure 3.27: System dynamics from tg to tg + T

It is to be noted that normally, 01 =092 =0 and 17 =15 = % (with
half wave odd symmetry).
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The Poincare map f for a complete cycle is obtained by applying
twice the map ¢ for the half cycle operation from ty to ¢;. The half cycle
map g is obtained by integrating the two linear systems (3.67) and (3.68) in
sequence. Thus,

g(zo,t0) = exp {PA <T1 — %)} exp <A%)

91
{azo + / “ e 4 Bu(s + to)ds}
0

T
- / ) ePAT=3) PBy(s + tg)ds (3.70)

f (o, to, tn) = g(g(xo, to), tr) (3.71)

It is to be noted that - and %2 are obtained from the boundary
conditions

it (to + 2) =0 (3.72)
w

i (th + 9) =0 (3.73)
w

When the SVC is in steady state with a periodic trajectory of period
T, the Poincare map f has a fixed point defined by

f(zo,to, th) = xo (3.74)

The stability of a periodic orbit of a nonlinear time-varying system is the
same as the stability of the corresponding fixed point of the Poincare map.
Thus, the stability of the periodic orbit can be computed from the Jacobian
Df of the Poincare map f evaluated at the fixed point. The periodic orbit
is stable if the eigenvalues of Df lie inside a unit circle. It can be shown
that

Df(xo,to, tn) = PAT=F) peAZ PATI=T) peAT: (3.75)

An interesting observation is that the Jacobian is identical to that obtained
by treating o; and o9 as constants. In other words, the Jacobian can also be
obtained by considering the circuit shown in Fig. 3.26 described by a linear
time-varying equations of the form

&= [A®)]x (3.76)

[A(t)] is assumed to be periodic with period 7. The solution of (3.76) can
be expressed as
CC(t) = q)(t, to)l‘o (377)

where
D(t, to) = [G(t)eX!] (3.78)
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[G(t)] is a periodic, bounded matrix. The stability of the system is deter-
mined from the location of the eigenvalues of the constant matrix [K].

Ifn :TQ:%andm:Jg:U, then
(e (e 2
[Df] = [ePA@—z)PeAa} (3.79)

The eigenvalues of [Df] are the squares of the eigenvalues of [Dg] which is
given by

Dg(zo,t0) = {ePA(%_g)PeA%} (3.80)

An example given in [40] illustrates the theory described above. The data
chosen is such that the system inductance (L) and the capacitor (C) has a
resonance at f, = 4.9fy. The connection of L; in parallel raises the resonance
frequency to 5.18 fo where fj is the fundamental system frequency (of the
source voltage). This indicates that there are values of the conduction angle
(o) for which the circuit will be unstable.

3.6 Protection Aspects

All electrical equipment have to be designed to handle current and voltage
stresses when subjected to overloads and faults or any abnormal incidents
of transient nature. When the stresses exceed the ratings, it is essential to
protect the equipment or the system against damage by providing adequate
protection. SVC is no exception and one has to analyze the performance un-
der faulted conditions to evaluate the stresses. In this section, the emphasis
is placed on the thyristor valves that are used to switch a capacitor (TSC)
or control the current in a reactor (TCR).

The faults that are related to thyristor valves (made up of a series
string of bidirectional pair of thyristors) are:

a) firing at the wrong instant (misfiring)

(a)

(b) lack of firing on the entire valve

(c) lack of firing on a single thyristor in a valve
)

(d) damaged thyristors in the valve.

Fortunately, the thyristors fail by creating a short circuit. Hence a
valve (with some redundant thyristors) can continue to operate as long as
the voltage rating across a device is not exceeded. Lack of firing in single
thyristor can result in voltage stress across the thyristor even under normal
conditions. By providing automatic firing of the thyristor using Break Over
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Diode (BOD), it is possible to solve this problem. In general, there are
monitoring circuits for thyristors which indicate the status of a thyristor.

The layout design of the equipment also helps in minimizing the
probability of failures. For example, a TCR is divided into two sections
with the thyristor valve connected in the middle of the two sections. This
protects the valve against faults involving flash over across the reactor. The
probability of both reactors sections being short circuited simultaneously is
negligible.

In designing the protection scheme and the selection of component
ratings, it is very important to know if the equipment is to be tripped or kept
in operation when a certain fault occurs. In general, operation is maintained
for:

(i) system faults if the stress encountered is lower than that for a specified
worst case fault

(ii) single misfiring
(iii) loss of some thyristors in a valve

(iv) partial loss of auxiliaries.

The rating of an electrical equipment is related to the heating of the
materials (primarily the insulation) and the damage caused by the tempera-
ture rise. (Actually, the absolute temperature determines the failure, which
implies that the ambient temperature and the cooling arrangement affect
the ratings). For modern thyristor valves, the circulation of deionized water
through the cooling pipes in the heat sinks (normally made of aluminium)
is the accepted norm. The water cooling of the thyristor devises is an effi-
cient method that has replaced the air cooling practices in the earlier days.
For thyristor devices, the junction temperature in a major parameter which
affects its working. For temperatures below 120°C the device can withstand
the specified voltage. The voltage withstand capability deteriorates as the
junction temperature is increased and above 190°C, the device can fail.

The overload on a SVC occurs when the SVC bus voltage is high and
it is operating in the inductive mode. The TCR current increases linearly as
the voltage increases (after the conduction angle reaches the limit of 180°).
To limit the overload on the thyristors it is necessary to provide a current
limiter which implies that the conduction angle is reduced. However, as
the junction temperature goes up beyond 120°C, the capacity to withstand
voltage (when the thyristor valve is not conducting) decreases. Then it
becomes essential to provide protective firing at point D (shown in Fig.3.28)
and the V-I characteristics resume along line BC. If there is a possibility of
the junction temperature exceeding 190°C, it is necessary to trip the SVC
by opening the circuit breaker.
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VSVC

Figure 3.28: V - I characteristics showing current limit

The thyristor device has very limited capacity for temporary over-
loads. As a matter of fact, this capacity is built into the system by de-
liberately choosing the junction temperature below 120°C (say 80 to 90°C)
at rated loads. The thermal model of the thyristor with the cooling sys-
tem can be used to reliably predict the junction temperature for transient
overloads. For the thyristor with the heat sinks shown in Fig.3.29, it is
possible to develop an electrical R-C equivalent circuit shown in Fig.3.30.
Here, Rjc, Ropg and Rpygw represent the thermal resistances between the
junction to case, case to heat sink and heat sink to water respectively. The
capacitances represent the storage of heat in the junction, case and the heat
sink. The power loss (generating heat) is viewed as a current source while
the temperatures are equivalent to the bus voltages in the circuit. It is
possible to estimate accurately the junction temperature rise for transient
current stresses. The objective is to keep the junction below a maximum
temperature limit by adjusting the prefault junction temperature.

The worst case current stress on TCR can be due to the following
causes

(a) Misfiring: If the TCR is fired at o = 0° (instead of in the range
90° < a < 180°), the current reaches to a peak of twice the normal
value (under full conduction).

(b) Short circuit across the reactor: Since the reactor is usually split into
two reactors (of equal size), the short circuit current is double the full
load current.

(c) AC system fault and its clearing: If a three phase or a line to line fault
occurs very close to the SVC and the clearing of the fault is accom-
panied by a temporary overvoltage, it is possible that after the fault
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Figure 3.29: A thyristor with heat sink
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Figure 3.30: An electrical equivalent circuit of the thermal model

clearing, the current may build up to a large magnitude. However, this
possibility assumes that the clearing occurs at a voltage zero, which is
unlikely (Normally the fault is cleared at current zero). This condition
results in the maximum current stress in the TCR.

The worst case current stress in a TSC occurs with misfiring at max-
imum system voltage. Fig. 3.31 shows the voltage and current waveforms in
a TSC (a) under normal operation and (b) the worst case misfiring. A high
current results due to the misfiring and the valve voltage rises to 4 times the
peak value of the system voltage after blocking.

Voltage Ratings and Protection

The thyristor valve in a TCR is designed to withstand the maximum (spec-
ified) system voltage. However, this is not always the need, as TCR is
expected to go into full conduction at overvoltages and this will ensure that
the valves do not have to block the overvoltage. However, the current limits
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Figure 3.31: Voltage and current waveforms in a TSC

(mentioned earlier) in a TCR implies the necessity to block the system over
voltages. A trade off is possible with the thyristor valve designed to with-
stand higher current stresses rather than higher voltage stresses. The cost
and losses in a valve decrease if the voltage ratings are lower. On the other
hand, the need for continuous conduction at higher voltages implies loss of
controllability.

The TSC valve, in contrast to a TCR valve must be designed to block
overvoltages as the TSC conduction will aggravate overvoltages. However,
the overvoltage protection above the designed voltage rating is provided by
the Metal Oxides Varistor (MOV) which is very effective in clipping the
voltage above a certain limit. The energy loss in the surge arrester is an
important factor in selecting the ratings.

The protection against overvoltages can be provided by either (a)
BOD firing which convert a voltage stress into current stress or (b) MOV
arrester absorbing energy.
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3.7 Modelling of SVC

For a detailed study of SVC control interactions, it is necessary to per-
form transient simulation for which SVC is modelled in detail including the
switching of the thyristor valves in TCR and T'SC. The transient network is
modelled by differential equations rather than algebraic equations [27-30].

However for stability study it is not necessary to consider the switch-
ing of valves and assume that SVC generates only fundamental current. In
addition, the network transients are neglected and represented by algebraic
equations of the type:

YIV=1I (3.81)

With these simplifications, SVC can be modelled as a variable susceptance
which is the output of the control system as shown in Fig.3.13. If SMC is
a part of the SVC controller, it should be included in the model. However,
susceptance regulator, gain supervisor and the protective functions can be
neglected in the model.

For the preliminary studies, it is adequate to ignore the dynamics of
SVC control (without SMC) and assume that the SVC is described by its
steady state control characteristics. If SMC is present, it can be modelled
as shown in Fig. 3.17.

Steady State Model of SVC [32]

The steady state control characteristics are modelled by an equivalent circuit
shown in Fig. 3.32. This shows a complex voltage source ESVC in seriesAwith
a reactance Xgy . The losses in the SVC are neglected. The values of Egy ¢
and Xgy ¢ are given below for the SVC operating in (i) the control range,
(ii) capacitive limit and (iii) inductive limit

(i) Control Range

Esyc = Vieplosve (3.82)
Xsve = X (3.83)

where ¢gy ¢ is the angle of the SVC bus voltage. The control range applies
when the SVC bus voltage lies in the range

V V
ref < VSVC < ref

—_ _ 3.84
1+ XsBmax 1+ XsBmzn ( )

where Bpnin and Bj,a: are the limits of Bgyo. Note that By, is, in gen-
eral, negative (corresponding to the inductive limit) and By,q. = Bc, where
B is the total capacitive susceptance. (neglecting the transformer leakage
reactance)
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(ii) At Capacitive Limit :
1

Esye=0043j00  Xgyo=— (3.85)
Bmaa}
(iii) At inductive Limit :
. . 1
FEsyeo =0.0+70.0 Xsyveo = — (3.86)
Bmin
I Xsve
lsve

+
A /N
Ewc@ Ve

Figure 3.32: Equivalent circuit of SVC

The equivalent circuit of SVC for the control range is nonlinear (since
the angle of Egy e depends on the bus voltage) and is time varying when the
limits are considered. Thus, in general, the inclusion of SVC model in tran-
sient stability simulation, involves iterative network solution. However, with
nonlinear voltage dependant static load models in the system, the handling
of SVC is no more complicated than the handling of nonlinear loads.

If only one SVC is to be considered, the network solution with SVC
can be considerably simplified by applying compensation theorem. In this
approach, the SVC is treated as a time varying current source which can be
computed from the solution of a simple network shown in Fig.3.33. Here,
the network external to the SVC is modelled by a time-varying Thevenin
equivalent. If the network impedances are constant, Z., remains constant.
Zeq is calculated as the impedance of the network seen at the SVC terminals
when all the sources in the network are removed ( the voltage sources are

A~

shorted and the current sources are open circuited). Vg, is found as the SVC

terminal voltage with the SVC current zero. V., varies with time as the
generator voltages vary during a disturbance.

From Fig.3.33, the SVC current can be computed as

Veg — Esve

- 3.87
Zeg + jXsve (3.87)

Isyc =
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Figure 3.33: SVC connected to Thevenin equivalent
If ESVC = 0.0+ 50.0,the solution is straight forward. However, in the control
range, the angle ¢gy ¢ needs to be known to apply Eq.(3.87).

It can be shown that tan¢gyc is obtained as the solution of a
quadratic equation given by

atan? osve +btanpgyc +c=0 (3.88)
where
a = x2—z251n2a,
b = —2xy,
c = y?—2%sina
r = Re[(1-A)Ve], y=1Im[(1—A)Ve]
z = |A“/7“ef
A = Ala=_Zu
Zeq +.7XSVC

Network Solution

The network solution is carried out in two steps. In the first step, the voltage
solution is obtained by putting I sve = 0. The voltage calculated at the SVC
bus, at the end of the first step is same as Veq The knowledge of Veq and Zgq
(Whlch has been calculated in advance and stored) enables the computation

of Isyc from Eq. (3.87) and Eq.(3.88) (if required).

The network is solved again with the injection of I syc at the SVC bus
(all other sources put equal to zero).The second solution requires minimal
computations as the current vector is sparse.

The voltage at all the buses are obtained from the addition (superpo-
sition) of the two sets of the voltage calculated in the two network solutions.
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Remarks

1. It is assumed, in the calculation of Z.,, that the generators have no
dynamic saliency. Dynamic saliency results in time varying impedance
of the stator (with respect to the network or common synchronously
rotating reference frame). Also, the generator impedance needs to be
expressed as a 2 x 2 matrix in D-Q axes. In this case, it can be shown
that ¢gy ¢ is obtained from solving a quartic equation.

2. Zq changes whenever there is change in the network configuration.

3. If Z., is purely reactive (inductive) impedance, then ¢gy ¢ is the phase

angle of Veq, which is known. This eliminates the need for the solution
of Eq. (3.88).

4. The appropriate solution of ¢gy ¢ obtained from Eq. (3.88) is the one
which is closer to the phase angle of V.

3.8 Applications of SVC

The major application of SVC is for rapid voltage regulation and control
of dynamic (temporary) overvoltages caused by load throw off, faults or
other transient disturbances. The dynamic reactive control at the load bus
increases power transfer and can solve the problem of voltage instability
(collapse) caused by contingency conditions.

It is to be noted that steady state voltage regulation can be achieved
by mechanically switched capacitors and reactors (MSC and MSR). However,
fast voltage regulation is required to prevent instability under transient con-
ditions. Thus, generally, a SVC is operated with minimum reactive power
output under normal conditions. This is achieved by the Susceptance Regu-
lator described earlier which ensures that full dynamic range is available for
control under contingency conditions.

The fast controllability provided by the thyristor switches can be also
utilized to improve system stability (both transient and small signal). The
use of auxiliary damping controllers can help damp low frequency, interarea
power oscillations that can appear at stressed operating conditions (involving
high loading of tie lines). The design of such damping controllers for shunt
and series FACTS controllers will be taken up separately in Chapter 10.

The location of SVC is an important issue. If the objective is to
compensate a long transmission line, the SVC is to be located at the midpoint
of the line (if a single SVC is to be used). For very long lines, multiple SVC
at regular intervals can be applied. For example, if two SVCs are to be used,
one is located at a distance %l from the sending end while the other is located
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at a distance, % from the receiving end (d is the length of the line). When
SVCs are applied to improve the power transfer in a transmission network,
the location can be determined by the sensitivity of voltage at the critical
buses with respect to the reactive power injection (AV;/AQ);). In general,
it can be stated that a bus with low short circuit level can be a candidate
bus. Incidentally a synchronous condenser can raise the fault level while
providing controllable reactive power. It is to be noted that a SVC does not
raise the fault level which can be a blessing as the requirement of the fault
current interruption capability of circuit breakers does not go up. On the
other hand, for reactive power control at HVDC converter stations with low
Short Circuit Ratios (SCR), the synchronous condenser improves voltage
regulation and system performance.

However, a SVC has several advantages over SC (synchronous con-
denser) namely,

(a) Faster response under transient conditions

(b)

(c)

(d) As mentioned earlier, a SVC doe not contribute to short circuit cur-
rents.

There are no moving parts, hence requires less maintenance

There are no problems of loss of synchronism

The drawbacks of a SVC are mainly related to the injection of cur-
rent harmonics. These can be minimized by segmented TCR (with several
segments/modules of TCR connected in parallel) and operating all except
one module in the TSR (Thyristor Switched Reactor) mode.

The preparation of specification of a SVC, the design and testing of
the controller requires detailed studies involving power flow, short circuit and
stability analysis in addition to studies involving a TNA (Transient Network
Analyzer) or RTDS (Real Time Digital Simulator). The steady state control
(V-I) characteristics are defined by the SVC rating (in MVAR), range of the
reference voltage (V,.s) (typically from 0.95 pu to 1.05 pu) and the slope
(varying from 2% to 10%). The slopes can be different in the capacitive and
inductive modes of operation. The range of short circuit levels at the SVC
bus is also an important parameter in the choice of the voltage regulator
gain.

In the past, saturable reactors have been applied in situations when
temporary overvoltages can be a critical factor. However, in recent times,
Thyristor Controlled Transformer (TCT) where the leakage reactance of the
step down transformer can be used to replace the reactor has been suggested
to provide controllable shunt reactors in long EHV transmission lines. The
cost considerations will determine whether such innovations will be applied
in practice.
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Chapter 4

Thyristor and GTO Controlled
Series Capacitor

4.1 Introduction

Series Capacitors have been used in long distance EHV transmission lines
for increasing power transfer. The use of series capacitors is generally the
most economic solution for enhancing power flow. However, the problem
of SSR has deterred system planners from going in a big way for series
compensation. While the use of shunt capacitors don’t have the problem of
SSR, they have drawbacks of their effectiveness being dependent largely on
their location. Even when a shunt capacitor is located at the midpoint of a
long line, it requires much larger rating to achieve the same level of increase
in power transfer as a series capacitor. It was shown in chapter 2 that the
ratio of the two ratings is given by

gzz = tan? <5n;ax) (4.1)

where QQse and Qg are the ratings of the series and the shunt capacitor
respectively, dmax is the maximum angular difference between the two ends
of the line. For dyax in the range of 30°-40°, Qg varies from 7% to 13%
of Qsn. Although the series capacitors tend to be twice as costly as shunt
capacitors (per unit var), they are still cheaper to use. In addition, the
location of a series capacitor is not critical.

The use of thyristor control to provide variable series compensation
makes it attractive to employ series capacitors in long lines. A major advan-
tage is that the SSR problem (Torsional Interaction) is significantly reduced.
The feasibility of fast control of thyristor valves enables the improvement of
stability and damping of oscillations using appropriate control strategies.

The first demonstration project of TCSC was commissioned in 1991
at a 345 kV Kanawha River Substation in West Virginia, U.S.A. under
American Electric Power Company. This was a test installation of thyristor
switches in one phase for rapid switching of series capacitor segment and
was supplied by ABB, Sweden.
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In October 1992, the first three phase TCSC was installed at 230 kV
Kayenta Substation in Arizona under Western Area Power Administration
(WAPA). Here a 15Q capacitor bank is connected in parallel with a TCR
and permits a smooth and rapid control of (capacitive) reactance between
15 and 602 through phase control of TCR.

A larger prototype three phase TCSC was installed in 1993 at 500 kV
Slatt Substation in Oregon under Bonneville Power Administration (BPA).
The project was sponsored by Electric Power Research Institute (EPRI) and
the equipment was developed by General Electric in U.S.A. Here, six modules
of TCSC are connected in series and controlled to provide a variation in
impedance from +1.4Q2 to —16¢2.

In Sweden, a long, series-compensated 400 kV transmission line con-
nected to a nuclear power station was chosen to install TCSC by splitting the
existing series capacitor into two parts — a fixed capacitor and a Thyristor
Controlled Series Capacitor at Stode Station [23]. This was necessitated by
an SSR problem that caused repeated triggering of protections. The TCSC
allowed the existing level of compensation to be continued without any SSR
problems.

4.2 Basic Concepts of Controlled Series
Compensation

By controlled series compensation, we imply dynamic control of the degree
of series compensation in a long line. This can be achieved in two ways as

1. Discrete control using TSSC (Thyristor Switched Series Capacitor)

2. Continuous control using

(a) TCSC or
(b) GTO thyristor Controlled Series Capacitor (GCSC)

The configuration using TSSC is shown in Fig. 4.1(a). Here, the
thyristor switch is either off or on continuously. To insert the capacitor, the
switch is turned off while it is turned on to bypass the capacitor. A major
problem with this configuration is that the SSR characteristics of the TSSC
are no different from that of the fixed capacitor. Also, the full line current
flows through the thyristor switch when it is on. Thus, this configuration is
not common.

The configuration using TCSC is shown in Fig. 4.1(b). Here, a TCR
is used in parallel with a fixed capacitor to enable continuous control over the
series compensation. Although harmonics are present in steady state with
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(8. TSSC (b). TCSC
Figure 4.1: Configurations of series compensation

partial conduction of thyristor switches, the TCSC can be used to mitigate
SSR. In addition, TCSC provides inherent protection against over voltages.

The configuration of GCSC in similar to what in shown in Fig. 4.1(a)
except that the switch is made of GTO thyristors to permit turn off capabil-
ity when current is flowing through the switch. This enables, phase control
to be applied to the capacitor in a similar fashion as in a TCR. As a matter
of fact, the GCSC is a dual of the TCR in that the voltage across the ca-
pacitor can be controlled by controlling the conduction (or turn-off) angle
of the GTO thyristor switch.

Although continuous control of the capacitor is possible in both
TCSC and GCSC, the latter is yet to be applied in practice. In compar-
ing TCSC with GCSC, the former has the advantages of (a) lower costs due
to the requirements of conventional thyristors as opposed to GTO and (b)
boost in the capacitor voltage provided by the discontinuous conduction of
the TCR (Note that TCSC is formed by the parallel combination of a fixed
capacitor and a TCR in each phase). The TCSC was also labeled as RANI
(Rapid Adjustment of Network Impedance) in a paper by Vithayathil et al.
[6].

TCSC is a mature technology available for application in AC lines of
voltage up to 500 kV. This chapter will concentrate mainly on TCSC except
for a section on GCSC.

Consider the equivalent circuit of the TCSC modeled as a capacitor
in parallel with a variable inductor (as shown in Fig. 4.2(a)). The impedance
of TCSC (Zrcsc) is given by

—jXc - jX1TcoRr —jXc
ZTCSC = — = 4.2
J(Xrer — Xe) (1 — e ) (4.2)
TCR

The current through the TCR (Ipcgr) is given by

Ircr = - )IL = (1 - —) (4.3)
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X X
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X TCR X TCR
ITCR
(). Equivaent circuit of TCSC (b). Capacitive operation
I Xc
O | | O
X TCR
SR

I TCR

(¢). Inductive operation
Figure 4.2: TCSC circuit representation

Since the losses are neglected, the impedance of TCSC is purely reactive.
The capacitive reactance of TCSC is obtained from (4.2) as

X
Xrcosc = M

XrcRr

(4.4)

Note that Xpcgc is capacitive as long as X¢ < X7ror. Xror = 0o when the
thyristors are blocked and I7cr = 0. For the condition when X¢ < Xtor,
Irer is 180° out of phase with the line current phases Ir. In other words,
I isin phase with —fTCR.

For the condition where X > Xpcog, the effective reactance of
TCSC (Xrcsc) is negative implying that it behaves like an inductor. In

this case, I, and ITcopr are in phase. The capacitive and the inductive oper-
ation of TCSC is shown in Fig. 4.2(b) and (c) respectively.

Example 1

Compute 23¢ and 228 if (a) Xrop = 1.5X¢ and (b) Xpogr =
0.75X¢.

(a) From Egs. (4.4) and (4.3), we get substituting the values

Xrcse 1
= 5 =30
Ircr 1 9.0

I;  15—-1
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(b) For Xrcr = 0.75X¢,

X 1
TCSC =30
I
TCR _ 1 _ 40
I, 1-0.75

It is interesting to observe that even though the magnitude of the TCSC re-
actance is same in both (capacitive and inductive) cases, the current through
the TCR is more for the inductive operation (twice that for the capacitive
operation). This indicates that thyristor ratings determine the maximum
limit on the Xpcoge for the inductive operation.

The TCR injects also harmonics in addition to the fundamental fre-
quency current. This distorts the capacitor voltage which does not remain
sinusoidal even though the line current remains approximately sinusoidal.
(Note that the presence of harmonics in the capacitor voltage can result in
harmonics in the line current, but for long lines, these can be neglected).
It is also obvious that inductive operation of the TCSC results in higher
voltage harmonics across the capacitor.

The presence of the voltage harmonics invalidate the expression for
the susceptance of TCR derived in chapter 3, (assuming sinusoidal voltage).
This expression is repeated below for ready reference.

o —sino
Brcr = ﬁ (4~5)

Eq. (4.5) cannot be used for the calculation of Xpcgc as a function of the
conduction angle (o). A new expression for Xpcgc will be derived in section
4.4.

It is to be noted that X < X¢. A typical value of % is 0.16. This
results in protection against over-voltages due to fault currents by increasing
the conduction angle to 180°. It is obvious that there is a value of the
conduction angle (o,.s) for which Xpcr = X and the TCSC reactance is
maximum (theoretically infinite when losses are neglected). It is necessary
to ensure that the conduction angle stays within limits even during transient
operation. The ratio of X&—CCSC is kept below a limit (say 3.0 in the capacitive
region). The actual value of the limit is also a function of the line current to
ensure that the capacitor voltage rating is not exceeded. In general, there
are three voltage ratings based on the current ratings.

1. Viated is the maximum continuous voltage across the TCSC. This must
be more than X % Iaeq to allow for continuous modulation with
vernier operation (typically with 15 % margin)
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2. Viemp is the maximum temporary voltage (Xcliemp) Where Iiemp is
the temporary line current (typically 1.35 X I;ateq) that has a typical
duration of 30 minutes.

3. Viran is the maximum voltage required during transient swings. This
must be equal to or more than X¢ X Iiran where It ., is the maximum
line current for which the thyristor control is not affected by protective
considerations. Typically, Ityan = 2 X Lateq and lasts for a duration of
3 to 10 seconds.

4.3 Operation of TCSC

A single line diagram of a TCSC is shown in Fig. 4.3 which shows two
modules connected in series. There can be one or more modules depending
on the requirement. To reduce the costs, TCSC may be used in conjunction
with fixed series capacitors.

BREAKER
/0000 3

Figure 4.3: Single Line Diagram of a TCSC

Each module has three operating modes (see Fig. 4.4).

(a) Bypassed

Here the thyristor valves are gated for 180° conduction (in each direction)
and the current flow in the reactor is continuous and sinusoidal. The net
reactance of the module is slightly inductive as the susceptance of the reactor
is larger than that of the capacitor. During this mode, most of the line
current is flowing through the reactor and thyristor valves with some current
flowing through the capacitor. This mode is used mainly for protecting the
capacitor against overvoltages (during transient overcurrents in the line).
This mode is also termed as TSR (Thyristor Switched Reactor) mode.

(b) Inserted with Thyristor Valve Blocked

In this operating mode no current flows through the valves with the blocking
of gate pulses. Here, the TCSC reactance is same as that of the fixed capaci-
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W(

(a) Bypassed

—

(c)Vernier operation

Figure 4.4: Operating Modes in a TCSC

tor and there is no difference in the performance of TCSC in this mode with
that of a fixed capacitor. Hence this operating mode is generally avoided.
This mode is also termed as waiting mode.

(c) Inserted with Vernier Control

In this operating mode, the thyristor valves are gated in the region of (ayin <
a < 90°) such that they conduct for the part of a cycle. The effective value
of TCSC reactance (in the capacitive region) increases as the conduction
angle increases from zero. amiy is above the value of « corresponding to the
parallel resonance of TCR and the capacitor (at fundamental frequency). In
the inductive vernier mode, the TCSC (inductive) reactance increases as the
conduction angle reduced from 180°.

Generally, vernier control is used only in the capacitive region and
not in the inductive region.
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4.4 Analysis of TCSC

To understand the vernier control operation of TCSC, it is necessary to
analyze the TCSC circuit (see Fig. 4.5).

|
:
.

Figure 4.5: The TCSC Circuit

For simplicity, it is assumed that the line current is specified and can
be viewed as a current source. The equations are

c‘%’ = ig(t) —ir (4.6)
dir

L— = 4.7
T = wou (47)

where v = 1 when the switch is closed and v = 0 when it is open. The
current in the thyristor switch and the reactor (ir) is zero at the instant
when the switch is opened. Note that when u = 0, and the initial current
17 = 0, it remains at the zero value until S is turned on and v = 1. The line
current s is defined by,

is(t) = I coswt (4.8)

It is convenient to measure the firing angle («) form the zero crossing instant
of the line current. It can be shown that the zero crossing of the capacitor
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voltage (v¢) coincides with the peak value of the line current in steady state.
The range of « is from 0 to 90° corresponding to the conduction angle varying
from 180° to 0°. The angle of advance (/) is defined as

B=90°—« (4.9)

which also varies from 0 to 90°. Fig. 4.6 shows the waveforms of i,(t), ir ()
and v (t) with delay angle («), angle of advance () and conduction angle
(o) indicated.

-90 -45 0 45 90 135 180 225 270
ot (deg.)

Figure 4.6: Waveforms of is(t), ir(t), ve(t)

The equations (4.6) and (4.7) can be solved if the switching instants
are known. The switch, ‘S’ is turned on twice in a cycle (of the line current)
at the instants (assuming equidistant gating pulses)

t1 =2

£y = 23 } (4.10)

where 0 < 8 < Bmax. The thyristor switch turns off at the instants to and

t4 given by
to =1t + 7
4.11

ty =t3 + % ( )
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where o1 and oy are the conduction angles in the two halves of the cycle. In
steady state, 01 = 09 = ¢ with half wave symmetry and

o =23 (4.12)
Solution for the time interval (—f < wt < f3)

During this interval, u = 1. From Egs. (4.6) and (4.7) we obtain

Pip
LOW +r = Zs(t) (413)
The solution of this differential equation is given by
)\2
ir(t) = ﬁlm coswt + A cosw,t + Bsinw,t (4.14)
where
1 Wr Xco 1
= —, = —=4/—, Xg=—, Xp=wlL 4.15
Wy o " X, C woC L =W ( )

The constants A and B are determined from the boundary conditions. From
Eq, (4.7) and (4.14), we obtain

di A2
ve(t) = L% = —ﬁImXL sinwt—ANX sinw,t+BAX cosw,t (4.16)
In steady state, due to half wave (odd) symmetry,
vo(wt = —0) = —vo(wt = ) (4.17)

The above condition leads to the conclusion that the constant B = 0. This
also shows that the zero crossing of the capacitor voltage occurs at wt = 0.
Since ip(t) = 0 at wt = — 3, we get

A2 cos 3
A= I, 4.18
A2 —1 "cos\3 (4.18)
and we can express ip(t) and ve(t) as
)\2
ip(t) = mIm {cos wt — CCO(;S/\% cos wrt} (4.19)
I, X . .
vo(t) = )\27—6; [— sinwt + Csoig sin wrt] (4.20)
It can be shown that
ir(wt=0)=0 (4.21)
and
Vo1 = —Ve2 (422)
where
ve1 =vo(wt = —f), ve2 = vo(wt = )
The expression for vos is given by
I, X .
¢ [—sin 8 + A cos B tan Af] (4.23)

Vo2 = 7)\2 1
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Solution for the time interval (§ < wt <1 — f3)

For this interval, u = 0. Also ip(t) = 0. The capacitor voltage (v¢) is given
by

1 wt
volt) = vos+ — / iy (1) dust
CJp
= vo2 + InXc[sinwt — sin f] (4.24)
Note that the current through the capacitor (i¢) is given by
ic(t) = ia(t) — iz (1) (4.25)

The waveforms of is(¢),ir(t) and vc(t) over a cycle are shown in Fig. 4.6
for A = 2.5, 8 = 15°.

Computation of the TCSC Reactance (Xrosc)

The TCSC reactance corresponding to the fundamental frequency, is ob-
tained by taking the ratio of the peak value of the fundamental frequency
component (V1) to the peak value of the sinusoidal line current. From
Fourier analysis, the fundamental frequency component (V1) is calculated
from

w/2
Vey = 4 / ve(t) sin wid(wt) (4.26)
™ Jo

The above equation follows from the fact that vo has half-wave odd symme-
try about the axis wt = 0. Substituting (4.20) and (4.24) in Eq. (4.26), we
get

N LI
Vor= — / ve(t) sinwtdwt + ve(t) sin wtdwt
T |Jo p

where
I, X Acos (8
1 _ m-C . .
ve(t) = N2 | sin wt + o5\ sin wﬂf} (4.27)
V&) = wee + InXo(sinwt — sin f) (4.28)

The reactance (Xposc) is usually expressed in terms of X¢. By defining,

Ve
Xrosc = % (4.29)
we can derive the ratio % as
C
Xrose 2 \2 2cos? 3 sin 23
=14+— Atan A3 —t - 08— 4.
Xo +7T(/\2_1) ()\2_1)( an A\ — tan ) — 3 5 (4.30)
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The above expression can be simplified as

XTCSC_1+E A2 _ A +1 sin2ﬁ_ 2cos? - Atan \(
Xe T owm(A2-1) A2 —1 2 (A2 -1)
(4.31)
The capacitor voltage also contains odd harmonics of the order
n=2k-1, k=1,2,3,... (4.32)

Remarks

1. The fundamental frequency component and the harmonics in the ca-
pacitor voltage can also be obtained from the calculation of harmonics
in the TCR current ir(t).

The peak value of the fundamental component I can be found from

4 [m/2
I = —/ i (t) cos wtdwt
™ Jo
41 B )2 cos 3
= - [ ; ﬁlm [cos wt — cos cos )\wt} dwt] (4.33)

The fundamental component of the capacitor voltage is obtained from
Ver = (Im — I1) Xc (4.34)

The peak value of the nth harmonic (I7,) in the TCR current is ob-
tained from

4 [m/2
Ip, = — / i7(t) cos nwtdwt (4.35)
™ Jo
2 1N {sin(n -1 N sin(n +1)3
T (A1) n—1 n+1
cos B [sin(n—\)B  sin(n+ )\)B] }
- 4.
cos)\ﬁ[ n—A\ + n+ A (4.36)
The peak value of the n'* harmonic in the capacitor voltage (Vi) is
given by
X
The ratio ( In‘jg?c) is obtained as
Vo 2 22 {Sin(n —-1)p n sin(n + 1)3
InXe  ©(\2-1) n—1 n+1
_ cosf {sin(n—)\)ﬁ N sin(n+)\)ﬁ” 7 357
cos A\ n—A n—+ A

(4.38)
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_ (2k—Drw

2. X_TX—CCSC — 00 at fBres = ~—55— where k is an integer. Since the range of
[ is limited to 90°, if A < 3, there will be only one value of B,es at which
the TCR and the capacitor will be in resonance at the fundamental
frequency. Typically, A = 2.5. The variation of X}—CCSC as a function

of B for A = 2.5 is shown in Fig. 4.7. The negative value of X&—CCSC
indicate that the reactance is inductive.

0 10 20 30 40 50 60 70 80 90
B (deg.)

Figure 4.7: Variation of (Xrcsc/Xc¢) as a function of 3
|V0n‘

The variation of <m) as a function of g is shown in Fig. 4.8. The

capacitor voltage wave forms for (i) 8 = 20° and (ii) § = 70° are shown
in Fig. 4.9.

3. As the TCSC impedance is very high at resonance (fres) given by

T
Bres = o (4.39)

the operation of TCSC must ensure that the upper limit on 3(Omax)
should be strictly enforced even under transient conditions. Generally

X&iccsc < 4 to ensure that the voltage ratings on the capacitor are not
exceeded.
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Figure 4.9: Capacitor voltage waveforms for 3 = 20° 3 = 70°

4.5 Control of TCSC

The control of TCSC also includes protective functions (protective bypass).
The control functions are partitioned into two levels - common (to all mod-

90
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ules) and the module ( level ). Commands for the control flow from the
common level to the module levels while the status information is sent back
from each module level.

Module Control Functions

There are three basic functions at each module level. These are

(a) reactance control
(b) SSR damping control (involving modulation of the reactance) and

(c) Bypass (for protection)

The controller also ensures that the transients associated with mode tran-
sitions are minimized. The module controller executes the ordered change
to reactance within one half cycle. This includes bypassing, reinsertion and
setting the vernier without overshoot.

The protective bypass (TSR mode) is initiated in response to

(i) line overcurrent
(ii) arrester overcurrent

(iii) arrester energy exceeding a limit.

The line overcurrent protection detects fault currents in the line and
rapidly implements thyristor bypass to reduce duty on MOV (metal oxide
varistors) and capacitors. The bypass is performed on all the three phases
simultaneously. When the line current returns and stays within limits for
a preset time, the bypass is removed. The arrester overcurrent protection
detects overcurrents in the arrester and implements thyristor bypass in the
affected phase(s) to reduce varistor duty. The bypass is removed when the
arrester currents reduce and stay below limits for a preset time.

The arrester energy protection initiates a bypass when [ i?dt in the
arrester exceeds its rating. In this case, the bypass is not removed automat-
ically because of the long thermal time constants associated with excessive
arrester energy.

Common Control Functions

The common level receives signals of line current and TCSC voltage to gen-
erate feedback signals for closed-loop control functions. It also receives com-
mands from energy management centre for setting power order. The major
control functions in a TCSC are described below.
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Power Scheduling Control

The simplest type of power scheduling control adjusts the reactance order (or
setpoint) slowly to meet the required steady-state power flow requirements
of the transmission network. The adjustment may be done manually or by
a slow acting feedback loop.

An alternative approach is to use a closed-loop current control in
which the measured line current is compared to a reference current (which
may be derived from the knowledge of the required power level).

An interesting approach to power scheduling is one where during a
transient, the line in which TCSC is situated carries the required power so
that the power flow in parallel paths is kept constant. This is equivalent to
maintaining the angular difference across the line a constant and has been
termed as Constant Angle (CA) control. Assuming the voltage magnitudes
at the two ends of the line are regulated, maintaining constant angle is
equivalent to maintaining constant voltage difference between two ends of
the line.

Both CC (Constant Current) and CA controllers can be of PI type
with dynamic compensation for improving the response. The steady state
control characteristics of both CC and CA control are shown in Fig.4.10(a)
and (b) respectively. Assuming Vproge to be positive in the capacitive region,
the characteristics have three segments OA, AB and BC. The control range
is AB. OA and BC correspond to the limits on X7pcse. In Fig.4.10(b), the
control range AB is described by the equation

Vrese = It Xr — Vio (4.40)

where [y, is the magnitude of the line current, X is the net line reactance
(taking into account the fixed series compensation if any), V7, is the constant
(regulated) voltage drop across the line (including TCSC). Thus, the slope
of the line AB is the reciprocal of X;r. OA in Fig.4.10(b), corresponds to
the lower limit on TCSC reactance while BC corresponds to the higher limit
on TCSC reactance.

Power Swing Damping Control (PSDC)

This is designed to modulate the TCSC reactance in response to an appropri-
ately chosen control signal derived from local measurements. The objective
is to damp low frequency swing modes (corresponding to oscillation of gen-
erator rotors) of frequencies in the range of 0.2 to 2.0 Hz. One of the signals
that is easily accessible is the line current magnitude. Alternatively, the sig-
nal corresponding to the frequency of Thevenin (equivalent) voltage of the
system across the TCSC can be used. This signal can be synthesized from
the knowledge of voltage and current measurements.
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Vrese  © Vrese

(a) CC Control (b) CA Control

Figure 4.10: Control Characteristics

Transient Stability Control (TSC)

This is generally a discrete control in response to the detection of a major
system disturbance.

The discrete or bang-bang control of TCSC in response to signals
from locally measured variables is described in [16]. The controller is acti-
vated immediately after a major disturbance such as clearing of a fault and
is deactivated when the magnitude of frequency deviation is below threshold.
This type of control is beneficial not only in reducing the first swing but also
for damping subsequent swings.

Subsynchronous Damping Control (SSDC)

The use of vernier control mode at the module level by setting the reactance
setpoint at the requisite (minimum) level is often adequate to damp sub-
synchronous oscillations caused by series resonance in the line and sustained
due to torsional interaction. However in some cases, the constant reactance
control may not be adequate. In such cases, a damping control is added. The
control signal is based on the synthesis of speed of remote turbo-generators.
The control signal can be derived from the locally measured current and
voltage signals.

The coordination of control actions of all modules in a TCSC is
carried out by devising a suitable logic. For example, at Slatt substation,
the highest priority is given to the need to tackle SSR, which determines the
minimum number of modules to be inserted and their minimum reactance.
The power scheduling control has next priority. Even here, there are two
options - one based on minimizing the losses and other based on maximizing
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smooth operation (avoiding stepped variation in reactance order). It is to
be noted that vernier operation results in increased losses in a module.

Power swing damping control has the next priority in modulating the
set point for reactance. This can be replaced by TSC whenever required.

Under normal operational conditions, all the modules may not be
required. To ensure balanced long term duty for each module in a TCSC,
the control logic also incorporates a rotation feature, according to which, the
modules in series are rotated if no insert/bypass operations occur for some
preset time (say an hour). The rotation is performed without changing the
net reactance.

4.6 Modelling of TCSC for Stability
Studies

For stability studies it is not necessary to model the gate pulse unit and the
generation of gate pulses. It is adequate to assume that the desired value of
TCSC reactance is implemented within a well defined time frame. This delay
can be modelled by first order lag as shown in Fig.4.11. The value of Trcgco
is from 15 to 20 ms. X,.s is determined by the power scheduling controller
or in its absence, by manual control based on order from load dispatch.

REF Xaux
l Xmax
I, .| POWER +

V. ___ .| CONT. 1+ sTrcsc
TCSC X ¥

mod X

min
MOD.
CONT

Figure 4.11: Block diagram of TCSC

The block diagram of constant current (CC) or constant angle (CA)
controller is shown in Fig.4.12. T, is the time constant of first order low
pass filter associated with the measurement of line current /7, and the TCSC
voltage. S = 0 for CC control and S = % for CA control. X is the net
reactance of line given by

X = Xpine — Xpo (4.41)
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where Xne is the line reactance and X p¢ is the reactance of the fixed series
capacitor if any. Generally, TCSC will be used in conjunction with fixed
series capacitor to minimize overall cost of compensation while providing
effective control for stability improvement.

r
| I
ref +® e REG | Xeef
m
1 G\' S Vicse

sty L/

T

I

Figure 4.12: Block diagram of CC or CA controller

The regulator block diagram is shown in Fig.4.13. This consists
mainly PI controller and phase lead circuit if required. K p, the proportional
gain can be set to zero if only integral control is used. The gain K7 is positive
in the case of current control and negative in case of CA control. In the latter
case I,..s is actually the voltage reference divided by X. Hence positive error
signal implies the net voltage drop in the line is less than the reference and
Xrcse (assumed to be positive in capacitive region) is to be reduced. On
the other hand for current control, if the error is positive, the controller has
to increase X7cgc to raise the line current to reduce the error.

i
le BT +
R LIS OR S

J +
Kp
Bsle

Figure 4.13: Block diagram of the Regulator

The modulation controller is designed to damp power swings in the
line by using a control signal derived from local measurement. A convenient
signal to use is the magnitude of line current. The control configuration is
similar to the SMC used in SVC. X4, could represent the increase in the
reactance order required for mitigating SSR or improving transient stability.

The limits on the total reactance order X 4.5 are based on the TCSC
capability. For a single module, the operational region of TCSC in the
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Figure 4.14: TCSC capability curves for a module
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Figure 4.15: GTO Controlled Series Capacitor (GCSC)

Vreosc— 11 plane is shown in Fig.4.14(a). The operation region in (X&iccsc) -
I, plane is shown in Fig.4.14(b). The voltage and reactances are considered
to be positive when TCSC is in the capacitive region.

The line OA in Fig.4.14(a) corresponds to the constant reactance of
TCSC at its limit X,,4.0. This is selected based on the TCSC design and
should be such that the TCSC does not operate close to the resonance point
which would be inherently unstable. A typical value of X,,4.0 (in pu of
X¢) is 3.0. Line AB corresponds to maximum voltage rating of TCSC. Line
OB corresponds to the operation of TCSC with thyristors blocked. Here

Xrosc =1 pu.

The line OC has negative slope corresponding to Xpypass (wWhich is
negative) in the bypass mode of TCSC. Line OD corresponds to the upper
limit on the inductive reactance (X,in0). Line DE corresponds to trhe volt-
age limit of TCSC in the inductive region. EC corresponds to limit imposed
on the thyristor current in the inductive vernier mode. Under normal con-
ditions, the TCSC operates only in the first quadrant of both Vyeoge — I
plane and Xrcsc — I, plane.

The operation at constant maximum voltage (across TCSC) implies
that X7cosc is reduced in inverse ratio of the line current.

The equations for TCSC can be written down from the block dia-
grams shown in Fig.4.11 to Fig.4.13.

4.7 GTO Thyristor Controlled Series
Capacitor (GCSC)

A single phase GCSC is shown in Fig. 4.15. It consists of a fixed capacitor in
parallel with a bidirectional switch made up of a pair of GTO thyristors. In
contrast to a thyristor, a GTO thyristor can be turned off upon command.

A GCSC is a dual of a TCR which is connected across a voltage
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L |s(t) +| C

(a. A TCR (b). A GCSC

Figure 4.16: Representation of a TCR and a GCSC

source which is assumed to be sinusoidal. By phase control (varying the
delay angle a measured from the instant corresponding to peak value of
the source voltage), the current through a TCR can be controlled. See Fig.
4.16 (a) which represents the thyristor valve as a switch that can be turned
on at controllable delay angle («) in the range from 0 to 90°. A GCSC
is connected in series with a sinusoidal current source. The controllable
switch is connected in parallel with the capacitor (see Fig. 4.16(b)) while
the thyristor switch is connected in series with the reactor. The switch in
a GCSC is turned off at an angle (y) measured with reference to the peak
value of the sinusoidal line current (i5). When the switch across the capacitor
is turned off at an angle ~y, the current is(¢) is forced to flow through the
capacitor and the voltage (v¢) starts building up according to the relation
given by

1 wt 1 wt
wlt) = / iy(B)d(wt) = = / I,y cos wid(wt)
Y vy
= i%[sin wt — sin 7] (4.42)

The GTO switch is closed when vo(t) = 0 and this occurs at the instant
when wt = m — 7. The switch remains off for the duration § given by

52#—2722(%—’}/):26 (4.43)

0 may be called the hold off angle (as opposed to the conduction angle in a
TCR). 3 is the angle of advance defined as

B=5-7 (4.44)

Both v and 8 vary in the range 0 to 90°. When v = 0, the capacitor is
continuously conducting and § = 180°. When v = 3,6 = 0 and the capacitor
voltage remains at zero as the capacitor is continuously bypassed by the GTO
switch. The instantaneous capacitor voltage is maximum corresponding to
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Figure 4.17: Current and voltage waveforms

the instant when the line current is zero. The capacitor voltage and the line
current waveforms are shown in Fig. 4.17 along with the currents through
the capacitor and the GTO switch. By comparing the TCR quantities (given
in chapter 3) with those shown in Fig. 4.17, it can be observed that the TCR
current is analogous to the capacitor voltage, the voltage across the thyristor
switch (in a TCR) is analogous to the current in the GTO switch and the
voltage across the reactor (in a TCR) is analogous to the current through
the capacitor. It is to be noted that the firing (delay) angle in a TCR («)
corresponds to the blocking angle () in a GCSC, while the conduction angle
(0) in a TCR corresponds to the hold off angle ¢ in a GCSC.

The capacitor voltage waveform is not sinusoidal. The fundamental
frequency component is given by

4 [m/2
Vou = — / ve(t) sinwtd(wt)
m™Jo
4T /2
= - ﬁ [y [sinwt — sin ] sin wtd(wt)
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2 in 2
— InXc [1 _ g 'q (4.45)
™ ™
The effective reactance of the GCSC is given by
Ve 2 sin 2
Xaese = —11=XC<1—7 7)
m ™ 7T
X
= 29(5 —sino) (4.46)
™

As 4 varies from 0 to 180°, Xgosc varies from 0 to X¢o. (Note that in a
TCR, Brcg varies from 0 to By, as o varies from 0 to 180°.)

The amplitude of the harmonics voltage (V.,) across the capacitor,
is given by

4 [sin~ycos(ny) — ncosysin(n
Vo = 1 Xt [SmY (n7) . 7 sin(n7) ’
s n(n? —1)

n=2%+1,k=1,23,...

(4.47)
The third harmonic component has a peak value of 13.8% of (I,,X¢) at a
value of v around 35°. Unlike in a three phase TCR, there is no provision of
connecting the GCSC in a delta to eliminate the triplen harmonics (unless
an insertion transformer is used). The GCSC would normally be inserted
directly (without any magnetics) in series with the line. Fortunately, the
line impedance (inductive) would be sufficiently high to limit the triplen
(zero sequence) current harmonics to values that would not create problems.
Further, just as a segmented TCR (made of multiple modules connected in
parallel) can be operated with all (except one module) in the TSR mode, a
GCSC made up of multiple, identical modules connected in series, can be
operated with all (except one) in a GSSC (GTO Switched Series Capacitor)
mode. However, in comparison with TSR operation it should be noted that a
GTO switch in a GSSC is called upon to turn-off and on at the instant when
the line current is maximum and the capacitor voltage is zero. A thyristor
switch in a Thyristor Switched Series Capacitor (TSSC) can be turned on at
the voltage zero, but has to wait until the instant of current zero to turn-off.
At this instant, the capacitor voltage is maximum and results in dc offset
for the capacitor voltage which is 100% of (I,,,X.).

4.8 Mitigation of Subsynchronous
Resonance with TCSC and GCSC

4.8.1 Description of SSR

The turbo generators have several rotors corresponding to steam turbines
(High Pressure, Intermediate Pressure and Low Pressure) in addition to
the generator and rotating exciter (if any), all connected by elastic shafts
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which can be modelled as springs. Thus, the mechanical system of rotors
and shaft sections is a lightly damped mass-spring system analogous to the
electrical network of capacitors (analogous to rotor inertias) and inductors
(analogous to the springs). This system has as many torsional modes as
the number of rotors (masses), of frequencies ranging from 0 to 50 Hz (in
the subsynchronous range). These frequencies are computed considering the
mechanical system in isolation. The torsional mode corresponding to the
zero frequency is turned as ‘mode zero’ in which all the rotors participate
equally. (The eigenvector has identical elements). The external electrical
system consisting of the generator stator coils connected to the transmission
network can affect the frequency and damping of the torsional modes. While
the change in the frequency is significant for mode zero, the changes in the
frequencies of the remaining modes are slight and can be neglected. (It is
to be noted that the frequency of the ‘mode zero’ in the combined system
varies in the range of 0.2 to 2.0 Hz and the damping of the oscillations
corresponding to this low frequency mode has been discussed extensively
in the literature since last 40 years and still continues to be important for
secure system operation). The damping of the remaining torsional modes
is significantly affected by the characteristics of the electrical system. A
series compensated transmission line connected to a turbogenerator has a
(electrical) resonance frequency (fe,) given by

rc
= _ 4.48
fer fO 2 T rr+zp ( )

where z” is the subtransient reactance of the generator, z7 is the leakage
reactance of the transformer, xp and x¢c are the external reactances of the
series connected inductor and capacitor respectively. Since z¢ < zg, for <
fo (fo is the system frequency). When the torsional mode frequency (fy,) is
a complement of the electrical resonance frequency (fe,), that is

fm:fo_fer (4-49)

there is a danger of Subsynchronous Resonance (SSR) which has the primary
consequence of growing torsional oscillations due to the instability of the
torsional mode caused by the large negative damping introduced by the
electrical system. This problem has been termed as Torsional Interaction
(TI) that results in self excitation (steady state SSR problem). Even if the
net damping (due to the mechanical and the electrical system) is positive,
there can be high amplitude transient subsynchronous frequency oscillations
that can damage the shafts. The transient torque oscillations are induced
by large disturbances such as faults followed by their clearing.

An IEEE Committee Report (1985) has defined SSR as follows: “sub-
synchronous resonance is an electric power system condition where the elec-
tric network exchanges energy with a turbine generator at one or more of the
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natural frequencies of the combined system below the synchronous frequency
of the system”. The two aspects of the SSR problem are:

1. Self excitation (also called as steady state SSR)
2. Transient torques (also called as transient SSR)

The self excitation problem includes (a) Induction Generator Effect
(IGE). Here the mechanical system is not modelled. The subsynchronous
frequency (positive sequence) armature currents produce a rotating mmf
which moves slower than the generator rotor. The resistance of the rotor
circuits appear to be negative (viewed from the armature terminals) due
to the negative slip of the machine (corresponding to the subsynchronous
frequency currents). If the net resistance is zero or negative, self excitation
occurs. (b) Torsional Interaction (TI). This is due to the interplay between
the electrical and mechanical system and is a much more serious problem
compared to IGE. The problem was discovered accidentally after the shaft
damage experienced at Mohave generating station in 1970 and 1971.

The analysis of steady state SSR or self excitation problem can be
carried out by linear system methods of checking for the stability of an
operating point (steady state equilibrium). There are two major approaches

1. Damping torque analysis based on frequency domain technique. This
is a heuristic, simpler approach for checking for TI and gives reasonably
accurate results.

2. Eigenvalue analysis based on the state space model of the linearized
system equations. This gives accurate information about the stability
of all the system modes including torsional modes.

The damping torque analysis can be used as a screening tool for fast
evaluation of a host of system conditions for torsional interactions. Since
IGE is not a major problem, it can be neglected. This permits the use of
simple ‘classical model’ of the generator which simplifies the computation of
the damping torque.

The analysis of the transient torques requires detailed system simu-
lation based on the nonlinear models. In the presence of FACTS controllers,
three phase models considering switching action of the thyristor or other
power semiconductor devices are most accurate. However, for SSR analysis,
the modelling of a FACTS controller using D-Q variables (based on syn-
chronously rotating reference frame) is found to be adequate. The use of
D-Q variables implies that the harmonics generated by the FACTS devices
have little effect on the SSR performance. It must be noted that unlike in
the case of study of low frequency phenomena involving swing modes, the
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analysis of SSR requires representation of the network dynamics (by differ-
ential equations rather than algebraic equations involving phasors). Thus,
it is not unusual to employ EMTP (Electromagnetic Transients Program)
type software which was originally developed for the study of lightning and
switching transients.

4.8.2 A Simplified SSR Analysis [32]

Consider the classical model of a generator where the field flux decay, damper
circuits and transient saliency are ignored. Assuming that the generator
rotor oscillates (about a constant speed of wg) sinusoidally, the per unit
speed (w) is given by

w = wo + Asinwpt (4.50)
where wy, is the oscillation frequency of the rotor (about a synchronously

rotating axis) in radians per second. The induced voltages in the armature
in the a — (8 sequence are given by

ea = WE' sin(wot+J) (4.51)
eg = WE cos(wot +9) (4.52)
Since "
& = (@ —Go)ws (4.53)
we get
A
0 =00 — <£> COS Wit (4.54)

If the amplitude (A) of the rotor oscillations is very small, the induced volt-
ages consist of three sinusoidal components, one of frequency fy (in Hz), the
other two components of frequency, fo=+ fn,. We can get this by substituting
Egs. (4.50) and (4.54) in (4.51) and (4.52). Thus,

/

ea = woE sin(wot + o) — 5 (wo — wm) cos[(wo — wim )t + o]
Wm
AFE’
% (wo + wim) cos[(wo + wm )t + do] (4.55)

/

e = wok cos(wot + dp) + ;E (wo — wm) sinf(wo — wi )t + o]

AFE'

+ 2Wm,

(wo + wiy) sinf(wo + wm )t + do] (4.56)
If the network impedance (in the Laplace domain) is

1
Z(s) = L — 4,
() =R+Ls+ 5 (4.57)
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we can obtain the currents flowing in these o and § sequence networks for the
applied voltages given by Eqgs. (4.55) and (4.56). These can be converted to
the d—q (in Park’s reference frame) components from the following equation

(ig + jia) = e/ (ig + jia) (4.58)
The electrical torque (T¢) is given by
T. = E'i (4.59)

iy contains a constant component and two other components (both oscillat-
ing sinusoidally at frequency f,,) due to the (i) subsynchronous components
and (ii) supersynchronous components of the armature currents. The oscil-
lating component (of frequency, f,,) of the electrical torque consists of two
components, 75" and TP corresponding to the sub- and supersynchronous
components of the armature currents. These can be derived as

—A(E")?

b _ ot sub :

Tesu =F Z;u = m(wo — wm) Sln(wmt + ¢5ub) (460)
A(E")?

mow = pigw = AET ) sin(omt — ) (46D)
2Wm Zsup

The damping torque coefficient (Tpe) is given by
AT, (jwm,)

Tpe = Re | —— 4.62
Pe = {A@(jwm) } (462

where AT, = T 4+ T5"? and Aw = Asinw,,t. It can be shown from Eqs
(4.60) to (4.62) that

TDe(wm) = (E/)2 [(WO — Wm) CoS ¢sub - (WO s Wm)

- Su; 4.
2w Zsub Zsup cos p] ( 63)

It is to be noted that Zg,/ ¢y and Zgyp/¢sypy are the impedances of the
network calculated at the sub- and supersynchronous frequencies. That is,

Zsublqbsub = Z[S = j(WO - Wm)]
Zsupl¢sup = Z[S = j(wo + wm)]



4. Thyristor and GTO Controlled Series Capacitor 133

Remarks

1. The damping due to the subsynchronous frequency currents is negative
while that due to the supersynchronous frequency currents is positive.
This results from the fact that both ¢4, and ¢, can vary in the range
—90° to 90° and cos ¢ is positive in this range.

2. If the electrical network is resonant at a frequency (fe,) which is close
to the frequency, fo — fm, then Zg,, < Zsyp for typical values of
the network impedances. Actually if fo, = fo — fmm, then Zg; =
R and ¢4 = 0. Also ¢sup ~ 90°. Thus Tes“b has a much larger
magnitude compared to 77?7 and Tp. tends to be negative. If we
make the approximation, 77" ~ 0, then,

—(E')? (wo — wm)

T m = su
Delon) = 5 cos
_(WO - wm)
~ — — Wm 4.64
S G(wo — W) (4.64)
where
G(wo — wm) = Re[Z7(j(wo — wm))] (4.65)
is the conductance of the network viewed from the generator internal
bus.

The significance of the damping torque coefficient (T'p.) is that with
some approximations, it is related to the change in the decrement factor
(Aoe) brought about by the electrical system. We can show that for neg-
ligible mechanical damping, the electrical system results in the decrement
factor (for oscillation at frequency, fi,)

~ Tpe (Wm)

L o 2Pem) 4.66
o i (4.66)

where H,, is the ‘modal’ inertia constant which is associated with the swing
equation in the decoupled modal variables given by
2H,, d>A5™
— ———— + K, A0 = AT, 4.67
wp dt? tAm ¢ ( )
(Note that since the damping torque is related to the linearized systems,
we are dealing with the linearized swing equation in the modal domain. In
deriving (4.67), it is assumed that the mechanical torques are constants). the
relationship between the generator rotor angle (Ad) and the modal variables

(A6™,0,1,2,...(N — 1)) is given by

m=N-—1
Ad= > A" (4.68)
m=0
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Figure 4.18: Block diagram

where N is the number of rotor masses, m = 0 corresponds to mode zero.
The modal frequency (f,,) is given by

1 wBKm
m = — 4.
/ 27 \/ 2H,, (4.69)

Form=0,K,, =0and f,, =0

Remarks

1. The concept of modal inertias is quite significant in judging the effect
of the electrical system. For large modal inertias, the electrical system
has negligible effect (see Eq. (4.66))

2. For mode zero, the modal inertia is the sum of all the rotor inertias.
Fig. (4.18) shows the block diagram depicting the interaction be-
tween the electrical and the mechanical (in the modal domain) systems.
Here, H(s) is defined by

AT,(s)

H{s) = Kom(s)

(4.70)

and K is a parameter introduced for convenience. The value of K is obviously
equal to 1. However, K = 0 indicates that the electrical system is not
considered. In the absence of the electrical system, the eigenvalues of the
system are imaginary given by

Am = jwm (4.71)

It can be shown that Tpe(wy,) can be expressed as

Tpe(wm) = Re [_W—BH(jwm)} (4.72)
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The sensitivity of the eigenvalues (A = —o %+ jw) with respect to the param-
eter K, evaluated at K = 0, is given by

o\
8—K|K:0 = —RH(S)|s=+jwm (4.73)

where R is the residue corresponding to the initial eigenvalues +jwy,, given

by
wp

R=+—7—7=— 4.74
45Hpwp, ( )
(Note that for K =0, A = £jwp,).
The sensitivity of the decrement factor o is given by
d T
7 ko = RelRH (juy)] = 2em) (4.75)

dK AH,,
If the sensitivity remains constant as K varies from 0 to 1, then Eq. (4.66)
applies.

4.8.3 Modelling of TCSC for SSR Analysis

The initial attempts at modelling a TCSC considered the discrete control of
the device as the firing of the thyristor valve (switch) in the TCR occurs only
twice in a cycle. However, since the frequencies involved in the SSR phe-
nomenon are less than 2fy (fy is the fundamental frequency), the continuous
time modelling of a TCSC is quite accurate in capturing the sybsynchronous
behaviour of a TCSC. We will discuss two models proposed [14,29] in this
section and finally present a new model based on switching functions. It is
to be noted that the accuracy of a model needs to be validated by detailed
simulation considering switching action.

It should be noted that mitigation of SSR with a TCSC is generally
possible only through the vernier mode of operation. The partial conduction
of the TCR (3 < g5 ) results in net increase in the capacitive reactance at the
fundamental frequency but results in inductive behaviour at subsynchronous
frequencies (below a limit corresponding to a specified value of 3). For
example, the measured response at 35 Hz for the Kayenta TCSC, showed
inductive behaviour for conduction angles (o = 23) above 20°. Similar
response was also observed for the Slatt TCSC. The inductive behaviour
of a TCSC in the critical frequency range is primarily responsible for the
mitigation of torsional interaction.

Synchronous Voltage Reversal (SVR) and the TCSC
Impedance at Subsynchronous Frequencies

When the thyristor switch (in the TCR connected in parallel with the fixed
capacitor) fires, the voltage across the capacitor reverses if there are no losses
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Figure 4.19: TCSC circuit

in the TCSC and the line current magnitude is assumed to be small. For
the circuit shown in Fig. 4.19, we can derive (for is ~ 0), that

C T
ir(t) = —V i t, 0<t< —
ir(t) \/ 7 co sinw,t, st

di
ve(t) = L% =+VLC - w,. Voo cosw,t

= Voo cosw,t

Since, w, = Awp, we can express i (t) as

Voo
C

ir(t)

sin(Awot)

It is obvious that when w,t = 7, the TCR current goes to zero and
the capacitor voltage reverses to —Voo. The charge passing through the
TCR branch is 2CVgo.

The response of the TCSC circuit can be considered as the super-
position of responses due to (i) the line current and (ii) the reversal of the
capacitor voltage due to the partial conduction of the TCR. In ref. [14] it
is postulated that the impedance characteristics of a TCSC can be approx-
imately calculated even if we assume the conduction angle (o) approaches
zero. This approximation is based on the fact that the peak value of the
TCR current is much larger than the peak value of the line current (for a
high value of \).

The frequency characteristics in the subsynchronous frequency range
can be derived for small perturbations. Considering that the response is
sampled at a frequency 2fy, let us select the sampling instants t; and tx11
as midpoints between voltage reversals. Assuming the voltage reversal is
instantaneous (as mentioned earlier), we have, for ¢, <t <t 1

dve .
— 4.
C=2 = i(t) (4.76)
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For ¢, ,1 <t < {41 also, the above equation applies.
2

Linearizing Eq. (4.76), we can express

_ 1 1 tk+% .
Avg (k4 - ) =Avc(k) + = Aig(t)dt (4.77)
2 C J,
1 1 [le+1
Avc(k+1) = Avg (k + §> + 5/ Aig(t)dt (4.78)
tk+%

where Avg (k: + %) and Avé (k: + %) are the perturbations in the capaci-

tor voltage just prior to and immediately after the (instantaneous) voltage
reversal. Assuming some losses in the TCR, we can write

1 1
where D is the loss factor (D < 1).

Substituting Eq. (4.79) in (4.78) and using Eq. (4.77), we get

Avc(k+1) = —Dvc(k) — D[Aq (k: + ;) —Aq(k)]+Aq(k+1)—Aq (k‘ + ;)

(4.80)
where Aq is the change in charge due to the line current Ads.
Taking z transform of Eq. (4.80), we can derive
AV, 12— D)2 -1

AQ(z) (z+ D)

In continuous time, the transfer function (in Laplace variable) is obtained
by substituting z = €T, where T = wlo, wy is the operating radian frequency.
Noting that, .

AQ(S) - SC
we can obtain the frequency response by substituting s = jw. The final
expression for the apparent impedance of TCSC is,

AIL(s) (4.82)

. AVe(jw)
Zapp(JW) = m
W Jwm
2wy 2w, _1
= jxpnle = D) - ) (4.83)
Y (ew +D)

. . w
Zapp(jw) = JXc——(i“g’) (4.84)
wo 2
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Figure 4.20: TCSC firing control

Eq. (4.84) shows that the apparent impedance is inductive for all w < wy.

It is to be noted that the above expression ignores the non-zero con-
duction angle of the TCR which is also a function of i4().

It is common to express the TCSC reactance as a normalized value
of (X&—CCSC =K B). Kp is also termed as the boost [14]. The reference value

of Kp is obtained from a higher level control (such as power or current
control). Although the firing angle, «, can be directly determined from Kp
(in a similar fashion as the susceptance control in a SVC), this type of open
loop control is not desirable in a TCSC. The primary reason is the danger
of straying close to the resonance (fes = 2”—)\) and the consequent problem
of over voltages. For high values of A, the Kp is highly nonlinear as Kp
increases from unity. Also, the response time with open loop control of Kpg
is of the order of several hundred ms.

Since the voltage boost can be directly controlled by adjusting the
time instant at which the TCR is fired (advancing the firing instant increases
the boost while delaying the firing instant reduces the boost), a simple feed-
back control of the voltage boost is feasible. This is shown in Fig. 4.20.

The firing pulses are synchronized with the line current as it is prac-
tically sinusoidal unlike the capacitor voltage. The PLL gives a start pulse
to the time correction circuit at tg. The time correction circuit generates
firing pulse at ¢tz which is calculated from measured instantaneous values
of irine(t) and ve(t). The instant tp varies depending on the boost level
required. However, the instant ¢, at which the capacitor voltage crosses zero
(also the instant when the thyristor (TCR) current is at its peak) is not
disturbed for all operating conditions.

Remarks

1. The presence of DC and subsynchronous frequency components in the
capacitor voltage introduces asymmetry in the positive and negative inter-
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vals. The synchronous voltage reversal has the property of forcing half-wave
symmetry which will reduce the subsynchronous components.

2. The TCSC at Stode substation in Sweden is primarily utilized

to mitigate SSR. In such applications, the frequency ratio A = “r can be

selected much higher than in situations where TCSC in primarily utilized
for power control.

Dynamic Phasor Model of TCSC [28,29]

Neglecting harmonics, the TCR current i7(t) and the capacitor voltage can
be represented as dynamic phasors defined by

I = Irg+jlrp
Ve = Veg+jVep
Iy = IsQ + szD

Egs. (4.6) and (4.7) can be expressed in terms of dynamic phasors as

A
dtc =1, — It — jwoCVe (4.85)

dr
LdTT = (uve)1 — jwolLl, (4.86)

where v = 0 when ip(t) = 0 and u = 1 when ip(t) # 0, (uvc); indicates the
fundamental frequency component of the time-varying (periodic) variable
(uvc(t)). We can simplify the analysis by assuming that the TCR is in
quasi-steady state based on the approximation that I has fast dynamics
relative to that of Vio. Thus, we can express

Ve
Ip~r—— 4.87
T jwoLess(o) (4.87)
where .
Le (U) =
IR0 R[C = Ceps(o)]
and )
X = —
TCSC (U) WOCeff (0_)

The value of the conduction angle (o) that is used in the above expression
depends on the pulse firing scheme. Assuming that the firing pulses are
synchronized with the line current, for constant firing angle control, where

— * . . .
a = o = 77~ under dynamic conditions,

o=0"42¢ (4.88)
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Figure 4.21: Transient waveforms

where ¢ is the phase angle by which the phasor —Ir lags the phasor Is. (see
Fig. 4.21). It is assumed that the peak value of the current in the TCR
branch occurs at the midpoint of the conduction period. The angle ¢ can
be expressed as

(b = (IT‘g[—ISIT]
= arg[-jIVc] (4.89)

where Iy and Vg indicate complex conjugates of Ir and V¢ respectively.

Remarks

The model based on Eqgs. (4.85), (4.86) to (4.89) has given accurate results
for constant « control of a TCSC. The results predicted from the model were
compared with the simulation results [33].

A Case Study

The system considered is based on IEEE First Benchmark Model (FBM)
[32,42]. The generator data are identical. The reactance external to the
generator terminals is assumed to be 1.0 pu including the leakage reactance
of the generator transformer and the system impedance at the receiving end
of the line. The series resistance is assumed to be 0.02 pu (which is on the
low side). The generator is provided with a static excitation system having
data K4 = 200, T4 = 0.025 s. The operating conditions are V, = Ej, = 1.0,
P, =1.0 (V,; and E}, are voltage magnitudes at the generator terminals and
the infinite bus respectively). A speed input PSS is provided to damp low
frequency rotor oscillations. A torsional filter in the PSS is designed to avoid
SSR. interactions.
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The series compensation consists of a fixed capacitor of 0.28 pu in
series with a TCSC (X¢ = 0.1, A = 2.0). The system model is linearized at
the operating point and the eigenvalues of the system matrix are computed.
The eigenvalues corresponding to the torsional and the network modes are
shown in Table 4.1 for the two cases (i) 0 = 0 and (ii) o = 50°. For the first
case, Xrcsc = X¢ and for the second case, Xrosc = 1.19 X¢.

Table 4.1: Eigenvalues corresponding to torsional and network modes.

Case (i): =0 Case (ii): 0 = 50° | Comments
—1.8504 £ j298.17 | —1.8504 4 5298.17 | Mode 5
—0.3612 £ 5202.74 | —0.3036 4+ 5202.75 | Mode 4

0.8260 + j160.95 | —0.3916 £ j160.58 | Mode 3
—0.0729 £ j127.00 | —0.0563 + 5127.00 | Mode 2
—0.2338 £ 599.18 | —0.1618 + 599.18 | Mode 1
—0.6739 £ j9.36 —0.6271 £ j9.53 Mode 0

(Swing mode)

—3.5581 + j161.39 | —20.905 4+ 5163.44 | Subsynch. Network mode
—3.4802 + j592.18 | —21.064 4+ 5566.41 | Supersynch. Network mode

From the results, it is observed that the third torsional mode (having
radian frequency of 161) is unstable for case (i) but stable for the case (ii).
Mode 5 is not affected by the external network as it has very high modal
inertia. The damping of modes 0, 1, 2 and 4 is reduced for the case (ii) while
the damping of the network modes is significantly increased.

The stability of the torsional modes is investigated as the conduction
angle is increased from 0° to 80°. It was observed that the system was stable
only in the range 32° < o < 72°. For o < 32°, the instability is due to mode
3 while for o > 72°, mode zero causes instability. The analytical results were
validated by detailed transient simulation [33].

The dynamic phasor model of the TCSC gives reasonably accurate
results. It is observed that the network resonance frequency is marginally
increased by the vernier operation of TCSC.

4.8.4 A TCSC Model Based on Switching
Functions

From Fig. 4.5, the current in the TCR branch is described by Eq. (4.7)
given below.

L— =wvc(t) - u(t)

o (4.90)
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where u(t) is a switching function. In steady state it is periodic (of frequency
2 fo) and is shown in Fig. 4.22.

u(t)
1.0 1.0

- 0 4B B ® TP ot
Figure 4.22: Switching function for the TCR

From Fig. 4.22, we have

Oa /BSWtSﬂ-_ﬁ

We can approximate u(t), by Fourier analysis
u(t) ~ Uy + U; cos 2wt (4.91)

where

2 2
U():—ﬁ, Ui = —sin23
T T

If ve(t) = Vi sinwot + Ave(t), substituting in Eq. (4.90) results in
dip

LE = (Up + U cos 2wtp) (V1 sinwot + Ave(t)) (4.92)

Case (i) Avg(t) =0

d’iT _ Uﬂ/l sin 3th

. U
LE = 5 + V1 sinwgt (Uo — 21>
) U1Vicos3wpt Vi coswpt ( U1)
t)=— - —
ir(t) 6X7, x, 73

Substituting the above expression in Eq. (4.6), we get

d
C% = I coswot —ip(t)

Vi U UV,
= [Im + X—z (Uo — 21)] coswot + 6;(,;1 cos 3wgt
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The fundamental component (V1) can be obtained from substituting ve(t) =
Vi sinwgt in the L.H.S. of the above equation. We get

\% \% U
X_lc coswot = [Im + X—lL (Uo — 71)} cos wot
IL.Xc
Vi = 4.93
' 1— Uph2 + T2 (4.93)
From Eq. (4.93), we obtain Xpcogc as
S Xc
Xresc = Tm 1o (% - Sinm) (%) (4.94)
T s L

Note that the above expression is identical to the one where Xpcopr
is approximated as

7I‘XL _ 7TXL
o—sinoc 203 —sin2p

XTCR =

Case (ii) Avc(t) # 0.

As discussed in section 4.8.2, the torsional oscillations (of frequency
W) in the rotor lead to the presence of subsynchronous components (of
frequency, (wy — wy,)) and a supersynchronous (of frequency, (wo + wp,))
components in the voltages and currents in the transmission line. Hence, we
can assume that

Avc(t) = Vup sinwgypt + Viup Sinweypt (4.95)
where, wgyp = Wy — Wim = We, Weup = Wo + Wi = 2Wo — We.

The Eq. (4.95) represents the response of the TCSC to the presence
of the perturbations in the line current given by

Aig(t) = Tsup cos wsypt + Lsyp COS weypt (4.96)

The perturbation in the current flowing in the TCR branch is ob-
tained from
dAip

L
dt

= (Up + Uj cos 2wot) (Vsup sin wet + Viyp sin(2wo — we)t)  (4.97)

Neglecting higher frequency components in Aip(t) and considering
only subsynchronous and supersynchronous components, we can obtain

) 1 U
AZT(t) = Livans |:21V:9up - U(]Vtsub:| COS Weypt
su
1 U
+Lw {;Vsub - UOV.sup] COs Wsupt (4'98)
sup
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Substituting Eqgs. (4.95) and (4.98) in

dAve(t)

Cdt

= Aig(t) — Aip(t) (4.99)

permits us to relate Igup, Lsup t0 Vsypy and Viyy,. The final equations are

1 Uy
Cwsub‘/sub = Isub - stub [7‘/51”3 — UO‘/;ub:| (4100)
1 Uy
Cws’u,p‘/sup = Isup - m |:7‘/sub - UOVS’U,p:| (4101)
The above equations can be expressed as,
— U, Ui Bo@gy, .
ot (1 i) R ][]
Ui Bcsu - ]
(4.102)
where " .
Wsub = sub’ Wsup = sup’ Bo = woC
wo wo

The above equation indicates that a subsynchronous current can re-
sult in a supersynchronous voltage and vice versa. This is unlike in a passive
linear circuit where the sub- and super-synchronous currents produce only
voltages having the same frequency as the line current. The presence of the
supersynchronous frequency voltage across the TCSC due to subsynchronous
frequency currents has been reported in ref. [34] from SSR studies and TNA
(Transient Network Analyzer) test results. However, a mathematical analy-
sis is not presented.

Remarks

1. The determinant of the matrix in Eq. (4.108) can be expressed as

U2\*
— — 2 1
Det = Wsubwsuch aiqg — ————5—
AW 5ubW5yp
where
U2 U2
a1:1—_2 y a4:1—72
Weub wsup

For small values of (3, it is obvious that

U1 ~ 2U0
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With the above approximation, we can obtain

1 1
Det ~ @subu—)supB%' ll — U())\2 (T + T)]
sub Waup

The determinant is zero for 8 = (.. where (.. is defined as

T (wf —wp)?

=T mwn)” 4.103
A 4 N2(w + w2))wd ( )

For A = 2.5, w;, = 0.4wy, we get G = 10.43°.

If 6 > B, the nature of the TCSC reactance changes from capacitive
to inductive.

2. If the switching function is represented by more terms in the
Fourier series it is possible to get improved accuracy of the results. For ex-
ample, Xpogo corresponding to the fundamental frequency would be calcu-
lated with better accuracy than what is obtained from Eq. (4.94). However,
for small values of (3, the approximation given by Eq. (4.94) is considered
to be adequate [9)].

The computation of harmonic voltage across the TCSC can also be
obtained from an accurate Fourier analysis of the switching function. In
general, the switching function u(t) can be expressed as

u(t) = Up + Uy cos 2wyt + - - - Uy, cos 2nwpt

where

/2 ;
U, = g / cos 2nfdo = z sin 2nf3
T J—n/2 T n

3. The analysis has assumed that the sub- and supersynchronous
currents are in phase. However, this assumption does not affect the critical
nature of 5 at which the determinant changes sign (as it goes through zero).

It is to be noted that the calculation of sub- and supersynchronous
currents would depend also on the passive elements of the network. If it is
assumed that I, ~ 0, then Eq. (4.102) can be approximated as

_jwsub(BC') (1 UO

- Ly = V.
Det (DsupLC> sub sub

It is obvious that there is a value ((3,) of 5 at which the reactance is
zero. This value for the data given is 5, = 20.2°.
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4.8.5 A Discrete Control Strategy for TCSC to
Damp Subsynchronous Oscillations

It was mentioned earlier, that the TCSC has to be operated in the (capaci-
tive) vernier mode to enable mitigation of SSR. In this subsection, we discuss
the possibility of using discrete control of TCSC by using Thyristor Switched
Series capacitors (TSSC). The control strategy is based on the concept of
phase imbalance proposed by Edris in [35] and [36].

The damping torque coefficient T, can be approximately evaluated
as (Eq. 4.64)

Tpe(wm) ~ WGP(UJO — W)

Here G, is the conductance of the positive sequence network, eval-
uated at the frequency (wg — wy,). When there is phase imbalance, the
admittance (Y}) of the positive sequence network is given by

1
Y, = g(Yaa + Yo + Yeo) (4.104)
where Y., Yy and Y. are the self admittances of the phases a, b, and ¢
respectively. For simplicity, mutual admittances are neglected.

Assuming that all three phases are balanced and the electrical reso-
nance frequency (w;) is (wp — wp,), then we get

1

Gp(wo — wm) = R (4.105)

In deriving the above, we have assumed that

_ . 1
Yoo = Zaal’ Za“:R—I—](a)L_wCa)

Yo = Zp' Zw=Re+i(ol- )

_ . 1
Yee = 73, Z@:R+J@w—wc)
Cc

Note that the imbalance is introduced by unequal capacitance in the three
phases. This results in unequal resonance frequencies in the three phases.
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If we assume that only phase b has a resonance frequency of (wo—wiy,),
we can calculate G, as

1 R 1
Gp = Gpuzg w2 2+E
R2 + (wg — wp )2L? (1 — wga)
n R
2
R+ (o021 %)
where ] 1 1
w? 2 wo — Wi

”“:L_C’a’ wrc:L—Cfcv WT:L—CI,:

Obviously, we have G, < %. Thus, phase imbalance can reduce the negative
damping introduced by series capacitors. In general, phase imbalance can
mitigate torsional interaction (Note that TT is maximum when w, = wp—wp,).

A case study based on IEEE SBM (Second Benchmark Model) [32]
is presented in ref. [37]. With a 55% balanced compensation in the series
compensated line, it was observed that the torsional mode 1 (at 24.6 Hz)
becomes unstable. However, with zero compensation in phase a, 75% com-
pensation in phase ¢ without altering the level of compensation in phase b
(55%) stabilizes the system with minimum value of the (negative) Tp.. The
analytical results have been validated by detailed transient simulation. It
was also observed that the torsional mode is equally damped when the com-
pensation levels in phases a and ¢ are reduced from 55% to 10% (without
altering compensation of phase b).

4.8.6 Analysis of SSR with GCSC

The analysis is based on similar lines as that given in section 4.8.4. Consider
the circuit of GCSC shown in Fig. 4.23.

is(t) + C
O | O

s

i(t)
Figure 4.23: GCSC circuit

The equation for the capacitor voltage v.(t) is given by

C=2 = iy(t) — ir(®)
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Figure 4.24: Line current, capacitor voltage and switching function wave-
forms in a GCSC

where
ir(t) = (1 —u(t))is(t)

Hence,
C% = u(t)is(t) (4.106)

We can approximate u(t) (as before) as
u(t) ~ Uy + Uj cos 2wyt
The line current, is(t) is defined by
is(t) = —Igsinwot + Aig(t) (4.107)
Fig. 4.24 shows the line current, capacitor voltage and switching function
waveforms. Note that the period of the switching function is wlo as before.
Case (i) Ais(t) =0

Substituting Eq. (4.107) in (4.106), we obtain the fundamental com-
ponent of v (t) as
ve(t) = Vi coswot
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where

Vl = IsXC

(26 — sin26) (4.108)

Note that the blocking angle (measured from the instant of the peak of the
line current) is v = § — 3 and the hold off angle (9) is 2.3.
Case (ii)
Aig(t) = —Igup Sin weypt — Lgyp Sinweypt (4.109)

Substituting Eq. (4.109) in (4.108) and simplifying we can derive the fol-
lowing equation

v (t) = Vi coswot + Viyp €08 weypt + Viup COS wypt (4.110)

where Vi, and Vi, are related to I, and I, by the equation

Ug —U; .
[ “;sub ‘| _ [ C—wﬁfb 20&.}5”1) ‘| [ _].ﬁsub ] (4111)
sup 2Cwsup Cwsup J L sup
The determinant of the 2 x 2 matrix can be expressed as
1 U, Uy )
Det=———(Ug— — ) (Ug+ — 4.112
‘ CZWsubwsup < 2 ) ( 0 2 ( )
Since,
2 2
Uoz—ﬂ, Uy = —sin20
T T
we note that
Det — XCXG_CSC(%Q + sin 23)
Wsub * WsupT
h
where - _ Wsub _ _ Wsup
Wsub = y  Wsup =
wo wo
and

Xaesc = Xco

(20 —sin20)
T
It is obvious that Det is always positive and no change of sign occurs.

Thus a GCSC (unlike a TCSC) has capacitive response.

If Isyp ~ 0, then we obtain

28 1

sub = Cwsub sub Clwsub sub ( )
where C’ can be expressed as
in 2
o' = Cy (1 - 8”2155) (4.114)



150 FACTS Controllers in Power Transmission and Distribution

where o
™
=—— 4.11
Ceq 23 — sin 23 (4.115)
If a fixed capacitor of value C¢, is used instead, we would obtain,
Veub = ! 1 (4.116)
sub — WsubCeq sub .

Thus the effect of GCSC is to modify the effective value of the ca-
pacitance from Ceq to C’ which results in determining the resonance. It is
to be noted that we have assumed that the hold off angle is held constant
by the GCSC firing controls.

The mitigation of SSR by a GCSC is limited to changing the reso-
nance frequency as compared to a fixed capacitor. This may not be adequate
and Subsynchronous Damping Controller (SSDC) may have to be used as a
supplementary controller to damp subsynchronous oscillations.

4.9 Applications of TCSC

The major objective in applying TCSC is to increase power transfer ca-
pacity in critical transmission lines (typically tie lines) under contingency
conditions. Under normal steady state conditions, series compensation us-
ing fixed capacitors may be adequate unless SSR becomes a problem. A
TCSC may be used in such cases to damp (mitigate) SSR by converting a
part of the fixed compensation to controllable series compensation.

Often, the contingency conditions are also accompanied by low fre-
quency oscillations that can threaten dynamic security. Sometimes, tran-
sient stability may be affected. Thus, it becomes necessary to provide Power
Oscillation Damping (POD) using appropriate control signals synthesized
from local measurements. Typically active power or line current have been
suggested as input to POD [27].

In the restructured electricity supply regime, the problem is to in-
crease the Available Transfer Capability (ATC) which is defined as a measure
of transfer capability for transfers of power for further commercial activity,
over and above already committed uses [38]. The reference [39] has discussed
the application of SVC and TCSC to maximize ATC. The optimal size of
a FACTS controller such as a TCSC is defined as that which results in the
minimum cost of enhancing ATC.

An important consideration in the application of TCSCs is their lo-
cation. Based on DC power flow analysis, a technique is suggested in [40]
that ranks the effectiveness of the location of a TCSC. The norm of the
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sensitivity vector {ﬁ%} when the i*" element of the vector is given by ii@j",
determines the rank. Here, APy, is the change in the power flow in ‘" line
when there is a change in the reactance of line j. The sum norm of a vector

v is defined by

Norm[v] = 2”: |v(7)]
i=1

is suggested as a convenient measure. The line which results in maximum
value of the norm is the most effective location. It is to be noted that within
a line, the location of the controller is not significant.

The ratings of the TCSC are determined from power flow, SSR and
transient stability studies [24].
The choice of A (ﬂ) is important in the design of a TCSC. Higher

wo
values require increased thyristor currents and ratings of the TCR. In Kayenta
TCSC, X was reduced by doubling the value of the inductance from 3.4 to
6.8 mH. As mentioned earlier, A should be less than 3 to ensure that only
one resonance occurs in the range 0 < 4 < 90° (Note that [res = 90°/A).

In India, the first (commercial) TCSC was commissioned on 400 kV
Raipur-Rourkela double circuit link in September 2004. A combination of
40% fixed series compensation and 5-15% variable compensation (TCSC)
is used to provide dynamic power control during a HVDC pole outage of
Talcher-Kolar HVDC link.
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Chapter 5

Static Phase Shifting Transformer

5.1 General

Phase shifting transformers (PST) have been in use since 1930s for control
of power flows in transmission lines in steady state. The primary objective
is to control loop flows and ensure the power flow in the contracted path.
They are not meant to increase power transfer in a line and hence not in-
tended to be used in long lines. By applying power electronic controllers,
the operation of PSTs can be made fast which enables dynamic regulation
of power flow and improvement of system stability and dynamic security.
These are called Static Phase Shifting Transformers (SPST) or Thyristor
Controlled Phase Angle Regulator (TCPAR) as thyristor devices have been
primarily suggested to achieve the objective. However, with the advent of
Voltage Source Converter (VSC) based FACTS controllers it is also possible
to apply a UPFC type device for SPST.

5.2 Basic Principle of a PST

Consider an ideal phase shifting transformer shown in Fig. 5.1. This also
shows Thevenin’s equivalents connected at the two ports of PST.

The turns ratio of the transformer is a complex quantity of magnitude
unity (a = e/?) where ¢ is the phase angle shift (positive or negative). From

V2] 1:a Zy

— R —
1 12
E,/8 E2 /0

Vo

Figure 5.1: A PST connected in a network
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Figure 5.2: The equivalent circuit referred to primary

Fig. 5.1, we have .
Vo =aVi, I, =a"l,=e77%L (5.1)

Note that Eq. (5.1) results from the fact that there is no power (both active
and reactive) losses in an ideal transformer. That is

Wi = Vol (5.2)
Since,
_ Va—Ey
=7

I (5.3)

we get from Eq. (5.1),
a*(aVi — Ea) Vi —a*Ey

I = Z 7 (5.4)
Eq. (5.4) represents the equivalent circuit shown in Fig. 5.2.
If the losses are neglected in the circuit, i.e.,
7z = jx1, Zsy = jxo (5.5)
we can derive the power flow in the circuit as
P E1Eysin(d + ¢) (5.6)
(71 + 22)
Note that ¢ can be adjusted in the range
Pmin < ¢ < Pmax (5.7)
Typically the limits on ¢ are symmetric about zero, i.e. pmin = —Pmax- The

limits are directly related to the rating of the PST.

The question that arises now is how do we arrange for the phase
shift? Noting that .
eI ~ 1+ jo (5.8)
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Figure 5.3: A representation for PST

for small values of ¢, we get

Vi-Vo=(1-a)Vi=—joVi =V, (5.9)

Similarly,

Il - IQ = (a* - 1)]2 = —j(b[g = Ip (510)

From Eq. (5.9) and (5.10) we can derive a representation of PST shown in
Fig. 5.3.

Hence the voltage V, injected in series is a voltage in quadrature with
Vi. The current I, is the shunt current drawn by the PST. It is obvious that

VL = VI3 (5.11)

indicating that the complex power drawn by the shunt current source (I,)
supplies the power supplied by the series quadrature voltage (V).

In a three phase system with a balanced set of source voltage applied
to the primary windings of the PST (connected in delta), the voltage Vi (V. —
Vi) leads V, by 90°. Similarly V. leads V}, and V4, leads V. by 90° each.
This indicates a scheme to construct a PST as shown in Fig. 5.4. Here the
secondary windings of the excitation transformer (ET), connected in shunt,
supply the Boost Transformer (BT) connected in series with the line. In
Fig. 5.4, only one phase of the ET and BT is shown in detail for clarity.
The arrangement in other two phases is similar. The converter shown in Fig.
5.4 is connected between the ET and BT for controlling the magnitude and
polarity of the quadrature voltage injected in series.
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Figure 5.4: Schematic diagram of a SPST

Remarks

1. Typically bidirectional thyristor switches are used in the converter for
control. These can be used for phase control (for continuous control of
the phase shift) or switching in a step wise manner (for discrete control
of the phase shift).

2. The loss of synchronism between the two power systems connected
to the two ports of the SPST will result in § not remaining constant
in steady state. It may continuously increase or decrease. If ¢ can
vary over 360° and can track the variation in ¢, it is obvious (from
Eq. (5.6)), that the power flow in the line can be held constant even
if the SPST interconnects two asynchronous power systems. Thus a
360° SPST can be an alternative to BTB (Back to Back) HVDC link.
However, BTB HVDC link is cheaper than a 360° SPST.

An interesting concept suggested in reference [13] is to control a BTB
HVDC link to operate as a SPST to provide some degree of synchro-
nizing power. If all existing BTB links between two asynchronous
systems (operating with identical, nominal frequency, for e.g. West-
ern and Eastern U.S.A) provided synchronizing power, then there is a
possibility of having additional interconnections to be AC.

3. While the use of semiconductor (solid state) switches such as thyristors
enable fast control of the phase angle (¢) and can be used to damp low
frequency and higher frequency subsynchronous oscillations, the direct
control over ¢ is more suited to improving transient stability.
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Figure 5.5: A bridge circuit using bidirectional thyristor switches

5.3 Configurations of SPST

While a detailed review of various configurations is presented in reference
[8], we will consider here only 3 configurations given below

1. Point-on-wave controlled phase angle regulator
2. Discrete step controlled phase angle regulator

3. Using voltage source converter (VSC)

The first two configurations can be obtained using a single phase
bridge circuit using four bi-directional thyristor switches (see Fig. 5.5).
There are other configurations proposed in [1-3] which we will not take
up as, in general, the use of continuous control of the phase angle (¢) is not
desirable as it generates harmonics which are difficult to filter. (Note that
zero sequence triplen harmonics are not eliminated).

For configuration 1, a single secondary winding (per phase) of the
excitation transformer (E.T) is adequate as the control of the phase angle
is provided by controlling the firing (delay) angle of the thyristor switch in
relation to the applied voltage. The switches T} and T5 are used for injecting
the series voltage with positives polarity (boost), whereas T3 and T} are used
to inject the series voltage with negative or reverse polarity (buck). Thus,
the phase shift of positive or negative angle can be achieved. If switches T}
and Ty (or T, and T3) conduct, the output voltage remains zero.
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Figure 5.6: Simplified single phase representation of a discrete step SPST

For configuration 2 with discrete control, the conduction angle (o)
of the thyristor switches is maximum at 180°. The advantage is that the
harmonic generation is eliminated. On the other hand, several secondary
windings have to be provided on E.T. to have discrete control of the phase
angle. With three secondary windings whose voltages (number of turns) are
in the ratios of 1:3:9, it is possible to have 13 steps for each polarity. This
requires a converter in one phase to have 3 sub-converters (each connected
to its individual winding) connected in series (see Fig. 5.6).

Note that the voltage ratings of the thyristor valves (made up of
series connection of thyristor pairs connected back to back) in converter C3
and C9 are three times and nine times respectively, the voltage rating of
valves in converter C1.

Each subconverter can have three states — (i) with zero output volt-
age, (ii) with output voltage (Ve = kViep) and (iii) with output voltage
(Ve = —kVitep), where Vi, is the quadrature voltage per step injected by
the SPST. We can associate a control variable (ut) with each subconverter
ck, which can take 3 values of 0, 1 or —1 and express the output voltage of
the subconverter (ck) as

‘/ck = Uck * k%tep (512)
For a SPST with K subconverters, (supplied by K secondary windings of

the E.T. whose voltages are in ratios of 1:3:9 . . . 3X~1) we can have a total
of M steps for each polarity (positive and negative) where M is given by

M=)>Y"3 (5.13)
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Thus, with K = 4, we get 40 steps which are quite adequate. For example, if
we want to inject a quadrature voltage of 0.25 pu, the voltage corresponding
to a single step is Viiep = % = 0.00625 which is small enough. Thus, even
though the control is discrete, it is reasonably smooth due to the adequate

number of steps.

For K = 3, the values of the control variables for individual subcon-
verters for all possible values of the step (S = ¢, which ¢ ranges from 13 to
—13) are shown in Table 5.1. It is to be noted that the quadrature voltage
(Vg) injected by the SPST is given by

Vy = SVitep (5.14)
where S =0, 4i,i=1,2,...,13.

It should be noted that for a given value of (S = i) , the control

variables u.j, are related to the values corresponding to S = —i. Thus,
ul = 00 k=139 (5.15)

The switching of a subconverter from one state to another takes place
when the current passes through zero. The converter output voltage can be
adjusted within one half cycle of the system frequency.

When the variation of the quadrature voltage (V;) is required only
in one direction, (say from zero to a positive maximum) this can be achieved
with a simplified converter circuit: two of the four bi-directional switches
in each subconverter can be omitted. Also, a geometric progression with a
factor of 2 can be chosen. With 4 secondary windings in the ratio of 1:2:4:8,
16 steps are obtained while with 3 windings in the ratio 1:2:4, there are 8
steps.

SPST Based on Voltage Source Converter

The converter shown in Fig. 5.4 can be made up of two, three phase
Voltage Source Converters (VSC) connected to each other on the DC side
as shown in Fig. 5.7. The equivalent circuits of this type of SPST is shown
in Fig. 5.8. The injected series voltage (V) can be arranged to have the
relation with V7 as

Vy=We? ~ jVig (5.16)

Neglecting losses in the SPST (made up of the excitation and boost
transformers, VSC1 and VSC2 and the DC capacitor), the power balance in
the DC side requires

Re[Vi1;] = Re[Vy15] (5.17)
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Table 5.1: Control variables with 3 subconverters.

S Uc9 Uc3 Ucl
13 1 1 1
12 1 1 0
11 1 1 -1
10 1 0 1

9 1 0 0

8 1 0 -1

7 1 —1 1

6 1 -1 0

) 1 —1 -1

4 0 1 1

3 0 1 0

2 0 1 —1

1 0 0 1

0 0 0 0
-1 0 0 -1
-2 0 -1 1
-3 0 -1
—4 0 -1 -1
-5 -1 1 1
—6 -1 1 0
-7 -1 1 -1
—8 -1 0 1
-9 -1 0

—10 -1 0 -1
—11 -1 -1 1
—12 -1 -1

—13 -1 -1 -1

This is to be contrasted with Eq. (5.11) which indicates two real constraints.
Actually, the SPST configuration shown in Fig. 5.7 is a special case of the
Unified Power Flow Controller where the series voltage injected is controlled
according to Eq. (5.16) to provides variable phase shift within the limitations
of its rating.

If V1 is in phase with the line current I,V is the reactive voltage
in quadrature with the current. In this case, the shunt converter can be
dispensed with and only the series converter is retained. This is a Static
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Figure 5.7: A single line diagram of VSC based SPST
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Figure 5.8: Equivalent circuit of a VSC based SPST

Synchronous Series capacitor (SSSC) mentioned in chapter 1. It has no real
power exchange with the line in steady state except to meet the losses in the
converter.

As discussed in chapter 2, the power factor at the midpoint of a
symmetrical line is unity. Thus a SSSC connected at the midpoint can work
as a SPST with varying magnitude of V,. The negative value of V; implies
inductive operation with reduction in the power flow in the line (analogous
to the negative phase angle shift).

It is interesting to compare a SSSC with a series capacitor also con-
nected at the midpoint of the symmetric line. In this case also, the series
capacitor can be viewed as providing a phase shift, however the magnitude
of which is dependent on the line current. Also, while a fixed capacitor
can provide only capacitive reactive voltage (assumed to be positive), SSSC
has symmetric capability of positive and negative reactive voltage insertion.
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Although a TCSC can be operated in the inductive vernier mode, this is
normally not utilized. In any case, it has no symmetric capability in both
directions.

5.4 Improvement of Transient Stability
Using SPST

Although the general topic of improving transient stability with FACTS
controllers will be taken up separately in chapter 11, this section will describe
briefly the possibility of improving the transient stability by a simple control
algorithm. This will be illustrated using a Single Machine connected to an
Infinite Bus (SMIB) system and from equal area criterion.

Consider the SMIB system shown in Fig. 5.9. Here, the generator
transformer is configured to work also as a SPST. Assuming a 3 phase fault
occurs at the sending end of one of the transmission lines which is cleared by
tripping the faulted line section. The power angle curves for (i) prefault and
the (ii) postfault cases are shown in Fig. 5.10 for the case without SPST.
If the area Ao < Ajp, then the system will be unstable. Since, the electrical
power output (P.) changes to

E,E
P. = P’Tb sin(6 + ¢) (5.18)

in the presence of the SPST; the power angle curves for this case are shown
in Fig. 5.11. Here, it is assumed that,

(a) The SPST is activated when (i) the electrical power output is maximum

and df;‘f changes from positive to negative

(b) The control algorithm is given by

dp do

— = — 5.19

e dt (5.19)
The decelerating area (Ag) available now is (shown in Fig. 5.11) much larger
than Ay shown in Fig. 5.10.

Fig. 5.11 shows only the condition for the first (forward swing). The
control algorithm of Eq. (5.19) can also be applied during the back swing
to improve system stability.

Of course, this simple explanation indicates the capability of the fast
control of the phase angle shift of the SPST in improving the first swing
stability of a power system. In practice, different control algorithms can
be used to realize the benefits while taking into account the various control
constraints.
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5.5 Damping of Low Frequency Power
Oscillations

Although the various issues involving the design of the Power Oscillation
Damping (POD) will be taken up separately in chapter 10, a brief discussion
of stabilizing the low frequency oscillations using a SPST is taken up here.

The problem of low frequency oscillations involving rotor swings is
an old one, observed for the first time in the 1960s after the introduction
of the fast acting exciters and electronic AVRs (Automatic Voltage Regula-
tor). The development of Power System Stabilizer (PSS) which modulates
the terminal voltage of the generator in response to the rotor swings, was
a major milestone in the solution of the problem of small signal instability.
With the advent of the power electronic controllers such as HVDC convert-
ers and SVC, an auxiliary damping controller could be easily implemented
as a Supplementary Modulation Controller (SMC) to the power or voltage
scheduling controller. A major feature of such SMC is that they utilize sig-
nals obtained from local measurements to synthesize the control signal to
damp critical interarea modes which have the lowest frequencies and have
the participation from many generators that are geographically separated.
The outputs of such SMCs are generally limited to lie in narrow band such
that they dont interfere with the basic control objectives.

There are several issues that are important in the application of
SMCs. The location of the SMC, control signals used and the control algo-
rithms are the basic issues while the concerns about adverse interaction with
other controllers and their effect on subsynchronous torsional oscillations are
other factors that need to be considered. Generally, damping controllers for
low frequency (0.2 to 2.0 Hz) oscillations can destabilize subsynchronous
frequency (10-50 Hz) oscillations due to the torsional modes.

Coming to the problem of design of SMC for SPST in a SMIB system,
consider the system shown in Fig. 5.9. The small signal model for the
system is obtained by linearizing the system equations at an operating point
(equilibrium). Neglecting damper windings for simplicity, the block diagram
representing the small signal stability model is shown in Fig. 5.12. The
transfer functions use Heftron-Phillips constants evaluated at the operating
point. The diagram of Fig. 5.12 can be simplified as shown in Fig. 5.13
where the transfer function Ki.(s) is defined as

- 358

The damping torque (Tp) and synchronizing torque (Ts) coefficients are
defined as

(5.20)

T5(w) = Re[K1e(jw)], Tp(w) = =2 Im([Ky.(jw) (5.21)
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Figure 5.13: Block diagram with SMC of SPST

Generally, an AVR enhances synchronizing torque, but can reduce damping
torque in stressed conditions (involving maximum power transfer and weak
transmission network). By designing a SMC for the SPST based on the rotor
speed signal, it is possible to enhance the damping torque and stabilize the
swing mode. Fig. 5.13 also shows the SMC acting through the plant transfer
function (Gp(s)) defined by

(5.22)
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It can be shown that

Gp(s) = Kie(s) (5.23)
The transfer function for SMC is chosen as
sTy (1+ sTl)}n
M =  Kg|——= .24
SMC(s) 1+sTy 2 {(1 + sT3) (5.24)

where T, T5 and n are chosen to provide the required phase compensation to
give the necessary damping without affecting the synchronizing torque. If no
phase compensation is required, then 77 = T5 (the value of n is immaterial).
The gain (Kg) of the SMC is selected from root loci to provide adequate
damping for the critical modes. T, is the washout circuit time constant.
The typical value for T, varies from 10 to 20 s for damping interarea modes.
The objective of the washout circuit is to remove any dc offsets in the output
of SMC in steady state. The SMC is expected to act only during dynamic
conditions involving oscillations.

5.6 Applications of SPST

Although work on static phase shift transformers is reported since more than
25 years, it is yet to be applied for transmission line applications. The intro-
duction of any technology depends essentially on the cost-benefit analysis.
A major drawback of SPST is the cost of the two transformers (Excitation
and Boost) in addition to the power semiconductor switches. In contrast,
a TCSC has no such limitations and has found wide acceptance commer-
cially (depending on the control requirements). Although some applications
of SPST were considered for enhancing the transfer capability of AC ties
(interconnecting two systems) they have not been implemented.

An interesting new technology introduced recently is the Variable
Frequency Transformer (VFT) developed by General Electric (U.S.A) to
transfer power between two asynchronous networks [17]. The first installa-
tion of this new technology is located at Langlois substation, interconnecting
the New York (USA) and the Hydro-Quebec (Canada) system. The technol-
ogy is based on a rotary transformer (continuously variable phase-shifting
transformer) with three phase windings on both rotor and stator. A drive
system adjusts the VF'T rotor in order to control the phase shift between the
networks through the action of a fast power controller. The first installation
at Langlois controls power transfer up to 100 MW in both directions. The
development of VF'T shows that a 360° PST is feasible with a rotary device
which is essentially based on old technology. However, the control and drive
system for VFT are based on modern technology. It is to be noted that
by regulating torque applied to the rotor, through a motor drive system,
the power transfer through the VFT is controlled. The rotor will rotate
continuously if the two grids operate at different frequencies.
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Incidentally, the principle of phase shifting transformer can also be

applied to in-phase regulators for controlling the voltage magnitude. For
example, the boost transformer is used to inject a voltage in phase with the
line voltage (which can be in positive or negative direction). Alternately,
thyristor switched tap changers are used to vary the turns ratio and control
the magnitude of the secondary voltage. These devices are not covered in
this book as alternate means of regulating the bus voltage by shunt reactive
power controllers are used extensively.
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Chapter 6

Static Synchronous Compensator

(STATCOM)

6.1 Introduction

This shunt connected static compensator was developed as an advanced
static VAR compensator where a voltage source convertor (VSC) is used in-
stead of the controllable reactors and switched capacitors. Although VSCs
require self-commutated power semiconductor devices such as GTO, IGBT,
IGCT, MCT, etc (with higher costs and losses) unlike in the case of variable
impedance type SVC which use thyristor devices, there are many technical
advantages of a STATCOM over a SVC. These are primarily:

(a) Faster response

(b) Requires less space as bulky passive components (such as reactors) are
eliminated

(c¢) Inherently modular and relocatable

(d) It can be interfaced with real power sources such as battery, fuel cell
or SMES (superconducting magnetic energy storage)

(e) A STATCOM has superior performance during low voltage condition
as the reactive current can be maintained constant (In a SVC, the
capacitive reactive current drops linearly with the voltage at the limit
(of capacitive susceptance). It is even possible to increase the reactive
current in a STATCOM under transient conditions if the devices are
rated for the transient overload. In a SVC, the maximum reactive
current is determined by the rating of the passive components - reactors
and capacitors.

A + 80 MVA STATCOM using 4.5 kV, 3000 A GTO devices was
developed in Japan in 1991. A £100 MVA STATCOM, also based on GTOs
(4.5 kV and 4000 A (peak turn off)) was commissioned in late 1995 at Sul-
livan substation of Tennessee Valley Authority (TVA) in U.S.A. The major
objective of the prototype installation is to regulate the 161 kV bus voltage
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during daily load variations so that the duty on the tap changers on the
transformer banks is minimized. (The failure of tap changers is a common
problem when they are forced to act continuously).

The STATCOM was originally called as advanced SVC and then
labelled as STATCON (STATic CONdenser).

6.2 Principle of Operation of STATCOM

A STATCOM is comparable to a Synchronous Condenser (or Compensator)
which can supply variable reactive power and regulate the voltage of the bus
where it is connected. The equivalent circuit of a Synchronous Condenser
(SC) is shown in Fig.6.1, which shows a variable AC voltage source (E)
whose magnitude is controlled by adjusting the field current. Neglecting
losses, the phase angle (0) difference between the generated voltage (F) and
the bus voltage (V) can be assumed to be zero. By varying the magnitude
of E, the reactive current supplied by SC can be varied. When £ =V, the
reactive current output is zero. When E > V, the SC acts as a capacitor
whereas when E < V, the SC acts as an inductor. When ¢ = 0, the reactive
current drawn (I,) is given by

I = (6.1)

Figure 6.1: A synchronous condenser

A STATCOM (previously called as static condenser (STATCON))
has a similar equivalent circuit as that of a SC. The AC voltage is directly
proportional to the DC voltage (V) across the capacitor (see Fig. 6.2 which
shows the circuit for a single phase STATCOM)

If an energy source (a battery or a rectifier) is present on the DC
side, the voltage V. can be held constant. The self-commutated switches
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Ty and Ty (based on say GTOs) are switched on and off once in a cycle.
The conduction period of each switch is 180° and care has to be taken to
see that 717 is off when T5 is on and vice versa. The diodes D and Do
enable the conduction of the current in the reverse direction. The charge
on the capacitors ensure that the diodes are reverse biased. The voltage
waveform across PN is shown in Fig. 6.3. The voltage Vpy = Vgc when T3

is conducting (7% is off) and Vpy = —Vgc when Tj is conducting (and T} is
off).

The switches are synchronized with the supply voltage (V') which is
assumed to be sinusoidal of frequency w. The fundamental component, rms
value (F1) is obtained as

5 5
= V2 / Vie 0a0 — Y2y, (6.2)
T Jo 2 T

When E; >V, the STATCOM draws a capacitive reactive current, whereas
it is inductive if E; < V. Note that, to be compatible with the convention
used for SVC, the inductive current drawn is assumed to be positive.
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At the instant when T} is switched on and I, is inductive, the current
(1) flowing through the circuit is negative (as it is a lagging current) and
flows through T (as i is negative of I,.). After 90°, the current through T}
becomes zero and as I, rises above zero and becomes positive, the diode D1
takes over conduction. Similar events occur when 75 turns on and off. Thus,
both 77 and 75 cease conduction before they are turned off. On the other
hand, when I, is capacitive, the current I, is positive at the instant of turning
on 77 and flows through the diode D;. After 90°, the current reverses its sign
and flows through T;. At the time of switching off T}, the current through it
is at its peak value. Thus, we need self commutated devices such as GTOs
when the STATCOM draws capacitive reactive current. In contrast, 77 and
Ty carry peak current at turn on when I, is inductive.

Note that diode D or D5 turns off automatically when the parallel
device (T} or Tj) turns off. Also, the capacitors can be charged from the
source through the diodes.

In comparing SC and STATCOM, we note that while rotation of the
DC field winding on the rotor results in the generation of AC voltages in
the stator windings through magnetic induction, the synchronous operation
of the switches in a STATCOM results in the AC voltage at the output.
Unlike in a SC, this output voltage also contains many harmonics and some
solution has to be found to eliminate them. These will be discussed later.

Unlike in the case of a SC, the capacitors can be charged from the AC
side and there is no need of an energy source on the DC side if only reactive
current is to be provided in steady state. The losses in the STATCOM can
be met from the AC source. The advantages of a STATCOM over a SC are:

a) The response is much faster to changing system conditions.

(
(b

)

) It does not contribute to short circuit current.
(c) It has a symmetric lead-lag capability.
)

)

(d) It has no moving parts and hence the maintenance is easier.

(e) It has no problems of loss of synchronism under a major disturbance.

The steady state control characteristics of a STATCOM are shown
in Fig. 6.4. The losses in the STATCOM are neglected and Israrcons is
assumed to be purely reactive. As in the case of a SVC, the negative current
indicates capacitive operation while positive current indicates inductive op-
eration. The limits on the capacitive and inductive currents are symmetric
(£ Imaz). The positive slope BC is provided for the V-I characteristic to
(i) prevent the STATCOM hitting the limits often and (ii) to allow parallel
operation of two or more units. The reference voltage (V,..s) corresponds to
zero current output and generally, the STATCOM is operated close to zero
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Figure 6.4: Control characteristics of a STATCOM

output during normal operating conditions, such that full dynamic range is
available during contingencies. This is arranged by controlling the mechani-
cally switched capacitors/reactors connected in parallel with a STATCOM.

6.3 A Simplified Analysis of a Three
Phase Six Pulse STATCOM

The basic building block of a high power GTO based STATCOM is a six
pulse circuit shown in Fig. 6.5. The circuit consists of six switches, made

&, Z# 53

+1
u ib Vi /I\ €1

e e -
sl ITEE,

>
/|
®

Figure 6.5: A six pulse VSC circuit

up of six GTO thyristors with antiparallel diodes connected as a six pulse
Graetz bridge. The analysis of the circuit assumes that each switch is turned
on only once in a cycle of supply voltage and conducts for 180° each. The
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switches (or valves) are numbered in the sequence in which they are turned
on (fired). Also, the two switches connected in series in each leg operate
in a complementary fashion. Only one of the switches is conducting at any
given time to prevent short circuit of the capacitor. Thus, before switch 4 is
turned on, the switch 1 must be turned off and vice versa.

To simplify the analysis, to derive the equations describing the steady-
state performance, we assume (initially) that

(i) the capacitor size is infinite (very large) and therefore the DC side
voltage is constant

(ii) the losses in the circuit are neglected.

The waveform of the voltage (E,n) is as shown in Fig.6.3. The
waveforms of Epy and E.n are also similar except that they are displaced
from one another by 120°. (Eyn lags E,n by 120° and E.y lags Epn by
120°).

The voltages Eqp, Ep, and E., (measured with respect to the source
neutral) can be obtained from the following equations

Eun = Eun + VNn (63)

Ey, = Epn+ Vin (6.4)

E., = Een+ Vg (65)
From the symmetry of the circuit, it can be shown that

Substituting Eq. (6.6) in (6.3) to (6.5), we get
Ean + Ebn + Ecn

Vi = — 3 (6.7)
and
B, = 2E:;aN _ E;’N B E;’N (6.8)
B, = 22{;1\{ _ E;N _ E;N (6.9)
By = Q%N ~ EgN - EgN (6.10)

The waveform of E,, is shown in Fig. 6.6 (which also shows the supply
voltage v,). The fundamental frequency component (rms value) of Ey, is
obtained as

4 /2 )
E, = 71'7\/5 /0 FEn sin 0d6 (6.11)
= ‘/ivdc = 0.45V, (6.12)

™
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The harmonic component (FE,p) is obtained as

E, 045V
Ea pr— pr— 5
h h h
h = 6k+1, k=123 (6.13)

The rms value of the fundamental component of (reactive) current, I, is
calculated from

V —0.45Vg,
I, = ——— 6.14
T wlL ( )
The harmonic current (rms) is obtained as
0.45Vy4,
I, = 1
" TRl (6.15)
AC Current Waveform
The instantaneous current in phase a (i,) is obtained from
di,
L— =wvp(t) = va(t) — Ean(t) (6.16)

dt
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since F,,(t) varies depending on the interval in which wt lies, we get different
expressions for i,(t) depending on the interval. However, in all intervals,
v, (t) = V2V sinwt.

Interval 1, 0 < wt < 60°,

. VI Ve (27 wit\]

o) = — | =V coswi 4 e (20 _ 1 1

iq(t) oL | cosw+V<9 3> (6.17)
Interval 2, 60° < wt < 120°

. VT Viae (T 2wt \]

) = — =2 Yde (T 290 1

iq(t) oL | cos wt + v <3 3 > (6.18)

Interval 3, 120° < wt < 180°

iq(t) = % {—\/icoswt + % (g — ?)] (6.19)

The current in the interval, 180° < wt < 360° is given by

s

o) = —i (t _ —) (6.20)

w

Fig. 6.7 shows the AC current waveforms (as calculated from Eqs
(6.17) to (6.20) for V = 1.0, wL = 0.2, I, = £1.0). Both leading and lagging
current waveforms are shown. As discussed earlier, the lagging current flows
through the GTO thyristor switch 1 till wt = 90° and the reverse current
flows through the anti-parallel diode. Thus, the current flowing through the
switch 1 is zero when it is turned off. On the other hand, switch 1 current
starts from zero at wt = 90° when it is leading and is at a peak value when
it is turned off. The peak GTO thyristor turn-off current (in the capacitive
mode) is obtained from Eq. (6.17) (substituting wt = 0) as,

1 [27Vy,
Irpeak = —7 { 9d - \/iv] (6.21)

DC Capacitor Current and Voltage

The current flowing through the DC capacitor (i4.) is dependent on the
switch currents. If we consider the interval, 0 < wt < 60°, the switches 5,
6 and 1 are conducting. In general, for any combination of switches, the
following equation applies (neglecting losses in the switches).

Vdcidc = Eania + Ebnib + Ecnic (6.22)

The above is applicable at all times. Since F.,, Fy, and E., are linearly
dependent on V. (see Fig. 6.6), we can express them as

Ean(t) = Sa(t)vdc + Sb(t)vdc + Sc(t)vdc (6'23)
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AC current waveforms
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Figure 6.7: AC current waveforms

where S, (t), Sp(t) and S.(t) are termed as switching functions with constant
values dependent on the interval considered. The switching functions are
shown in Fig. 6.8. For the interval, 0 < wt < 60°, the values of the switching
functions are

1 2 1

== =—= == .24
Sa 3’ Sb 3’ SC 3 (6 )

If we substitute Eq. (6.23) in (6.22), we get
7;clc(t) = Sa(t)ia(t) + Sb(t)ib(t) + Sc(t)ic(t) (6'25)

For the interval, 0 < wt < 60°, we get

1 2 1 1

idc(t) = —lg — = + =l = *(Z'a + i + ic) —1p (626)

3 3 3 3
As the sum of phase currents, i4, iy and i. is zero by Kirchchoff’s Current
Law (KCL), we can simplify Eq. (6.26) as

ige(t) = —iy(t), 0 < wt < 60° (6.27)
It can be shown that (from symmetry)
—ip(wt) = iga(wt+ 60°)

V . o Vie (T 2wt
— E \/58111(@075 —30 ) + 7 <9 - 3)] (628)
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Figure 6.8: Switching functions for six pulse STATCOM

where i42(wt) is the expression for i,(wt) in the interval 2, 60° < wt < 120°,
given in Eq. (6.18).

The capacitor current waveform in a cycle is obtained as the repe-
tition of the waveform (from 0 < wt < 60°) over the remaining 5 intervals.
It can be shown that the average value of the capacitor current is zero in
steady state. (Otherwise the capacitor voltage cannot remain a constant).

The fundamental component of this periodic waveform has the frequency of
6w.

The capacitor voltage (v.) was assumed as constant in the above
analysis (due to infinite capacitance). However, with finite capacitance, the
capacitor voltage will have ripples. Assuming that the capacitor current (i)
is not affected by the voltage ripple, v, can be obtained from

1
volt) = Vo + / i)t (6.29)
where Vj is the value of V. (t) at t = 0.
Substituting Eq. (6.28) in (6.29), we get (for 0 < wt < 60°)

V2V cos(wt — 30° Vyert
Uc(t) — Vb - 2( ) d
w?LC dwLC
B 2Vit? V6V
6LC 20w2LC

(6.30)
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The average value of v.(t) is V.. This enables the calculation of V} as,

Vie  0.126V
— V. — 0.061 31
Vo = Vae = 0.061 2= + 2 (6.31)

The waveform of v.(t) for the interval, 0 < wt < 60° is obtained after
substituting Eq. (6.31) in (6.30). The waveform of v, () over the entire cycle
is a repetition of the waveform for the interval 0 < wt < 60°. The waveforms
of i4.(t) and v.(t) over a complete cycle are shown in Fig. 6.9 for V' = 1.0
pu, I, = —=1.0, wL = 0.2, wC = 0.6.

15

50 100 150 200 250 300 350 400 450
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Figure 6.9: Waveforms of i4. and vo

The peak value of the capacitor voltage (V) is obtained by substi-
tuting wt = 30° in the expression given by Eq. (6.30). We get,

0.03V4.  0.063V

Vor = Vae + W2LC  W2LC

(6.32)

The value of V,; determines the voltage ratings of the GTO thyristors and
diodes.
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Remarks

1. The presence of the capacitor voltage ripple also alters the AC current
waveform. However, the errors in the expressions (6.17) to (6.19) can
be assumed to be not very significant. The objective in deriving these
analytical expressions is to gain insight. Such approximate analysis is
quite common in power electronics as the first step towards a detailed
analysis based on more exact models.

2. The constraint expressed by Eq. (6.6) is valid if (a) the source voltages
have no zero sequence components and (b) the impedances in all the
three phases are identical. In the simplified analysis we have assumed
that the source voltages contain only positive sequence, fundamental
frequency (sinusoidal) voltages. We have also assumed that R = 0.

The impedances could be either due to series reactor inserted between
the source and VSC or the leakage impedances of the connecting transformer.

A detailed analysis of the VSC based on switching functions and
relaxing the assumptions made earlier is taken up in the next section. This
is valid both during steady state and transient conditions.

6.4 Analysis of a Six Pulse VSC Using
Switching Functions

Here, the assumptions made in the previous section are relaxed. The capac-
itor is considered to be finite and the losses in the reactor and the capacitor
are considered. Only the losses in the switches are ignored and the switches
are assumed to be ideal. The source voltages are assumed to be balanced and
sinusoidal (We will consider the effects of harmonics in a separate section).
A six pulse VSC shown in Fig. 6.5 is described by the differential equations:

dig
Lé + Rig = U4 —e€q (6.33)
o
L% +Riy = w—ep (6.34)
L% +Ri. = v.— e (6.35)
dvge .
C I + Guge = i4c (636)

Note that we are using lower case letters for instantaneous quantities. All
the voltages are with reference to the source neutral ‘n’. As described in the
previous section, we can express the voltages injected by the six pulse VSC
as

ea(t) = g (t)vac(t), en(t) = Sy (t)vac(t), ec(t) = S2(t)vac(t) (6.37)
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where the switching functions in steady state are periodic and are shown in
Fig. 6.8. From the principle of energy conservation, we get

Vae(t)ide(t) = ea(t)ia(t) + en(t)in(t) + ec(t)ic(t) (6.38)
From Eqgs (6.37) and (6.38), we can derive
iae(t) = SS(8)ia(t) + SE(in(t) + SE(Dic() (6.39)
The switching functions in steady state are related by
S8 (wt) = SP(wt +120°) = S8 (wt + 240°) (6.40)

Substituting Eqgs (6.37) and (6.39) in (6.33) to (6.36) makes the system time-
varying. If the switching functions are approximated by their fundamental
frequency components only we obtain

2

€a =~ vg.—sin(wot + 0 + ) (6.41)
T
2 2

ep 2 Uge.— Sin (wot +04+a-— %) (6.42)
T
2 4

e 2 Uge.— Sin (wot +04+a— ?ﬂ) (6.43)
T

In deriving the above equations we have assumed that the injected voltages
lead the source voltages by an angle «, which can be controlled. 6 is the
angle of the source voltage whose line to line magnitude is V;. We can
express vy (t) as

va(t) = \/?VS sin(wot + 6) (6.44)

The expressions for vy(t) and v.(t) are obtained from the fact that the source
voltages are balanced and contain only positive sequence components. The
system frequency is assumed to be wgy and a constant (or varies very slowly).

Equations in D-Q Reference Frame

The voltages and current is the AC circuit can be transformed to a syn-
chronously rotating reference frame by Kron’s transformation defined by

fave = Cr fDQO (6.45)
where fup. can be voltage or current vector defined by

fabc = [fa fb fc]t

similarly,

fogo = [fp fo fol
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and Ck is the transformation matrix defined by

coswgt sin wot %
Ck = \/g cos (wot — 27” sin (wot — %” % (6.46)
cos (wot + 2{ sin (wot + 2% %

The subscript ‘O’ indicates zero sequence variable. Ci is an orthogonal
matrix with the property,

[Ck]™! = [Ck]' (6.47)

The advantage of the above is that the transformation is power invariant.
We can derive

Valia + Vpip + Vele = Upip + vQiQ + voio (6.48)

By applying Kron’s transformation, we can derive the circuit equations in
D-Q variables. These are given below

di

L% + Rip + woLig = vp — ksin(a + 0)vge (6.49)
diq . .

Lﬁ + Rig — woLip = vg — k cos(av + 0)vge. (6.50)
dvge . .

C ;);l + Guge = k[sin(a+ 0)ip + cos(a + 0)ig] (6.51)

where k = @ for a square wave converter with no control over the magnitude
of the injected voltage. The only control is assumed to be through the change
of a. The converters where both k and « are controlled are termed as type
1 converters while they are termed as type 2 if only a can be controlled.

Remarks

1. In a high power VSC with GTO thyristor switches, the switch is turned
on and off only once in a cycle to minimize switching losses. Here, k
is a constant.

The magnitude of the injected voltage can be controlled by Pulse
Width Modulation (PWM). There are many variations in PWM. PWM

converters requires several switchings in a cycle.

2. In a STATCOM with an energy source on the DC side, it is advisable
to control both the magnitude and phase angle of the injected voltage
by the VSC in order to control the power and reactive power output.

3. It is possible to express Egs (6.49) and (6.50) in terms of current and
voltage phasors. By multiplying Eq. (6.49) by j on both sides and
adding to Eq. (6.50), we get,

dl .
Lo+ (R+ jwg L) =V — E (6.52)
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where R R
I=1I1g+jIp, V=Vo+iVp

and X
E=EkVy/(0+ «) (6.53)

Equation (6.52) represents the simple circuit shown in Fig.6.10. The
phasor diagram is also shown here. Note that, since vp and vg are the
components of the (dynamic) phasor, they become constants in steady
state (corresponding to an operating point). Generally, we use upper
case to denote phasors. On the other hand, the D-Q components are
also instantaneous values. Thus, to simplify the notation we will use
both lower and upper cases symbols interchangeably.

D-axis

(a) Equivalent circuit (b) Phasor diagram
Figure 6.10: Equivalent circuit and phasor diagram of a STATCOM

4. For type II converters (with control only over the phase angle of the
injected voltage), the elimination of voltage harmonics requires multi-
pulse configuration of the VSC. T'welve pulse operation can be arranged
with two six pulse converter bridges connected in series or parallel on
the AC side and in parallel on the DC side. The output voltages of
the two converters are summed up by a ‘summing transformer’ or an
‘interphase magnetics’. For connection to high voltage AC lines, it is
necessary to also use a coupling transformer (as in the case of a SVC).

For type I converters, one could consider multilevel converters or a
combination of multilevel and multi-pulse topologies. At the prototype in-
stallation at Sullivan substation of TVA, a 48 pulse operation is used with
8 three phase converters each with a nominal rating of 12.5 MVA. The con-
verter is coupled to the 161 kV transmission line by a single step down
transformer having a Y (primary) and a delta secondary. The nominal sec-
ondary voltage is 5.1 kV line to line. The nominal voltage across the DC
capacitor is 6.6 kV. The converter valves employ five GTO thyristor mod-
ules in series, one being redundant. The series connected devices share the
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applied voltage. The GTO thyristors are rated for 4500 V and 4000 A (peak
turn-off) and are water cooled. The total number of GTO thyristors is 240
(6 x5 x8).

The second installation of a £160 MVA STATCOM (as a part of
UPFC) at Inez substation of American Electric Power (AEP) in 1997 uses a
quasi 24 pulse, 3 level converters. The converter output is nearly sinusoidal
(48 pulse) quality that is coupled to the 138 kV transmission line by a
conventional (main) coupling transformer. The secondary windings are rated
at 37 kV (line to line). The nominal, maximum DC voltage is 24 kV. The
converter output voltages are fed to an intermediate transformer (magnetics)
to eliminate voltage harmonics. The rating of the intermediate transformer
is approximately 50% of the main transformer rating. Here also, 4.5 kV, 4000
A GTO devices are used. Each GTO module consists of a GTO thyristor,
its associated anti-parallel diode, snubber circuits and heat sinks. Snubber

circuits are required for both % and %¥ protection. Each 3 level converter

dt

pole has 4 valves and each valve has 8 or 9 GTO module connected in series.
Each valve contains a redundant GTO module so that the equipment can
continue to operate safely under all conditions with one failed module in

every valve.

It is to be noted that no harmonic filters are required with 48 pulse
converters.

6.5 Multi-pulse Converters

As mentioned earlier, a six pulse converter contains voltage harmonics of the
order given by
h=6k+1, k=1,273..

A 12 pulse converter circuit is shown in Fig. 6.11. This consists of
two 6 pulse bridges connected in series on the AC side with an intermediate
(summing) transformer. The two bridges are connected in parallel on the
DC side. The summing transformer adds the phase to neutral voltage of
bridge 1 to the phase to phase voltage of bridge 2. The transformer requires
a 1:1/3 turns ratio so that the magnitude of the current flowing into each
bridge is equal. The firing angles in bridge 2 are delayed by 30° with respect
to the firing angles in bridge 1. This is required as the phase to phase voltage
(vgp) for bridge 2 is leading the phase voltage (v,) for bridge 1 by 30°. To
ensure that the fundamental frequency components of the voltages of bridge
1 and bridge 2 are in phase, it is essential to provide for a phase shift of 30°
in the firing angles of the two bridges.

The output voltage waveforms (phase to neutral) for the two bridges
are shown in Fig. 6.12.
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Coupling transformer

Primary
1 ; |
! 6 pulse +
3 bridge 1 Vdc
6 pulse
bridge 2
Secondary

I3

Figure 6.11: A twelve pulse STATCOM

This also shows the sum of the two voltage waveforms (e, = eq1+€42).
It can be shown that the rms values of the phase to neutral voltage for the
12 pulse converters are given by
2v/2 E
B2 = ivdc, E? = 71 h=12k+1, k=1,23. (6.54)
T
where E7 is the magnitude of the fundamental component and Fj is the
(rms) value of the harmonic component. The lowest harmonic order is now
11 as 5th and 7th harmonics are eliminated.

The current and the voltage waveforms in a 12 pulse converter for
(i) capacitive and (ii) inductive operation are shown in Fig. 6.13. These
waveforms are obtained by simulation of equations (6.33) to (6.39). For a
12 pulse converter, the switching functions are defined by
1 o [¢]
S2(wot) = SS(wot) + —3[S§(wot —30°) — S8 (wot — 30°)]  (6.55)

1

S

S (wot) = SP(wot) + —=[SE(wot — 30°) — SS(wot — 30°)] (6.56)

S

3
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0.667 Vg
0.333Vge

L]

ot

1.244Vge
0.91Vyc
0.333V(c
e

Figure 6.12: Output voltage waveforms of a 12 pulse converter

15

conyerter voltage and current

_15 1 1 1 1 1 1 1
0.385 0.39 0.395 0.4 0.405 0.41 0.415

Time (sec)

Figure 6.13: Voltage and current waveforms in a 12 pulse converter

L 15(wot — 30°) — S8(wot — 309)] (6.57)

5812((4)025) = Scﬁ(th)+\/§
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A 24 pulse converter can be obtained by the series connection (on
the AC side) of four 6 pulse bridge converters and fed by four transformers
that can provide 15° phase shift between the voltages of two adjacent trans-
formers. However, such an arrangement of transformer windings is complex
and not practical. What is feasible is to connect two 12 pulse converters in
series on the AC side and in parallel on the DC side. The firing angles of the
two corresponding bridges (say connected to the star connected windings of
the intermediate (summing) transformer) are phase shifted by 15° (see Fig.
6.14).

75
: BRIDGE 1 L
— v LT
),
-225
BRIDGE 2 "
—t D 0 By

/ﬁ:
-75 \Q 24
L 1

PU— E12

BRIDGE 3

o I 1

—] Y

-37.5 (b) Phasor diagram

W

BRIDGE 4

— D

(a) Configuration

Figure 6.14: A (quasi) 24 pulse converter

The rms values of the fundamental and harmonic components for a
quasi 24 pulse converter are given by

h
B = 2E2cos ——, E¥ =2E2cos—, h=12k+1 (6.58)
24 24
It can be observed that the 11th and 13th harmonics are not zero for

the quasi 24 pulse converter. However, both these harmonics will be about
13% of their values of the 12-pulse converter.
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A quasi 48 pulse converter can be built by connecting two quasi 24
pulse converters in series with a phase displacement of 7.5°. It can be shown
that the fundamental component of the output voltage of a quasi 48 pulse
converter is given by

F48 _ 412 s ™ .
1 17 €08 o) COS g (6.59)
The harmonic component of order ‘h’ is given by
h h
E® — 4B cos i cos 4% h=12k+1, k=1,23.. (6.60)

6.6 Control of Type 2 Converters

As mentioned earlier, in a Type 2 converter we can control only the phase
angle of the injected voltage relative to the supply voltage. The reactive
current (I,) drawn by the STATCOM is controlled by adjusting the firing
angle . Before discussing the control aspects, we will first examine how the
active (I,) and reactive current (/) flowing into the STATCOM vary with
the control and other parameters in steady-state. The active current (I,)
is in phase with the source voltage (with magnitude Vg) and the positive
reactive current (I,) lags the source voltage by 90°. We can express the
relationship between D-Q and p-r variables by the following:

iq+ jip = (ip — jir)el® (6.61)
Substituting Eq. (6.61) in (6.52) we get,

A

!

ar .. . »
LS 4 JOLE + (R+ jwo )T = Vs +j0 — kVaee?™  (662)
where I’ = i), — jiy.

We can express the transformed equations as

L% + Rip + wli, = Vg — kvg. cos o (6.63)
diy . . .
L% + Ri, —wLip = kvgesina (6.64)
d
C Z:C + Guge = k(ipcosa — i, sin ) (6.65)

where w = wg + %.

In steady state, p, i, and v, are constants if Vg and o are constants.
From Egs. (6.63) to (6.65) we can derive,

Video = — (ipo €Os g — irg sin ayp) (6.66)

Ql =
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(R + % sin? a)

0= (wL + % sin 2a>

iro (6.67)

and finally,
Vso (wL + % sin 2a0>
R2 4+ k2 g S+ w22

iro = (6.68)

Note that g is negative for the capacitive mode of operation (as i,
is assumed to be negative). The slope of the line OA, (Xg7) in Fig. 6.4 is
given by

XST: I 12
wh =5

corresponding to ag = —45°. If G = 0, then
Xsr=—2R

From Eq. (6.68) it is obvious that i,¢ is positive for &« > 0 and can be
negative for a < 0. Vyg is given by

k (Rcos oy — wLsin ag)Vso
Vdc[) = k2R
G (R2 + Ll +w2L2)

(6.69)

For low values of «, both Vg and i,9 vary linearly with ag. The operating
values of Ve, 4,0 and iy as functions of a are shown in Fig. 6.15 for
Vso = 1.0, wL =0.2, R=0.01, G = 0.02, k = 1.56. It is to be noted for a
‘p’ pulse converter, the line to line voltage injected by the STATCOM can
be expressed as

_p V6

Es =kVi, k=
6
The per unit system for a STATCOM is discussed in Appendix C.

The Egs. (6.63) to (6.65) can be linearized about the operating point

to derive the transfer functions. For reactive current control, the (plant)

transfer function of interest is ig((j)). It can be shown that this transfer

function can be obtained as (for typical values of parameters)

AL(s)  K[(s+0.)%+w2.]
Bo(s) = F ol oy £ 2 o7

where p1, 0., 0, and K are positive values. There is a real and a complex
pair of poles, all in the left half plane. It can also be shown that the poles are
independent of the operating point. However, the complex pair of zeros are
function of the operating point. It will be shown that a P-I controller with
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Figure 6.15: Variation of Vg, ir0, ipo

feedback (from the reactive current) can destabilize the system depending
on the relative location of the poles and zeros of the transfer function.

To simplify the analysis, let us assume that R = 0 and G = 0 (there
are no losses in converter circuit). In this case, the transfer function reduces
to )

2 k k.
AIT‘(S) o kEVico [S + IC + Cb‘jdco ZTO}
Aa(s) Ls s2 + % + w?

(6.71)

There are 3 poles all on the imaginary axis. There are also two
zeros on the imaginary axis. From root locus analysis, it can be shown (see
Fig. 6.16) that if the magnitude of the zeros is less than the magnitude of
the (imaginary) poles, the angle of departure at the pole will be such as to
stabilize the system. On the other hand, the closed loop poles will move to
the R.H.P. if the imaginary zero is above the pole.

The condition for stability can be expressed as

iro < %Vdco (6.72)
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Im. axis Im. axis
<X pole zero
Zero pole x—
Real axis Resal axis
(3| pole| > | zero| (b) | zero| > | pole|

Figure 6.16: Root locus based on pole zero location

Note that the above condition is always satisfied when 4,9 < 0 (when the con-
verter is operating in the capacitive mode). Thus, the problem of instability
can arise only while operating in the inductive mode.

Schauder and Mehta [4] propose a nonlinear feedback controller to
overcome the problem of instability in the inductive mode of operation. The
block diagram of the controller is shown in Fig. 6.17. It is to be noted
that the nonlinear controller is active only when i,q > %Vdc and also only
during a transient. In steady state, (when Vj, is a constant), the output of
the multiplier, (A«) is zero.

STy
(1+sTyy, )
Ve
oc| (¢ J/

¥ 0 Aa
VA i T !
i
S ro K + @
+ * p J
ir ;

AC
Y Voltage -
Controller ~ F
)

)

G

Figure 6.17: Block diagram of the reactive current controller

In reference [3], a fuzzy logic controller has been applied which is
more robust than the controller shown in Fig. 6.17. In the presence of the
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external network (the modelling of which has not been considered in [4]),
the fuzzy logic controller performed better than the nonlinear controller.

The firing pulses for the GTO thyristor switches have to be syn-
chronized to the bus voltage such that, in steady state, the fundamental
component of the voltage injected by the converter leads the supply (sinu-
soidal) voltage by the control angle (a)). This synchronization is achieved
by a Phase Locked Loop (PLL) which produces the phase angle of the bus
voltage as an output. Actually, the output is (6;) which is defined as

0y = wot + 6 (6.73)
where wy is the operating frequency (in radians/sec) and 6 is relative phase
of the bus voltage with respect to a synchronously rotating reference. The

block diagram of the PLL is shown in Fig. 6.18. The PLL consists of a P-I

A®

Ks 27

P-I controller 0
+

Vi o+ 5 Kc (1+sTc + E\ 1 o
sTc s t

sin Ot

P-R
Transf.

OSC |-~

Cos B¢

Vo |V

2-Ph
3
Phas

||

VaWw Ve

Figure 6.18: Block diagram of the PLL

controller, a saw tooth generator (whose output is 6; which is restricted in
the range of 0 < #; < 27) and an oscillator that produces the output, sin 6,
and cos 0y, which are used to compute the quantities V,, and V. according to
the relationship given by,

Vo = Vasinﬁt—i—Vgc?sHt } (6.74)
V., = Vycost; — Vgsinb;
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where

_ 2 _ _
V, = \{g[va 0.5v, — 0.5v,] (6.75)
Vg = 2 [Ve — vy

In steady state,
Vo = Vgsin, Vg = Vscosb, (6.76)

which will result in
V;‘ =Vs,V:=0 (6.77)

where Vg is the line to line voltage at the converter bus. Thus, PLL tracks
the phase of the voltage by feedback control of V,. and driving it to zero (the
reference quantity).

The PLL should operate satisfactorily under distorted utility condi-
tions such as voltage unbalance, dips, harmonics and frequency variations.
The speed of response is also an important factor. The controller parame-
ters, K. and T, are selected to satisfy both requirements. The feedforward
of frequency variation (Aw) compensates for the change in frequency. If the
change in frequency is not predictable, an additional integral term may be
used in the controller to achieve the same result.

6.7 Control of Type 1 Converter

If an energy source (say a battery) is connected on the DC side, the capacitor
voltage (V) is held constant. The control of « in this case only regulates
the active power exchange with the system. In order to regulate the reactive
power, it is necessary to control the magnitude of the AC voltage injected
by the converter. This is achieved by varying k through modulation. There
are different ways in which the modulation can be achieved depending on
the converter topology and the system requirements. In general, it can be
stated that
kyar = k;fm: -m

where m is the modulation index (with 0 < m < 1) and ky;, is the highest
value of k that can be realized. For a twelve pulse converter,

2v/6
kfz'z =
T

It is possible to use two Type 1 converters in series, such that the total
voltage magnitude can varied by having different o for the two converters.
This is shown in Fig. 6.19. The control angles of VSC1 and VSC2 are
selected as

aop=a+p, a=a—-p0
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:
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A

VSC1

VsC2 Es

—

(b) Phasor diagram

Figure 6.19: Series connection of two VSC for voltage magnitude control

The resultant voltage outputs of the two converters is given by
Eg = kpiyVgccos 8
If each converter is a 12 pulse converter, then
46
Bia = ——
T

Hence, the modulation index is cos § which is determined by the controller.
By defining the components of the voltage injected by the converter as

ep = kVjccosa, e, =—kVisina (6.78)
we can express Egs. (6.63) and (6.64) as
d i, | | e o0 ip u
dt [ iy ] o [ 0 _TRwB iy + i (6.79)

where X = wpL and wp is the rated (nominal) frequency. wu, and wu, are
control inputs obtained as outputs from the P-I controller, as given below.

up = Gei(s) (i, — ip) (6.80)
ur = Gei(s)(ir —iy) (6.81)

where G,;(s) is defined by

GCZ‘(S) = (6.82)
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Comparing Eq. (6.79) with Egs. (6.63) and (6.64), we get

X
ep = —win'r + Vs — -, (6.83)
B B
wX | X
€r = Elp - @UT (684)

/2 1 e2
epter

From e, and e,., one can calculate for k and v as k = v = —tan
C

iy 4 u i
L G () - 1 P
cl Ls+R
(a) Active current controller

1 + u i
r G | ol 1 f
cl Ls+R

(b) Reactive current controller

Figure 6.20: Block diagram of current controller

Fig. (6.20) shows the Type 1 controller for Type 1 VSC. The feedback
current controller is based on the decoupling strategy outlined above. The
two current controllers (for i, and i,) are decoupled with the introduction of
feedforward terms from iy, 4, and Vg as given in Eqgs. (6.83) and (6.84). The
P-I controller time constant T,; can be chosen to cancel the poles introduced
by the current flow in the inductive circuit. If

L
TC’Z — E
and the gain K,; is chosen as
L
lici = Tr

it can be shown that (see Fig. 6.20),
1 ) 1

Zp:l—ksTTZp’ or 1+ T,

i* (6.85)

The value of T, can be chosen to provide a specified response time for the
current controllers. In general, the response time is a fraction of a cycle
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(about 10 ms). It is to be noted that in Fig. 6.20, the time delays introduced
by the discrete control in a VSC are neglected.

The reference for the active current (iy) is obtained as the output

of a DC voltage regulator (or a power controller in case the STATCOM
supplies active power). The reference for the reactive current (i) is either
held constant or obtained as the output of the AC voltage controller. The
AC voltage controller is designed in a similar fashion as the voltage controller

for a SVC. This is already discussed in chapter 3.

6.8 Multilevel Voltage Source Converters

The multi-pulse converters are generally of type II with no control over the
magnitude of the injected voltage by the converter. In other words, the value

of k = 5—5 is fixed. The multi-pulse converters also have the drawbacks of

1. Need for an intermediate transformer or harmonic neutralizing mag-
netics which is quite expensive and also occupies space. The rating of
this magnetics is about 50% of the rating of the main transformer and
also contributes to the total losses of the system.

2. The magnetics can cause difficulties in control due to DC magnetizing
and overvoltage problems resulting from saturation of the transformers
during a transient.

3. These transformers are prone to failure.

An alternative to multi-pulse converter is a multilevel converter. The
objective is to reduce the harmonics generated by the converter while not
increasing the switching losses in the power semiconductor devices. In gen-
eral, the switches employed in a multilevel converter turn on and off only
once in a cycle.

The general structure of the multilevel converter is designed to syn-
thesize a near sinusoidal voltage source from several (multi) levels of voltages
obtained from the DC capacitor voltages. The six pulse Graetz bridge dis-
cussed earlier is a two level converter where the phase voltage (Von, Vyn or
Ven) measured with respect to the midpoint (V) of the DC capacitor has
only two levels (i%). In a three level converter, there will be three levels.

In general, a M-level converter will have M levels of the phase voltage. There
are three types of multilevel converters.

1. Diode-clamped

2. Flying capacitors or capacitor clamped
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3. Cascaded or chain cell converters

These are described next.

6.8.1 Diode-clamped Multilevel Converter

A M level diode-clamped converter has (M-1) capacitors on the DC bus.
In each phase leg, there are 2(M-1) switches, with each switching device
required to block a voltage level of Vy./(M — 1). However, with the same
rating, there will be (M-1)(M-2) clamping diodes required for each phase.
Thus as M increases, there is a quadratic increase in number of clamping
diodes which puts a practical limit on the number of levels (not exceeding
9).

A special case is a three level converter which is also termed as Neu-
tral Point Clamped (NPC) converter. This is now used extensively for high
power applications.

Three Level (NPC) Converter

The circuit of a three level (NPC) converter is shown in Fig. 6.21. There
are 4 switches in each phase leg out of which only two are turned on at any
time. Each of the switches has to block only one-half of the DC link voltage
(as also the six clamping diodes). Thus, although the number of switches
is doubled, the voltage rating is also doubled. In contrast, in a two level
converter, the doubling of the rating involves doubling of the GTO devices
connected in series to form a switch. However, a special problem (that does
not arise with two level converter) is the need to ensure voltage balance
across the two series connected capacitors in the DC link. One method is
to connect the capacitors to its own isolated DC source. The other method
is to balance the two capacitor voltages by feedback control to regulate the
average current into the centre (mid) point to be zero.

The voltage of phase a with respect to the mid point (N), E,n can

have 3 levels. When switches 1 and 1A are turned on, F,n = “4¢. When 1A

2
and 4A are turned on, F,ny = 0, when 4A and 4 are turned on, E,ny = — Vgc.

In general, we can write,

E.n(t) = Pa(t)%
Eyn(t) = Pb@)%

E.n(t) = Pc(t)%

where P,(t), Py(t) and P.(t) are switching functions that are periodic in

steady state. The duration of the time when E,y is zero, is equal to %

in
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Figure 6.21: Three level NPC converter

a half cycle. (§ is termed as the ‘dead angle’ which can be controlled to vary
the magnitude of the injected voltage.

It can be shown that F,, (the voltage of phase a with reference to
the source neutral) can be expressed as,
E,m(t) = Sa(t)Vdc
where
Pa(t) Pa(t) +Pb(t)+Pc(t)
2 6

From Fourier analysis, the harmonic components of F,,(t) can be
obtained. It can be shown that the (rms) value of E,j, is given by

3
B = ;livdc cos(hf), h=6k=+1
vy

The fundamental component (for h = 1) is given by

2
E,= —\/_ Ve cos 3
T

The line to line voltage E,, and E,, are shown in Fig. 6.22, along
with E,n for comparison.

Remarks

1. When 8 = 15°, the 3 level converter, behaves like a quasi 12 pulse
converter with low values of 5th and 7th harmonic. The fundamental
component, for = 15° is

5
B= Y2 o (”) Ve = 0435V,
T 12

This is to be compared with the value of 0.45 for the two level converter.
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2. For the same voltage ratings of the switches used in a two level con-
verter, the capacitor voltage (Vj.) can be doubled in a three level con-
verter. Thus, the value of E rises to 0.870 Vo (for 8 = 15°) where
Viea = Vgc is the capacitor voltage in a two level converter.

3. The combination of a 12 pulse and three level converter is analogous
to a quasi 24 pulse converter when 3 = 7.50°. Here two three level
converters are connected in series on the AC side and in parallel on the
DC side. The current and voltage waveforms for a 12 pulse, three level
converter (3 = 7.5°) are shown in Fig. 6.23. These can be compared
with the waveforms in a 12 pulse converter (shown in Fig. 6.13).

4. Note that the series connection of two 2-level Type 2 converters with
control angles displaced by 203, also result in the modulation ratio of
m = cos 3, same as that obtained in a 3 level converter, where (3 is
termed as the dead angle.
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Figure 6.22: Waveforms of E,n, Eq and E,,

6.8.2 Capacitor Clamped Multilevel Converter

Here, the clamping diodes are replaced by the ‘flying capacitors’. For a
M-level converter, the number of capacitors (each with the voltage rating,
identical to that of the main switches) is equal to (M-1)(M-2)3 + (M-1).
In contrast, an M-level diode damped convertor requires (M-1) capacitors.
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Figure 6.23: Converter voltage and current waveforms in a 12-pulse 3-level
converter

The control gets complicated and a higher switching frequency is required
to balance each capacitor voltage.

A three level, capacitor clamped converter is shown in Fig. 6.24.
Only one leg (phase) is shown here.

6.8.3 Cascaded (Chain Cell) Multilevel Converter

This multilevel converter has the advantage of eliminating extra clamping
diodes or voltage balancing capacitors. In this configuration, each phase
comprises a chain of independent single phase, full bridge converters con-
nected in series as shown in Fig. 6.25. A M-level converter is made up of
(M-1)/2 SFB (Single phase, Full Bridge) converters. Fig. 6.25 shows a 3
link (cell) converter with 7 levels. The voltage waveforms (across each link
and the total are shown in Fig.6.26. The control (switching) angle a1, as
and ag of the three SFBS are chosen so that the summed voltage is a good
approximation to a sine wave.

The control of individual SFB (cell) can be explained with reference
to Fig. 6.27. Out of the 4 switches, only two switches are turned on at any
given time. Depending on the pair (of switches) that are on, there can be 4
states of the SFB or chain cell. The voltage across the cell can be +Vy., — V.
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Figure 6.24: A three level capacitor clamped converter
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Figure 6.25: Single phase chain cell converter

or 0. The two states (2 and 4) result in the same output (of zero voltage
across the cell). The voltage required is positive during the positive half
of the cycle (of fundamental component) and negative during the negative
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Figure 6.26: Voltage waveforms for a 7-level chain cell converter

half cycle. The duration of +V,. and —Vj. voltage states are identical for
a cell in steady state. However, the duration varies depending on the cell.
Thus, the step variation in the converter output voltage during the switch
commutation is limited to Vg, as there is only a single commutation taking
place in the converter at any instant.

A STATCOM with 8 SFBs per phase can eliminate harmonic voltages
up to the 25th for balanced operating condition. By providing an extra SFB
in each phase, redundancy can be built into the design. In the event of GTO
failures a SFB can operate continuously in the bypass mode (short circuit)
until the next planned maintenance outage. If all the SFBs are identical,
the control system can be programmed to change over to a new switching
pattern for the remaining SFBs to minimize the harmonic voltages.

The cascaded (chain cell converters) have several advantages in ad-
dition to what have been mentioned earlier. These are listed below [16]

1. Modular construction as SFBs are designed to have the same voltage
and current ratings
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Figure 6.27: Control of a cell (SFB) by switching

2. As the control of each phase is independent, there is scope for com-
pensating for the phase unbalance

3. As each SFB switch in a sequence, the maximum instantaneous volt-
age excursion (of the converter waveform) is limited (to about 2 kV).
Therefore, radio interference is minimized.

4. There is no need for harmonic filters. With a suitable choice of switch-
ing angles, the generation of low order (particularly triplen) harmonics
can be eliminated during unbalanced AC system conditions, which is
not feasible with circuits using 3 phase Graetz bridge.

5. The problems and limitations of direct series connection of GTO thyris-
tors are avoided.

6. The replacement of capacitors in SFBs by energy storage elements such
as batteries or fuel cells enable the exchange of real power with the AC
system.

A £75 MVA STATCOM based on cascaded (chain cell) converter
has been commissioned by National Grid Company, U.K. in 1999. This is a
part of a 225 MVA relocatable SVC.

Control of Cascaded Converter

Since, the currents in the three phases of a cascaded (chain cell) converter
can be controlled independently, there could be different approaches to the
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control of a cascaded converter. However, in transmission applications, it is
acceptable to neglect unbalanced operation. Thus, it is possible to apply the
Type 1 controller discussed in the previous section. The modulation index
(m) is calculated from

m— kvar
kfiz
where /G
E¥ 6
kvar = Vi‘fa kfzx = —TNc
dc 7T

where £ and Vj, are the line to line AC voltage (desired) and the (reference)
voltage across the individual capacitor (the voltage across all the capacitors
are assumed to be same in steady state). n. is the number of SFBs connected
in series in each phase.

The modulation index is used to determine the switching angle (cal-
culated off line to minimize harmonics for the particular value of the modu-
lation index). However, the control angle (§) that determines the phase shift
between the source voltage and the fundamental component of the injected
voltage (Fg) is not identical for individual SFB. To ensure, that the voltage
across each capacitor is same it is necessary to apply a correction, using
feedback control [13]. Here, V. is calculated as

 Vei
Vie = Zz
e

It is to be noted that the values of capacitances for individual SFBs
are not identical (although voltage ratings are identical). The value of the
capacitance (C;) is determined from considerations of voltage ripple [13]. An
improved voltage balancing control is suggested in [30]. In this approach,
the voltage pulses, Pj, P»...P,, produced by n. SFBs are rotated every
half cycle among the SFBs. This ensures that all DC capacitors are charged
equally and balanced over n. half cycles. Thus, to regulate all DC capacitor’s
average voltages, only one DC capacitor’s voltage needs to be monitored
and fed back for DC voltage control. The block diagram of the controller
is shown in Fig. 6.28. In the duty cycle lookup table, the switching angles,
Q1,00 ... 0, are stored. A duty cycle swapping circuit rotates pulses every
half cycle.

This approach also ensures that the size of all capacitors are equal.
This fact improves reliability as redundancy can be in-built easily.

If the SFBs are rated for different voltage ratings in the ratio of
1:2:4:...2"<~1 then it is possible to have (2"¢*! —1) levels in the phase voltage
[14]. For example with n. = 3, it is possible to have 15 levels. However, the
issues of redundancy and modularity can pose problems.
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Figure 6.28: Control of a cell considering correction for capacitor voltage

6.9 Harmonic Transfer and Resonance in
VSC

The DC capacitor and the series inductor can cause resonance at low order
harmonics that can be present in the system under contingency conditions or
due to any harmonic source in the vicinity (nonlinear loads). For example,
unbalance due to faults results in negative sequence voltage (of fundamental
frequency) which in turn results in second harmonic components on the DC
side. A second harmonic voltage on the DC capacitor results in both negative
sequence (fundamental) component and a positive sequence third harmonic
component. Depending on the value of the DC capacitor, it is possible that
the negative sequence (fundamental) current and positive sequence third
harmonic current in the AC are magnified.

Analysis

To simplify the analysis, we will neglect the losses in the converter. Also,
the switching functions are approximated by their fundamental frequency
components. This is a major assumption that enables the use of the converter
model in p — r variables, given in Eqs. (6.63) to (6.65). Since the losses are
neglected, R = G = 0 and « = 0 in steady state. The simplified equations
(with these approximations) for the converter are,

di

Ld—f + woLi, =V, — kVye (6.86)
di ,
L —wolip =V, (6.87)
dVge .
C o = kip (6.88)

There is no loss of generality in assuming 6 as a constant (say 6 = 90°). Let
us consider that the source voltages include a harmonic voltage of order (n)
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in addition to the fundamental. The phase voltages can be expressed as

cos wot cos nwot
Va (1)

2 27 27

u(t) | = \/g V, | cos(wot — 5 +V, | cos(nwot— 5

ve(t) cos |wot + %ﬂ cos | nwot + %ﬂ
(6.89)
The in-phase (V},) and quadrature phase (V) components are calculated as
Vp = Vs + V, cos(n — 1)wot (6.90)
V, =0 — Vysin(n — Lwot (6.91)

Note that a negative sequence component of harmonic order (n) can be
treated by taking n as negative.

Since Eqgs. (6.86) to (6.88) are linear, we can apply superposition
theorem and consider the response to the following inputs

Von(t) = Vi, cos(n — 1)wot
Vin(t) = =V, sin(n — 1wt

In the Laplace domain, Eqs (6.86) to (6.88) can be expressed as
k

Vae(s) = alpn(s) (6.92)
Ls + k—gs woL In(s) | | Vin(s)
—wog l?s 1 l In(s) 1 N [ Vin(s) 1 (6.93)

We can solve Eq. (6.93) to obtain
~ LsVpn(s)  woL

w n(s Ls+ k_zs Vin(s)
In(s) = OLA‘?;)( ) AC(S)) (6.95)
where
k.2
A(s) = L? lSQ 15T wi (6.96)

Since, the inputs V,,(t) and V,.,(t) are sinusoidal quantities of frequency
(n — 1)wy, the state variables are also sinusoidal in steady state and we can
solve for them using phasor notation and substituting s = j(n — 1)wg. From
the expressions for V,(t) and V;.,(t), we can write (taking V,,(jw) as the
reference phasor)

V;?n(jw) =Vn + 40, V;”n(]w) =JjVa (6~97)
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The solutions for I, (t) and I, (t) can be derived as

Ipn(t> =

where

A

D

Wr

VpAsin(n — Dwot, I, (t) = VB cos(n — 1)wot (6.98)
—(n—2) -1 w?
= B=— —9) —
D 7 (n=2) wi(n—1)
w2
= XL —g—n(n—2) ; XL:(,U()L
“o
ki2
e

From Eq. (6.98) we can derive i,(t) as

la(t) =

2
\/;[A sin(n — 1)wot coswot + B cos(n — 1)wot sin wot]V,

\/z {A _; B sin(nwot) + A ; B sin[(n — 2)wot]| V,  (6.99)

From the above equation, we note that a harmonic component (of order n)
in the source voltages result in two harmonic components of order n and
(n —2). If n = —1, then we get both a negative sequence fundamental
and third harmonic component. The capacitor voltage (V) also contains a
harmonic component of order (n — 1) given by

EVip(n —2)

Vie(t) = D(n — 1weC

cos[(n — 1)wot] (6.100)

From Eq. (6.99) we get

tan(t) = - sin nwot (6.101)
X [W—g —n(n— 2)}
2 w?
\/jV _r
. 3'M | 2w2(n—1
Ga(n—2)(t) = 5 [ o )} (6.102)

Xy, [z—g —n(n—Q)}

All the quantities shown above tend to infinity when

where

2

w’/‘

“r—n(n—2).

o = nn=2)
wy kK Xce 1 o C
WG LC T Xy T w0 T k2
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When the losses are considered, the magnitudes of the current and capaci-
tor voltage are limited at resonance, but will be magnified. The resonance
condition is given by

Xce =n(n—2)Xp, (6.103)

For n = —1, this corresponds to X¢ce. = 3Xp. It is interesting to observe
that when
Xce=2(n—1)(n—2)Xy, (6.104)

the harmonic current i,y () is zero. For n = —1, this corresponds to X¢, =
12X7. Actually for higher values of X¢ce, the harmonic current remains
small. However, there is an upper limit on X determined by the voltage
ripple on the capacitor that can be tolerated.

The value of (%) as a function of ())((—C:) is shown in Fig. 6.29 for

n=-—1and n=3.

e TR B
10 14
xCe/XL

Figure 6.29: Variation of (%) as a function of (%)

Remarks

1. Note that the analysis considers only the harmonic components (using
superposition theorem which applies for linear systems). The exact
analysis considering losses and controller modelling would be quite
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complex. However, the simplified analysis indicates the problem areas
and can act as a guide in the choice of the DC capacitor ratings.

2. It is interesting to observe that the harmonic component in the DC
voltage is zero for n = 2. This indicates that the second harmonic in-
stability problem that affects a SVC, would not be present in a STAT-
COM.

Note that the second harmonic instability problem arises due to the
presence of a positive sequence second harmonic component in the
source voltage which can be magnified also due to the presence of DC
components in the SVC currents.

3. If the capacitor voltage (Vg.) has a sinusoidal component of frequency,
wq, such that

Ve = Vigeo + Asinwgt

the AC voltages will contain 2 components, (i) of frequency (wg + wgq)
and (ii) of frequency (wg—wp). The former is always a positive sequence
component, while the latter is of negative sequence if wy > wy. On the
other hand, if wy < wp, the component of frequency (wg —wyp) is also a
positive sequence component.

Note that wg can have any value, not necessarily a multiple of wy.
For example, subsynchronous frequency currents flowing in the converter can
result in the presence of a subsynchronous frequency component in the DC
capacitor voltage.

6.10 Applications of STATCOM

Since a STATCOM is an advanced type of SVC (based on VSC), the motiva-
tions for the applications are similar to that of a SVC, discussed in chapter 3.
A STATCOM has several advantages over a SVC, namely (i) better perfor-
mance under low voltage conditions, (ii) faster response that is independent
of the system conditions and (iii) reduced space requirement (smaller foot-
print). Also, a STATCOM can be built up in a modular fashion which will
reduce the engineering costs.

The primary objective of applying a STATCOM in transmission net-
works is the fast regulation of voltage at a load or an intermediate bus. This
will also increase the power transfer capacity of the network and thus en-
hance ATC (Available Transfer Capacity). The design of a voltage regulator
is similar to that in a SVC which is discussed in chapter 3. The problems
caused by interactions (electromagnetic) with the network also affect the
design of voltage regulator in a STATCOM.
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The smaller footprint and faster response of a STATCOM provides
an opportunity to import power (for an urban area) from distant economic
generators while the voltage is stabilized with a local STATCOM (older,
uneconomic generators have been used in urban areas primarily for voltage
regulation).

The use of multi-pulse and/or multilevel converters eliminates the
need for harmonic filters in the case of a STATCOM. However, the costs in-
crease not only due to the increased costs of magnetics and self-commutated
devices (such as GTO thyristors), but also resulting from increased losses.
(The total losses can vary from 0.5 to 1.0%). The new developments in power
semiconductor technology are expected to bring down the costs and losses.
The voltage and power ratings are expected to increase. At present, the use
of STATCOM in distribution systems has become attractive, not only for
voltage regulation, but also for eliminating harmonics and improving power
quality.

Utilizing an auxiliary controller with Thevenin Voltage signal as in-
put, it it possible to damp both low frequency oscillations [28] and sub-
synchronous oscillations [29]. In the latter case, the objective is to provide
adequate damping torque in the critical range of torsional frequencies.
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Chapter 7

Static Synchronous Series
Compensator

7.1 Introduction

The Static Synchronous Series Compensator (SSSC) is a series connected
FACTS controller based on VSC and can be viewed as an advanced type of
controlled series compensation, just as a STATCOM is an advanced SVC.
A SSSC has several advantages over a TCSC such as (a) elimination of
bulky passive components — capacitors and reactors, (b) improved technical
characteristics (c) symmetric capability in both inductive and capacitive
operating modes (d) possibility of connecting an energy source on the DC
side to exchange real power with the AC network.

However, a SSSC is yet to be installed in practice except as a part of
UPFC or Convertible Static Compensator (CSC). An example of the former
is a 160 MVAR series connected converter as part of the Unified Power Flow
Controller installed at Inez station of American Electric Power (AEP). An
example of the latter are the two, 100 MVA series connected converters at
Marcy 345 kV substation in Central New York belonging to NYPA. In both
cases, 24 pulse three-level converters are used. This topology reduces the
injected harmonic voltages considerably and there is no need for harmonic
filters.

7.2 Operation of SSSC and the Control of
Power Flow

7.2.1 Description

The schematic of a SSSC is shown in Fig. 7.1(a). The equivalent circuit of
the SSSC is shown in Fig. 7.1(b).

The magnitude of Vo can be controlled to regulate power flow. The
winding resistance and leakage reactance of the connecting transformer ap-
pear is series with the voltage source V. If there is no energy source on
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Figure 7.1: Schematic of SSSC

the DC side, neglecting losses in the converter and DC capacitor, the power
balance in steady state leads to

Re[VoI*] =0 (7.1)

The above equation shows that V¢ is in quadrature with I. If Vi lags I by
90°, the operating mode is capacitive and the current (magnitude) in the
line is increased with resultant increase in power flow. On the other hand,
if Vo leads I by 90°, the operating mode is inductive, and the line current
is decreased. Note that we are assuming the injected voltage is sinusoidal
(neglecting harmonics).

Since the losses are always present, the phase shift between I and
Ve is less than 90° (in steady state). In general, we can write

A

Vo = Vo(cosy — jsiny)el?
= (Vop — jVor)e’? (7.2)

where ¢ is the phase angle of the line current, « is the angle by which Vo
lags the current. Vi, and Vi, are the in-phase and quadrature components
of the injected voltage (with reference to the line current). We can also term
them as active (or real) and reactive components. The real component is
required to meet the losses in the converter and the DC capacitor.

We use the convention that the reactive voltage lagging the current
by 90° as positive (Note that for a SVC or STATCOM, we used the conven-
tion of lagging reactive current as positive.) According to this convention,
the positive reactive voltage implies capacitive mode of operation while neg-
ative reactive voltage implies inductive mode of operation. Since 7 is close
to £90°, we can write

v = sgn(Ver)[—90° + o] (7.3)
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Figure 7.2: Representation of SSSC in a transmission line

where sgn(.) indicates the signum function whose value is +1 if the argument
is positive and —1 if the argument is negative. Substituting Eq. (7.3) in (7.2)
we can write,

Vep = Vesina, Vo = Vocosa (7.4)

Since the losses are expected to be small (typically below 1%) the magnitude
of Vgp is very small and may be neglected to simplify the analysis. Vg,
will vary during a transient to increase or decrease the voltage across the
DC capacitor (particularly in the case of type 2 converter where the ratio
between the AC voltage and the DC capacitor voltage is constant, with no
modulation).

7.2.2 Comparison between Variable Series
Compensation and SSSC

For comparing the characteristics of a variable series compensation (say
TCSC) and a SSSC, let us consider a simple system with a transmission
line (with the compensator) connected to constant voltage sources at the
two ends (see Fig. 7.2). The transmission line is represented only by a series
reactance (X) in which z; (shown in Fig. 7.1 (b)) is merged.

If the magnitudes of Vg and Vg are equal to V, the voltage drop
across the line (see phasor diagram) is given by

)
IX — Vo =2Vsin 2 (7.5)

The magnitude of the current is obtained as

Ve 2V sin

1=-¢ .
e ~ (7.6)
The power flow (P) in the line is given by
6 VVo 5 VZ2siné
P =VIcos 5= x 55 X (7.7)
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The reactive power supplied at the two ends of the line are equal (Q). The
expression for @) is given by
§ VeV . 4§ V2

Q:stinﬁz%sing—ky(l—cosé) (7.8)
From Eq. (7.6), it is observed that I varies linearly with V¢ for a specified
value of §. If Vi is negative (inductive), it is possible to reverse the line
current phasor which leads to power reversal in the line. The property of
reversal of power is not feasible with variable series compensation as shown
below.

The line current with variable series compensation is given by

.
2Vsm§

[=— "2
X(1— kse)

(7.9)
This shows that only way of power reversal is by increasing the compensa-
tion level, ks above 1.0 (overcompensation). However, this is not practical
for two reasons. (1) As kse approaches 1, the current in the line increases
without limit due to resonance at the fundamental frequency. (Inclusion of
the line resistance in the model puts an upper limit on the current which
can still be dangerously high). (2) The power angle curve for a line with
overcompensation (kse > 1) is shown in Fig. 7.3. The operating value of
¢ is assumed to be 30°. The system is not stable at this operating point
as synchronizing torque is negative (% is negative). The operating point
corresponding to 6 = 180° — 30° is stable, but the current in the line is
much higher which gives rise to increased losses in the line when resistance
is considered.

The above arguments shows that while power reversal in a trans-
mission line is feasible with a SSSC injecting the desired value of inductive
reactive voltage; the power reversal with a TCSC (for positive ¢) is not fea-
sible. Also, in a TCSC, the inductive vernier operation is rarely used (due
to increased thyristor currents, losses and harmonic voltages). Only during
the TCSC bypass mode, the net reactance is small inductive. This mode is
used to protect the capacitor against overvoltages caused by high currents
in the line due to faults.

The variation of power (P) and reactive power (@) as a function
of ¢ is shown in Fig. 7.4 for different values of V. It is assumed that
V =1.0, X = 0.5. The reactive power (Q¢) supplied by the SSSC is given
by Qc = VoI whereas for a fixed compensation, Qo = I?X (I — k) also
shown as a function of §. These quantities for Vo = 0.25 are compared
with those for a fixed compensation (kse = 0.5) and the results are shown in
Fig. 7.5. Note that for rated current, both compensations result in identical
operating conditions (6 = 15.96°, P = 0.992, Q = 0.125).
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Figure 7.5: Reactive power supplied by SSSC with Vo = 0.25
Remarks

1. The property of a SSSC that results in the reversal of power by in-
jecting required magnitudes of inductive reactive voltage (for § > 0) is
similar to that of a phase shifter. Thus, a Static Phase Shifting Trans-

former (SPST) or Phase Angle Regulator (PAR) can be made up of
series and shunt connected VSCs.

2. The DC capacitor is initially charged by the currents flowing in the
anti-parallel connected diodes which function as a rectifier that draws
energy from the current flowing in the transmission line. The steady
state operation of a SSSC when the line current is very low may be
problematic unless separate DC sources are used to charge the capac-
itor.

The advantage of power reversal in the transmission line for § > 0,
is intended to be useful mainly under dynamic conditions. The full
dynamic range of operation of a SSSC is utilized during contingency
conditions to improve stability

3. The SSR characteristics of a SSSC are quite different from that of a
TCSC. Theoretically, if the capacitor voltage can be held constant, or
the variations minimized by selecting a large value of the capacitance,
then the SSR can be claimed to be SSR neutral. Under such conditions,
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the resonance at subsynchronous frequencies is determined by the rest
of the electrical network-line inductance and fixed capacitors if any
(Note that because of cost considerations, the total compensation in a
line will be made up of fixed and variable type).

The SSR characteristics of a SSSC will be discussed separately.

7.2.3 Power Flow Control Characteristics

A SSSC controls the power flow in a transmission line by varying the mag-
nitude and polarity of the reactive voltage injected in series with line. In
this section, we will study the control characteristics of a SSSC in the P — @)
plane where P and () are the power and reactive power at the receiving end.
In deriving the control characteristics we will relax the assumptions about
losses in the line and the equality of sending end and receiving end voltage
magnitudes.

If Z = R+ jX represents the series impedance of the line shown in
Fig. 7.2, the complex power at the receiving end (Sg) is given by

Va(Vs — Vo — Vg)*

Sp=Pr+jQr = 7 (7.10)
If Vo =0, then Sg is defined as
Vs — V)’
Sr=250= P+ jQo = A( SZ* 7) (7.11)
Substituting Eq. (7.11) in (7.10), we get
VRV
Sp =8y — 2C (7.12)
Z*
Assuming Vi is purely reactive voltage, then
- . Ve
Vo =—jAI, A= ﬁ (7.13)
Substituting Eq. (7.13) in (7.12) and noting that
Sr
Ir'=—= 7.14
o (7.14)
we obtain, A
Vr(JAT) JASR
= - = — 1
Sk = 5o 7 So—J 7 (7.15)
From the above, we can solve for Sg as,
SoZ* SoZ*
Sp = —2 0 (7.16)

Z*+jA R+j(A-X)
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Figure 7.6: Operating region and control characteristics of a SSSC in the
PR - QR plane

As A varies from —oo to oo, the locus of R+ j(A — X) in the R — X plane
is a straight line parallel to the X axis and passing through the point (R, 0).

The locus of the reciprocal of R+ j(A—X) is a circle with the center (ﬁ, 0)

and radius ﬁ. From Eq. (7.15), it can be seen that Sg describes a circle in

SoZ*
2R |*

the P — @ plane with Sg? as center and radius of

Note that this circle passes through the origin as well as the point Sy
(corresponding to Vo = 0). The locus of Pr and Qg lie on the circumference
of the circle which is a function of Sy and the ratio %. The value of Sy (Pr
and Qr in the absence of SSSC) is a function of § and the line impedance Z
(for specified Vg and Vg). However, different combinations of Z and § can
give a specified value of Sj.

If |[Sp| = 1.0 and % = 10 , then the radius of the circle is 5.025
pu. Fig. 7.6 shows the control characteristics for Py = 1.0, Qo = 0.0, with
|So| = 1.0.

The range of operation of a SSSC is only a part of the circle around
the operating point Sg. This is due to the limitations imposed by the rating
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of SSSC. Fig. 7.6 also shows the range of operation of a SSSC which is

bounded by a circle with Sy as centre and radius = |%|

7.3 Modelling and Control of SSSC
7.3.1 Modelling of SSSC

Neglecting harmonics, we can express the system equations (including SSSC)
in D—Q variables (referred to a synchronously rotating axis). The advantage
of using these variables is that in steady state, the D—Q components are
constants and can be expressed as rectangular coordinates of phasors. For
stability studies involving phenomena of frequency below 5 Hz, it is ade-
quate to express the network equations using phasors by neglecting network
transients. However, for phenomena involving higher frequencies, one can-
not ignore network transients (even for studies involving subsynchronous
frequency oscillations).

We can illustrate the derivation of the network equations by consid-
ering the single line containing a SSSC shown in Fig. 7.2.

Neglecting, zero sequence components, we can express the network
equations (using two phase variables, a and ) in the complex form given
below.

di .
Ld—z + Ri =g — tc — O (7.17)
where
i = (ig+ jia), 0s=7vs5+ jVsa,
¢ = vog+ JvCcas VR = VR + JURas

Transforming from «, G to D — Q) components which are related as,

o | cosf sind iD (7.18)
ig | | —sin® cosf iQ ’
where 0 = wot+6y. There is no loss of generality in assuming 6y = 0. Similar

transformation as given above applies to the variables vg,,vsg and vsp, vsg
and so on.

We can also express Eq. (7.18) as a complex equation given below.
(ip + jia) = (iq + jip)e!**" = Ie** (7.19)

Utilizing Eq. (7.18) and similar equations for other variables in Eq. (7.17),
the latter can be expressed as

Ld(fej‘”ot)

R = (Vs — Vo — Ve)e! (7.20)
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Simplifying, we get,

di s e
L+ jeold + RI = Vs = Vo = Vi (7.21)
where
I = Ig+jlp, Vs=Vsqg+iVsp, Vo=Veq+iVep,
Ve = Vrg+iVep

In steady state, I is a constant and fl—{ = 0. Hence, we get (in steady state),

(R + ijL)j = VS — VC — VR (7.22)

Remarks

1. The advantages of writing a complex equation such as Eq. (7.20) for
a network element (such as a transmission line) are two fold

(a) The extension to a complex network consisting of inductors, ca-
pacitors, resistors etc is straightforward.

(b) The derivation of phasor equations in steady state (such as Eq.
(7.21)) is, again, simplified.

2. Both lower case and upper case letters are used for D — () components
as they are both instantaneous quantities as well as components of
phasors (in steady state).

Actually, the term ‘dynamic phasors’ can be used when the deriva-
tives are not zero. (under dynamic conditions).

The voltage injected by SSSC can be expressed as

Veo + iVep = (Vep — jVer)el? (7.23)
where,
tan ¢ = % (7.24)
The equation for the DC capacitor voltage is
Cds‘ti“ + Guge = ige (7.25)

From the power balance considerations,

A

Re(Vel*) = vgeige (7.26)
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Figure 7.7: Operating region of SSSC in Vo — I plane

The L.H.S is expressed as
Ve, = IVesina = TkVy.sina (7.27)

From the above, we get
ide = kI sin (7.28)

where, I = /1% + I%, « is defined in Eq. (7.3).

In steady state, we can express V¢ as
k21
Vo = el sin o (7.29)

Note that o > 0 in steady state.

The operating region in the Vo — I plane is shown in Fig. 7.7 where
SSSC is operated in voltage control. This figure also shows the operating
region when the SSSC is operated in the reactance control mode (which
has also been proposed in the literature). However, as discussed earlier,
the voltage control model is more advantageous than the reactance control
mode.

The operating region in the voltage control mode is OABCD. The
slope of OA and OD are obtained from Eq. (7.29) as

2

dve _ (K

dl G

corresponding to a = 90°. V¢ is assumed to be positive when it is capacitive
and negative when it is inductive. Note that Vo min = — Vo max. Similarly X
is assumed to be positive (when capacitive) and negative (when inductive).

Also X min = —Xcmax. The operating region in the reactance control mode
is OAB.

(7.30)
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Figure 7.8: Block diagram of controller for type 2 VSC

7.3.2 Control Scheme for SSSC Using Type 2
Converter

When the ratio of the magnitude of the injected voltage to the DC capacitor

voltage (“;70 = ) is held constant, the only control variable is « that is

used to regulate the magnitude of V. The block diagram of the controller
is shown in Fig. 7.8.

The voltage reference (V%) injected by SSSC is obtained as the out-
put of higher level controls - power scheduling, power oscillation damping
and transient stability (enhancement) controls. These issues are discussed
in chapter 4 when dealing with the control of a TCSC. There is no essential
difference between a TCSC or a SSSC in the matter of higher level controls.
The power scheduling control can be either Constant Current (CC) type
or Constant Angle (CA) type. The control strategies for the improvement
of transient stability are based on the discrete or bang-bang control. This
will be discussed in detail in chapter 11. It is also possible to provides an
auxiliary (supplementary) control for damping subsynchronous oscillations.

Firing
pulses



7. Static Synchronous Series Compensator 229

*
Vdc Pl VCp Maanitud ‘ VC‘
L agnitude —
+ controller GATE Firing

_T and angle PATTERN | pulses

* Y+
Ver calculator LOGIC

PLL

Figure 7.9: Block diagram of controller for type 1 VSC

7.3.3 Controller of SSSC Using Type 1 Converter

It is very likely that a practical SSSC will utilize Type 1 converters. The
existing SSSCs at Inez and Marcy substations in USA use 24 pulse, 3 level
converters. Here, k is variable in addition to a. The gating pulses are based
on the computation of £ and « as follows.

Ve /v2 2
kvar = ficv Ve = VCP+VCT

—1 Vep
|VCT|

a = tan

For a three level converter, the dead angle (/3) required can be obtained from

Evar [ B@
kfix’ Jiw 6

cos 8 = (7.31)

where p is the pulse number.

The block diagram of the controller for type 1 converter is shown in
Fig. 7.9.

7.4 SSSC with an Energy Source

If an energy source such as battery or fuel cell is provided on the DC side of
the VSC, it is possible to exchange real (active) power with the AC network.
Here, the real (active) voltage component can be controlled in addition to
the reactive voltage. This enables two degrees of freedom to control active
and reactive power flow in the line. Alternately, it is possible to compensate
for the line resistance to increase the power transfer capacity in the line.

Instead of an energy source, it is possible to provide the real power
from a shunt connected VSC which is connected to the series connected
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Figure 7.10: A SSSC in a lossy transmission line

SSSC on the DC side. This arrangement is known as Unified Power Flow
Controller (UPFC) which is described in the next chapter in detail. Here,
we will discuss two different control strategies which also apply to UPFC.

7.4.1 Emulation of Resistance and Reactance

Consider a transmission line with a SSSC as shown in Fig. 7.10. The SSSC
injects active voltage (V) in addition to the reactive voltage (V). Assum-
ing the reactive voltage is controlled to compensate for the line reactance,
Vep can be controlled to introduce a negative resistance (by injecting active
power in the line) to raise the % ratio in the line. The compensation for the
line reactance reduces the % ratio, which can be raised by the compensation

of the line resistance [2]. For a given value of X, raising the % ratio increases
the power transfer in the line.

For the line shown in Fig. 7.10, the resistance and reactance emula-
tion control in the SSSC, result in

Vep = —1Rc, Ve, =1Xc (7.32)
The net resistance (R) and reactance (X) in the line are given by

R=R,—-Re, X=X,-Xc (7.33)

Power Flow in the Line

The equivalent series impedance in the line is given by
Z=R+jX (7.34)
Assuming |Vg| = |Vg| =V, for simplicity, we get
I=(G-jB)(Vs—Vg)=Ic+Ip (7.35)

where
1

T R+jX

G- jB
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Figure 7.11: Phasor diagram for circuit in Fig. 7.10

Referring to the phasor diagram shown in Fig. 7.11, we have,

. ) o, (m 6
Vg=2Vsnos(E42 .
Vg — Vg Vsm2 (2 + 2> (7.36)
- ) T 9 A .00
IG—QGVsm§Z (54—5) , IB—QBVsm§Z§ (7.37)
Ps+jQs = Vs(I&+1p) (7.38)
Pr+jQr = Vr(g+Ip) (7.39)

Substituting Vg = V /6, Vg = V/0 and Eq. (7.37) in (7.38) and
(7.39), we get the following expressions

Ps = BVZ%sind+ GV?(1 — cosd) (7.40)

Qs = BV?*(1 —cosé) — GV?siné (7.41)

Pr = BVZ?siné — GV?*(1 — cosd) (7.42)

—Qr = BV?*(1 —cosé)+GVZ3sind (7.43)

It is interesting to observe that the conductance (G) of a line results in the

transmission of reactive power from the receiving end to the sending end,
without any loss.

G and B are defined from

a A h
OR24+ X2 (R2Z4+ 1R (R2+1)X
B X h B 1
RZ+ X2 (R2+1R (R2+1)X
Wh@I‘GhZ%.

Pr is maximum at § = §,, defined by % = 0. For a specified value

of h, we can derive

oS Oy, = hsin oy, (7.44)
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Case (i): R is held constant, X is variable.

For this case, we can show that the maximum received power (cor-
responding to § = d,,) can be expressed as
2 272 2
P, = % COS Oy — % = % €08 Oy (1 — cos 6y (7.45)
If h is a controllable parameter (which also determines d,,), we can maximize
P, by letting
x = co80,;, = 0.5 = §,, = 60° (7.46)

Note that we obtain this result by the condition % = 0. Also, the optimum
value of h is obtained from Eq. (7.40) as

1
V3
Note that this is a well-known result. The maximum value of the series
reactive compensation is determined from the (optimum) % = /3. Thus, if

% = 10, maximum series reactive compensation is limited to 82.7%.

hopt = cot 6y, = (7.47)

The line current for the optimum value of h, is given by
A 4 0
I = —BVsin—/60°
V3 2

- Vv

= \/EX sin 30°/60° (7.48)
It is interesting to observe that f/'g and I are in phase and the reactive power
at the sending end is zero. The maximum power at the receiving end is given
by

V2 VBV? 0433V2
4R 4X X

PRimax = (7.49)

It can be shown that Qg=0 and —Qr = %. Also, Ps = 2Pg

implying that half the sending end power is consumed by SSSC.
Case (ii): X is held constant, R is variable.

It is assumed that the SSSC regulates X which is held constant.
This implies that X is a constant. R¢ is made variable. The objective is
to solve for the optimum value of R which maximizes Pr. We proceed as
before. While Eq. (7.44) applies, P, is now expressed as

V2 V2 h
Pm = —sinoy — —= ——5~
X SO0 T )
2 in?2 "
- sin5m—sm 0 (7.50)

X 2
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P, is maximized by letting ‘fl(%” = 0. We get
€OS Oy, — 0820, =0 (7.51)

Denoting x = cosd,,, we get a quadratic equation in z, from Eq. (7.51),
given by
202 —x —1=0 (7.52)

and the relevant solution for z = —%. This gives 0, = 120° and hopt = —%.

Note that the net resistance is now negative and optimum value of R¢ is
given by

-X
R == —-R 7.53
C \/g L ( )
It can be shown that Pgrpax is given by
V233 v?
Prypax = ——— =1.299— .54
Rmax AX 99X (75 )

Note that this is three times the value given by Eq. (7.49). The line current
for this condition can be expressed as

I= \/§§ sin 60° /30° (7.55)

It is interesting to observe that the line current lags the sending end voltage
by 90°. This implies that the sending end power is zero and the entire power
flow comes from the SSSC. The reactive power injected by the sending end
is maximum and is given by

3?2

9s=9x

(7.56)

The reactive power injected at the receiving end (—Qpg) is only half of the
value of Qg. The value of —Q) R is same as that in case (i).

Remarks

1. By injecting active power from SSSC and resistance emulation, the
maximum power at the receiving end exceeds the theoretical maximum
of V72 (for R = 0) (see Eq. (7.49). The sending end supplies only
reactive power.

2. The magnitude of the line current in case (ii) (with negative R) is
V3 times the current in case (i). However, the power factor at the
receiving end for case (ii) is 0.866 while it is 0.5 for case (i). Thus, the
maximum power is three times that for case (i).

3. The negative resistance emulation can destabilize oscillations in power.
Thus, the practical use of this strategy appears to be limited.
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7.4.2 Active and Reactive Voltage Control

If, instead of emulating resistance and reactance, we control directly active
and reactive voltage (within the constraints imposed by the ratings), it is
possible to control and regulate the power and reactive power flow in the
line. If the power and reactive power at the receiving end can be held at
their command values independent of the normal variations in the operating
conditions in the system; this would be a remarkable achievement for systems
control.

Referring to Fig. 7.10 and Eq. (7.12) reproduced below,

ViVi
Z*

Sp=Pr+jQr =S5y — (7.57)

Assuming that the rating of SSSC only limits the magnitude of Vi (the
voltage injected), but the phasor Vi can lie in any of the four quadrants, the
Eq. (7.57) describes a circle in the Pr — Qg plane with the center (P, Qo)

and a radius of ‘%‘ We can rewrite Eq. (7.57) as follows.

VoVr |2

VA

(Pr— Po)* + (Qr — Qv)* = ‘ (7.58)

Assuming that |Vo| < Viomax, the circle corresponding to the radius of
W circumscribes the region in P — ) plane, that is controlled by
the SSSC.

For Z = 0.02 + j0.2, Vomax = 0.25, Vg = 1.0, Py = 1.0,Qq = 0.0,
the region of operation is shown in Fig. 7.6 as bound by a circle with
Sy as centre. This figure also shows the circle corresponding to the SSSC
operating without an energy source (injecting only a reactive voltage). The
overlapping region of the two circles correspond to the operation when the
SSSC absorbs power from the transmission line. The rest of the circular
region described by Eq. (7.58) corresponds to the operation of SSSC when
it supplies power to the transmission line. (Note that the SSSC circle with
reactive voltage injection maps the line (parallel to y- axis) passing through
the point (R, 0) in the R— X plane to a circle in the P — @ plane. The inside
of the circle corresponds to the region in the R — X plane to the right of the
line passing through (R,0). This region corresponds to the net resistance of
the transmission line exceeding R).

It is obvious that it is possible to regulate Pr and Qg in the line
with the injection of Vi (of required magnitude and phase angle) as long as
the desired values of Pr and @ lie in the region defined by the circle with

(Po, Qo) as center and a radius of ’%‘
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7.4.3 Power Flow with Constant Active and
Reactive Voltage Injection in the Line

It is possible to derive expressions for the power flow in the line if we consider
the control strategy is to regulate the magnitude of the active (Vip) and
reactive (Vo) voltage injected by the SSSC. To simplify the analysis, we
will neglect the line resistance (Ry) in the line (shown in Fig. 7.10). If
Vep = 0, then the current phasor (f ) has the phase angle of (65 + dg)/2 if
|Vs| = |Vr| =V and Ry, = 0. If we assume dg = g,éR = %6, the phase angle
of the current is zero if Vi, = 0.

The presence of V¢, alters the phase angle of the line current. If we
assume R
I1=1/—¢

Wwe can express VC as
Vo =Vep —iVor)l — ¢ = (=Vy+ Vi) — ¢

Note that we are assuming Vi, as negative which implies that ¢ > 0. This
can be deduced from the analysis given in section 7.4.1.

From the equivalent circuit of the line shown in Fig. 7.12, we can
express I (by applying superposition principle) as

2vsing+vpz_¢+jv;z—¢

1/ —¢= 7.59
¢ XL JXL JXr (7.59)
Separating the real and imaginary components, we get
2Vsing  V,si v,
Tcosg = ;1;1 Z p;(l;(b + X—; cos ¢ (7.60)
V V;
Ising = %Zw + 5, sino (7.61)

By multiplying both sides of Eq. (7.60) and Eq. (7.61) by cos% and sin%
respectively and adding, we can derive

V. 0 ~ Vsing V, . (¢
(I—XL>COS (2—¢>— X, +X—Lsm (2—¢) (7.62)

PR:VICOS<3—¢),

we get the final expression for Pr as

VZsing VV, . (6 VvV, J
Pr = X, —}—XLsn(2—qb>—|—XL cos<2—¢) (7.63)

Since,
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Figure 7.12: SSSC with constant active and reactive voltage injection

From the phasor diagram (also shown in Fig. 7.12) we can express ¢ as a
function of V}, and ¢ as follows

Vp

T 7.64
2V sing ( )

sing¢ =

The above equation also shows that ¢ > 0 if Vo, = —V), is negative implying
that SSSC is supplying power to the line from the energy source connected
on the DC side.

It is also possible to express Qg defined as —@Qr = VIsin (g — d)).

The final expression for the reactive power injected into the line at
the receiving end can be derived from Eqs (7.60)and (7.61). This is given by

V2 vV, (6 VV, . (6
—Qgr = E(l —cosd) — X, cos <2 - qb) + X, sin (2 - gb) (7.65)

Note that ¢ = 0 if V,, = 0. The role of real power transfer from SSSC
is to reduce the reactive power supplied at the receiving end in addition
to enhance the active power received (Pr). While pure reactive voltage
injection increases Ppg, it is also accompanied by the increase in (—QR).
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7.5 Analysis of SSR with a SSSC

As mentioned earlier, the SSSC is strictly SSR neutral if the DC capacitor
has large size and the controller regulates the capacitor voltage with no
perturbations caused by perturbations in the line current.

To simplify the analysis, we assume that the perturbations in the
line currents can be expressed as

. 2
Aig(t) = \/; [Lsub €OS Wsypt + Lgup COS weypt]

V5 [rcon (saat = 57) + g (st = )]
- COS | W - — COS | W - —
3 sub sub 3 sup sup 3

) 2 2 2
Aic(t) = \/g {Isub cos (wsubt + %) + Lsyp cOs (wsupt + g)}

The perturbations in the capacitor voltage (AVj.) is given by the equation,
dAVy,.

Ai(t)

C 7 = Aige
= \/gk: [Aia - sin wgt + Ady - sin (wot — 2%) + Ai,. - sin (wot + 2%)}
(7.66)
The above equation can be simplified as
cdaVie _ k(Loup — Toup) sin wpnt (7.67)

dt

where wy, = wp — We = Wy — Weup = Wsup — Wo-

From Eq. (7.67), we can derive,

k
AV (t) = _W(Isub — Lsup) cOSs wpt (7.68)

m

The perturbation in the injected voltage (AVe,) is given by
L2

- 2Cwm,

The L.H.S. can be expressed as

2
AViea(t) = \/;[(Isub_lsup) sin wgupt + (Lsub — Lsup) Sinweypt] (7.69)

2
AV, (t) = \/;[—Vsub Sin weypt — Viup Sin wypt] (7.70)

The expressions for AV, and AV, are similarly obtained. Relating AV, (%)
to Aig(t), we can drive the following matrix equation.

V:gub . 1 -1 Isub



238 FACTS Controllers in Power Transmission and Distribution

where
k.Q
X = —, = —
Cm 2Cwnm, Wm = W — We
Eq. (7.71) shows the coupling between subsynchronous and supersynchronous
frequency networks. Generally, |Ig,s| > |Isup|, and hence a SSSC appears as

a capacitive impedance at the subsynchronous frequency.

A Case Study [6]

The system considered is adapted from IEEE FBM Model [11]. The gener-
ator data is identical except that it is also equipped with a static excitation
system and a speed input PSS. The line impedance is assumed to be 0.04
+ j1.0 pu. The transformer leakage impedance (0.14 pu) and the system
impedance (0.06 pu) at the receiving end are same as given in [11]. The
operating conditions are P, = 0.9,V, = 1.0 and E}, = 1.0. Following cases
are considered for series compensation

1. With a fixed capacitor of reactance 0.6 pu.
2. With a fixed capacitor of reactance 0.4 pu.

3. With a SSSC in series with a fixed capacitor of 0.4 pu. The SSSC
provides a compensation of 0.2 pu at the operating point. That is,
V’“O = 0.2 where V,, is the injected reactive voltage at the operating
p01nt and I, is the line current magnitude at the operating point.

The SSSC controller regulates the magnitude of the reactive voltage
injected. The system model is linearized about the operating point and the
eigenvalues corresponding to the torsional and network modes are shown in
Table 7.1 for the three cases. It is observed that the system is unstable
(due to mode 2) for case 1 while it is stable for case 3, even though the
compensation levels are same for both cases. The introduction of a SSSC
for series compensation is not strictly SSR neutral as it is observed that the
damping of the third torsional mode is significantly reduced.

It has been suggested that a SSSC with an energy source on the DC
side can be used to compensate for the line resistance drop also [2]. However,
this can destabilize the critical torsional mode (No. 3). See the first column
of Table 7.2 which shows the eigenvalues for the case 3 with line resistance
reduced from 0.04 pu to 0.02 pu.

It is observed from the comparison of the results of the cases 2 and 3,
that a SSSC offers a capacitive reactance. The network resonance frequency
for case 2 (X = 0.40) is we, = 204 rad/sec while for case 3 it is 218 rad/sec.
The resonance frequency for case-1 is 250 rad/sec. This is in accordance
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Table 7.1: Eigenvalues for Cases 1, 2 and 3
Case 1 Case 2 Case 3 Comiments
(Xc =0.6) (Xc=04) (X =04,
Xsssc = 0.2)
-1.790 + j6.281 -1.054 + j5.786 -1.348 + j5.901 TMO
-0.184 + j99.137 | -0.268 + j98.853 | -0.235 + j98.908 | TM1
0.190 + j127.000 | -0.075 4+ j127.020 | -0.070 4+ j127.030 | TM2
-0.644 + j160.440 | -0.562 + j160.780 | -0.128 £ j160.200 | TM3
-0.367 + j202.830 | -0.352 + j202.720 | -0.372 £ j202.800 | TM4
-1.850 4+ j298.170 | -1.850 + j298.170 | -1.850 + j298.170 | TM5
-4.222 + j127.640 | -4.773 £ j172.800 | -5.046 £ j158.400 | Network
Sub. Mode
-5.740 + j626.740 | -5.714 £ j580.890 | -4.884 =+ j566.900 | Network
Sup. Mode

Table 7.2: Eigenvalues with and without SSDC for Case 3

Without SSDC

With SSDC

Comments

1.311 + j5.936
-0.239 + j98.914

-0.072 + j127.030
0.259 =+ j159.590

-0.376 & j202.790
~1.850 = j298.170
-2.478 £ j159.020

-2.330 £ j567.050

“1.312 £ §5.935
10.247 + j98.917

-0.075 £ j127.030
-0.503 £ j160.070
-0.374 £ j202.790
~1.850 & j298.170
-1.969 £ j153.750

-2.458 + j567.280

Torsional Mode 0
Torsional Mode 1
Torsional Mode 2
Torsional Mode 3
Torsional Mode 4
Torsional Mode 5
Network
Subsynchronous
Mode

Network
Supersynchronous
Mode

with the relation that we, is directly proportional to the square root of the
fixed series capacitor in the line (without any active series compensation).

Unlike in the case of a TCSC, there is no significant damping intro-
duced by a SSSC unless an auxiliary controller (termed as Subsynchronous
Damping Controller (SSDC)) is introduced. The mitigation of SSR by a
SSSC with constant reactive voltage control works mainly by detuning the
network resonance.
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Design of SSDC

The SSDC is designed with line current (magnitude) as the input signal.
The structure of the transfer function is assumed as
AV,(s) as +b
SSDC(s) = =
() Al(s) s?2+ecs+d

with the constraints that ¢ > 0,d > 0 and (¢* — 4d) < 0. The first two
constraints ensure that the poles are in left half of the s plane. The third
constraint ensures that the poles are complex. The parameters a, b, c and d
are determined from a constrained optimization technique to minimize the
deviations in the specified damping torque in the frequency range of interest.
Thus, the objective function to be minimized is selected as

W=Wmax

J(a,bye,d) = > [The(w) — Tpe(w)]?

W=Wmin

where Tp.(w) is the damping torque (coefficient) which is a function of fre-
quency (of oscillation of the rotor) and 77, is the desired value of Tp..

By selecting wmin = 120 rad/sec., wmax = 180 rad/sec. and T}, = 1.0
pu, we get the transfer function of the SSDC as

(100s + 75)
52 4 505 + 26000

The eigenvalues for the case-3 (Rz, = 0.02) with SSDC modulating the out-
put of the SSSC, are shown in the second column of Table 7.2. It is observed
that the SSDC is effective in damping the torsional mode 3 without desta-
bilizing other modes. The coupling between the subsynchronous frequency
network mode and the torsional mode results in the reduction of the damping
of the former mode, but this is not a problem.

SSDC(s) =

The results obtained from the damping torque analysis and detailed
transient simulation are in agreement with the eigenvalue results [6].

7.6 Applications of SSSC

A SSSC is an advanced version of controlled series compensation, that is
based on VSC and the use of GTOs instead of thyristors. There are many
technical advantages of a SSSC over a TCSC. However, the application of a
SSSC would depend on the techno-economic evaluation and proven reliability
based on operating experience. A major drawback with SSSC is the need
for a coupling transformer (and an intermediate transformer if multipulse
converters are used). In contrast, TCSCs don’t require any magnetic devices
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or coupling transformers. However, the harmonics are better controlled with
a SSSC.

A SSSC requires protection against overcurrents. A high speed elec-
tronic Thyristor Bypass Switch (TBS) is installed in parallel with the con-
verter terminals [9]. When an overcurrent is detected, it operates quite fast.
In case the system fault is not cleared by primary protection, then, the TBS
is protected by a parallel connected low voltage breaker (LVB) which by-
passes the TBS in about 6 cycles. If LVB fails to close when required, then
its breaker failure protection closes the high side breaker (HSB) that by-
passes the SSSC. After the fault is cleared, the SSSC is reinserted into the
line by opening the LVB.

The improvements in the power (semiconductor) device characteris-
tics and the reduction in the costs would spur the applications of SSSC in
place of TCSCs.
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Chapter 8

Unified Power Flow Controller and
other Multi-Converter Devices

8.1 Introduction

The Unified Power Flow Controller (UPFC) proposed by Gyugyi [1] is the
most versatile FACTS controller for the regulation of voltage and power flow
in a transmission line. It consists of two voltage source converters (VSC) one
shunt connected and the other series connected. The DC capacitors of the
two converters are connected in parallel (see Fig. 8.1). If the switches 1 and
2 are open, the two converters work as STATCOM and SSSC controlling the
reactive current and reactive voltage injected in shunt and series respectively
in the line. The closing of the switches 1 and 2 enable the two converters
to exchange real (active) power flow between the two converters. The active
power can be either absorbed or supplied by the series connected converter.

As discussed in the previous chapter, the provision of a controllable
power source on the DC side of the series connected converter, results in the

C.B.

Shunt ~ 00 0 — Series
Transf _ 55— Yy Transt
Intermediate Intermediate
Transformer Transformer
SW1
«

N Bl
VsCl { I VSC2
1T .

Figure 8.1: A UPFC schematic
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Figure 8.2: A three converter GUPFC

control of both real and reactive power flow in the line (say, measured at the
receiving end of the line). The shunt connected converter not only provides
the necessary power required, but also the reactive current injected at the

converter bus. Thus, a UPFC has 3 degrees of freedom unlike other FACTS
controllers which have only one degree of freedom (control variable).

The concept of combining two or more converters can be extended to
provide flexibility and additional degrees of freedom. A Generalized UPFC
(GUPFC) refers to 3 or more converters out of which one is shunt connected
while the remaining converters are series connected [16]. (see Fig. 8.2). An
Interline Power Flow Controller (IPFC) refers to the configuration of two or
more series connected converters sharing a common DC bus (see Fig. 8.3).

Even when only two converters are used, they may be designed to
operate in the shunt or series mode. Depending on the requirement, there
can be up to 11 configurations of the two converters resulting in (i) one or two
STATCOMs (ii) one or two SSSCs (iii) combinations of a STATCOM and
SSSC (iv) UPFC with series converter connected in either of the two lines
and (v) IPFC. Such flexible configuration of the two converters is termed as
the Convertible Static Compensator (CSC) and has been installed at New
York Power Authority’s (NYPA) Marcy 345 kV substation. The CSC which
consists of two 100 MVA, three-level VSCs, a 200 MVA shunt transformer
and two 100 MVA series transformers was commissioned in 2002.

The American Electric Power (AEP) has installed the world’s first
UPFC rated at £ 320 MVA (combined) at Inez 138 kV substation in Ken-
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Figure 8.3: A two converter IPFC
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Figure 8.4: A BTB HVDC link

tucky.

If two STATCOMSs are provided in the middle of a long transmis-
sion line, the parallel connection of the two DC capacitors of the two shunt
connected converters enable the power flow through the DC bus. The two
STATCOMs now work as Back to Back (BTB) connected VSC based HVDC
system. This is particularly useful when it becomes necessary to have asyn-
chronous interconnection. In Fig. 8.4, the closing of the switches 1 and 2
followed by opening the circuit breaker (CB) in the line results in the config-
uration of a BTB, asynchronous HVDC link. Unlike in BTB links using Line
Commutated Converters (LCC) with thyristor valves, the VSC converters
are self-commutated and provide reactive power to the AC network (subject
to the constraints imposed by the converter ratings). Thus, a HVDC link
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using VSC can be used to supply passive loads.

8.2 Operation of a UPFC

8.2.1 A UPFC Connected at the Sending End

It was mentioned in the previous chapter (section 7.4), that the provision of
an energy or power source at the DC bus of a SSSC enables the control of
not only active power but also reactive power flow in the line. As a matter
of fact, both active and reactive power flow in the line can be controlled
independently by the injection of both active (real) and reactive voltages.
Fig. 8.5 shows the SSSC connected at the sending end of the line. If the
power required at the DC bus is fed by a shunt connected converter, then
the objectives of independently controlling the active and reactive power
in the line are achieved. In addition, the shunt-connected converter can
also generate/absorb reactive power such that it can relieve the load on
the generator(s) connected to the sending end. As a matter of fact, if the
ratings of the shunt-connected converter are adequate, then the UPFC can
be connected at any location in the network and the voltage at the bus
(where the shunt converter is connected) can be held constant (regulated).

VCQ

X V

@ Vo=V /["¥2

Figure 8.5: A SSSC with a power source connected at the sending end

Let the injected voltage (Vi) be expressed as
Vo =VolB=Vo+iVi)l —¢ (8.1)
where I/ — ¢ is the current in the line.

From Egs. (7.63) and (7.65), we can write

Pr=Py+ ‘;—‘f sin (g — (b) + ‘Qf cos (g — (b) (8.2)
—Qr=CQo — ‘;‘fo cos <g - ¢> + ‘Qf sin (g - qb) (8.3)

where Py and Qg are the active and reactive power (at the receiving end) in
the absence of the series converter, given by
VQ VQ
Py = X, sind, Qo= X—L(l — cosd) (8.4)
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The phase angle (¢) of the current is related to V), from Eq. (7.64) as

Vo
i = 8.5
=0y sin § (8:5)
From Eq. (8.1), we have
Vp = Vo cos(B + ¢) (8.6)
V, = Vesin(B + ¢) (8.7)
Substituting Egs. (8.6) and (8.7) in (8.2) and (8.3) we get
)
Pr =P+ ‘;‘ZG sin (5 + 5) (8.8)
VVe )
—Qr=Qy— X, cos <2 + ﬁ) (8.9)
From Eqs. (8.8) and (8.9), we can express,
%4 « 7r
Pr— j@n = (Po+jQo) + g LD (5.10)
L

For a constant value of Vi and 8 varying over 360°, the locus of (Pr — jQR)
describe a circle of radius VX—VLC and having centre at (Pp, Qp) in the P — Q
plane. The operating region is the inside of the circle bound by the circle
having the maximum radius corresponding to Vo = Viomax (based on the
series converter ratings. Typical range of Vi max is 0.15 to 0.25 p.u. (of the

line, phase to neutral voltage).

For a specified value of §, P is maximum when

T 0
=— — 11
p=T-2 (8.11)
and Ppax is given by
V'V
Paax = Py + —2 (8.12)
X,

The equivalent circuit of the UPFC is shown in Fig. 8.6. The shunt converter
draws both active (I,) and reactive current (I,). The active current (1) is
not independent and is related to V,, by the relation

VI, =1V, (8.13)

in steady-state. The above equation represents power balance on the DC
bus neglecting losses in the converter. The reactance x; in series with the
injected voltage represents the leakage reactance of the coupling transformer.
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Figure 8.6: Equivalent circuit of a UPFC

In Fig. 8.6, the equivalent circuit of the UPFC can be viewed as a
two port network. The shunt converter is connected at one port while the
series converter is connected in series with the line at the other port. The
voltage at the latter port is denoted by V. If the series injected voltages, V),
and V, are controlled to regulate the power and reactive power in the line,
these quantities are conveniently measured at the line side port of the UPFC.
Since the voltage V7, is normally uncontrolled, the complex power (Pr+jQr)
need not describe a circle for constant (magnitude) V. Actually, it can be
shown that (P, + jQr) describes an ellipse in the P-Q plane. The complex
power Sy, is given by

Vi — Vi
S, = PL+jQL=I'V,=-Lt_£. .y,
_XL
V- ViV
— LT 'RVL 8.14
X, (8.14)

Since Vg =V / — g, Vi =Vs+ Vo = VZ% + Vo /3 we can express Pr, and
Qr as

V'V
Py = Py+ -~ sin ( + ﬂ) (8.15)
X1
V¢ VVe (6 WVe (6
QL—Q0+—)QCOS<2+5>+ X, COS(Q—ﬁ) (8.16)
where Py and Q) are defined by Eq. (8.4). Defining Qj as
V2
Qo = Qo -I- < (8.17)

we can finally obtain the equation involving P, and @, after eliminating [.
The final equation is

(P, — Py)*(5 —4cosd) + (Qr — Qp)* — 4(Pr, — Po)(Qr — Qf) sind
V2v2
_X2

C(2cosd —1)% (8.18)
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Figure 8.7: Operating region in the P, — Qr, plane

2
The above is an equation for ellipse with the centre (PO, Qo + ;—CL‘)

For a § = 15°, Vo = 0.20, X = 0.25, V = 1.0, the locus of Sy, in the P — Q
plane is shown in Fig. 8.7.

It is to be noted that I, can be controlled to regulate the voltage Vg
if it is not regulated by the generator connected at the sending end. Thus,
three variables, Vg, P;, and Q1 can be regulated by controlling I, Vo and
B. It is assumed that there are no constraints imposed by the equipment
ratings that will limit the control objectives.

The assumption is valid if the settings or the reference values for the
controlled variables (Vs, P, and Q1) lie in the feasible region. With this
assumption, the analysis of the UPFC is applicable even when the location
of the UPFC is not exactly at the sending end.

8.2.2 A Special Case

Here, the line current, which is same as the sending end current (I) is as-

N

sumed to be in phase with the sending end voltage (Vs). In this case, I,
and Vp are in phase with Vg. To simplify the analysis, x; is either neglected
or merged with the series line reactance. The reactive current (I,) can be
either assumed to be zero or being controlled to regulate the magnitude of
Vs. The power flow in the line depends essentially on V), and V; as before.
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Figure 8.8: Phasor diagram

The phasor diagram of the voltage and line current is shown in Fig.8.8.
The voltage (V1) is given by
Vi =Vs+V,+V, (8.19)

If it is assumed that |Vz| = |Vz|, then the line current magnitude (I) is given
by

[ 2(Vs + Vp) tané

.20
N (5.20)
The power flow in the line is given by
P = VglIcosd
_ 2VsVgnsind
B X
Vs Vi
= mPy, Py=-2"Egins (8.21)
where VetV v
S P P
= =14 = 8.22
n Vs + Ve ( )

If power is injected into the line from the series converter (V}, > 0) then
n > 1. On the other hand, if the series converter draws power from the
line (V, < 0) then n < 1. It is obvious that injecting positive V), has the
advantage of increasing the power flow. Since V; is half the line voltage drop
across the line reactance, the current magnitude is doubled and the power
flow is doubled.

Remarks

The combination of the shunt active current I, and the series active voltage
(V) can be viewed as the representation of an ideal transformer of turns
ratio 1 : n; when the line current is in phase with the voltage. Consider the
ideal transformer shown in Fig. 8.9(a). If I is in phase with V5, I; is also in



8. Unified Power Flow Controller and other Multi-Converter Devices 251

phase with V;. The ideal transformer can be represented by the equivalent
circuit shown in Fig. 8.9(b). Here,

V,=m—-1V, I,=(n-1) (8.23)

Obviously,
Vply = Vi1 (8.24)

The equivalence of the ideal transformer with the circuit representing the
power transfer through the two converters of the UPFC (flowing through
the DC bus) is valid only when the power factor is unity (V2 in phase with
I). The reactive current injected by the shunt converter can be controlled
to bring about unity power factor at the sending end (Vg in phase with I in
Fig. 8.6). For this special case, we can represent the UPFC by the equivalent
circuit shown in Fig. 8.10.

Here, the turns ratio n is variable as V), varies with the control. Thus,
(for this special case, when V3 is in phase with I3) the UPFC is made up of
a STATCOM, SSSC and variable turns ratio ideal transformer in between
the two.

Vs n v RO

! v
Or

(a) Anided transformer in theline

I

(b) Equivalent circuit
Figure 8.9: Representation of an ideal transformer in the line

Vg 1n Vo

Figure 8.10: Equivalent circuit of a UPFC in the special case
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UPFC Connected at the Receiving End

If we assume that a UPFC is connected at the receiving end of a line supply-
ing a load (as shown in Fig. 8.11), we can further assume that the reactive
current supplied by the shunt converter improves the power factor of the
apparent load (including I,) to unity. In other words, I is in phase with V.

X SR !
| W \Cy | N %L
K

L m
v,
I'p £
VL
(a) Equivalent Circuit (b) Phasor diagram
Figure 8.11: A line supplying a load through UPFC
The power transmitted over the line is given by
P=VI=V(I,+1),) (8.25)
V and Iy, are obtained (from the phasor diagram) as
V=V,—-V,=FEcosd—V,=nEcosd (8.26)
2F sin
Iy = e (8.27)
where n = % = VmVT—an and n < 1. Note that we have considered V), as a
voltage drop so that n < 1. It can be shown that
Iy,
I1== 8.28
k (5.28)
Hence, we can derive
E2
P= < sin2) = 2P, (8.29)

Note that the power flow is double the value without the injection of V,. (for
a unity power factor load).

The above discussion shows clearly that there is no advantage of the
power exchanged between the two converters. The UPFC in this case can be
replaced by a SSSC injecting V,. (to enhance line current) and a STATCOM
injecting I, to compensate for the reactive current drawn by the load.
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8.2.3 UPFC Connected at the Midpoint

Let us assume that a UPFC is connected at the midpoint of a symmetrical
lossless line. The UPFC can be represented by the two port network shown
in Fig.8.12. The shunt converter draws a current represented by the phasor
Ic /1) and the series converter injects a voltage (Vo /3). It can be shown that
the two port network in Fig.8.12 is also equivalent to the two port networks
shown in Fig. 8.13.

; (el
Ve
Vi Ic V2
Re [ Vl'c* =vC|*2 ]

Figure 8.12: Two port network representing a UPFC

I é+ ®+ I2 ﬁz\+
N N

Vi @> Ic Voo @)I—g I%C@ V2

(a) Equivalent network 1 (b) Equivalent network 2

Figure 8.13: Alternative representations for UPFC

It is more convenient to represent the UPFC by any one of the two
equivalents shown in Figure 8.13. The analysis is simplified as shown below.

Analysis

The equivalent circuit of a symmetrical lossless line with a UPFC connected
at the midpoint is shown in Fig. 8.14. Here, we are representing the UPFC
by the equivalent network I shown in Fig. 8.13(a). The current source I/



254 FACTS Controllers in Power Transmission and Distribution

Im +

Xy
2‘1
|

vy IX
2
i |

i

(M

(2 M

 — R

+

vis () : ";@V OL N (" )vio

Figure 8.14: System equivalent circuit

is represented as two parallel current sources, for convenience. (Note that we
are using the same symbols for the phasor and its magnitude, for simplicity)

For the circuit shown in Fig. 8.14, we can write

X I\ V.
L0 —F— (Im+ — — =V, .
Vs -5 (Int F) + 5 =V, (3.30)
X Ie\ Ve
V0+j2( 2) 5 = Vm (8.31)
Adding Egs. (8.30) and (8.31), we can solve for V,,, as
N ) X
Vip = Vi L0 = V cos gzg - %Igﬁb (8.32)

Subtracting Eq. (8.30) from (8.31), we can solve for I, as

; _2Vsing § Vol

/= 8.33
" x 27 JiX (8:33)
The power and reactive power outputs at the port 2 of the UPFC are given
by
Vi Ic\*
P+Q = (Vot L) (1n=5)
1 Volf
= Valj+ 5 (VoI = Vinlg) - C4 ¢ (8.34)
From power balance equation in steady state, we have
Vo I? Vo I
RellVi] — Re {2 (Ifn _ 20> + o (1;; + 5)}
= Re[VclI}] (8.35)

Substituting Eq. (8.35) in (8.34), we get the expression for the power flow
(P) in the line as

(8.36)

I*
P = Re[V,,I7] — Re {VC C]
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Substituting for V;,, and I,,, from Eq. (8.32) and (8.33) in (8.36), we get

2
P = V—sin(5—|— VeV cosécos (g —54—900)

X X 2
IV 6 0 R
——5—sing cos <w ~3 +90 ) (8.37)
The power is maximized when
)
8= 3 +90° (8.38)
0 0
Y= 2 +90 (8.39)
and Ppax is given by
V2 VeV 6 IV .6
Poax = 5d sind + —~ 85 + —5 - sing (8.40)

Note that Eq. (8.40) applies for constant values of Vo and I¢. For maxi-
mizing P for a given value of §, we need to set

VC = VCmaX7 IC = IC’max (841)

where the maximum values of Vi and Io correspond to the limits on the
magnitude of the series voltage and the shunt current.

Remarks

1. For the maximum power transfer, we have

. §y X 0
Vin = <V cos 5 + 410) 15 (8.42)
. (sing+Vo) 5
In = - L5 (8.43)
and
Re[V,I5] =0, Re[VoIl] =0 (8.44)

This indicates that the shunt converter draws only reactive current
and operates as a STATCOM. However, the two halves of the series
converter exchange real power as the power generated by the series
converter (half) near port 2 is,

Ve (-, I}}ﬂ Vel Velo
Ppe = — (I -X)| =- = - 4
DC Re |: 5 ( m 9 4 4 (8 5)

It is interesting to observe that for the condition of maximum power
flow in the line, the DC power (at the DC bus) is a constant. The
series converter half on the right, absorbs this power from the network
and supplies it to the series converter (half) on the left.
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Figure 8.15: A BTB HVDC link across a SSSC

2. From the above discussion, it is obvious that for maximum power flow
conditions in the line, a UPFC is equivalent to a combination of (i)
STATCOM and (ii) IPFC. In the latter, the two series converters ex-
change real power in addition to injecting reactive voltages.

3. It is also possible to derive the conditions for the maximum power
(Egs. (8.38) and (8.39)) and the expression for the maximum power
(Eq. (8.40)) directly [17], but the approach given here is simpler.

4. From Eq. (8.34), it is possible to compute Q for the maximum power
condition. This is given by the expression

_ VVesing | IcV cos & Vg IEX

@ X+2 22X 8

(8.46)

5. The equivalent network of the UPFC shown in Fig. 8.13(b) can also be
used to derive the conditions for the maximum power along with the
power expressions. Since Ve is in quadrature with I,,, for the maximum
power transfer, a series connected SSSC is adequate. However the two
halves of the shunt connected converter exchange power through the
DC bus. Thus a UPFC can be represented by a SSSC connected across
a VSC based HVDC BTB (Back to Back) link. This is shown in Fig.
8.15.

In steady state, the DC power flows from VSC2 to VSC1 and the
magnitude is %. The power flow through the SSSC is

Vele
4

Psssc = Pmax

where P is given by Eq. (8.40).
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Figure 8.16: A STATCOM connected between IPFC

In comparison with the circuit shown in Fig. 8.15, the alternate
circuit that is equivalent to UPFC (discussed earlier) is shown in Fig. 8.16.
This circuit consists of a STATCOM that injects reactive current in the

middle of an IPFC. The power P,, at the midpoint is also equal to Pyax +
IcVe
<.

8.3 Control of UPFC

As the UPFC consists of two converters that are coupled on the DC side,
the control of each converter is taken up individually.

8.3.1 Control of the Shunt Converter

The shunt converter draws a controlled current from the system. One com-
ponent of this current is [, which is automatically determined by the re-
quirement to balance the real power supplied to the series converter through
the DC link. This power balance is enforced by regulating the DC capacitor
voltage by feedback control.

The other component of the shunt converter current is the reactive
current, I, which can be controlled in a similar fashion as in a STATCOM.
There are two operating (control) modes for a STATCOM or the shunt
converter. These are,

1. VAR control mode where the reactive current reference is determined
by the inductive or capacitive VAR command. The feedback signals
are obtained from current transformers (CT) typically located on the
bushings of the coupling (step down) transformer.
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Figure 8.17: Block diagram of shunt VSC controller

2. Automatic voltage control mode where the reactive current reference
is determined by the output of the feedback voltage controller which
incorporates a droop characteristic (as in the case of a SVC or a STAT-
COM). The voltage feedback signals are obtained from potential trans-
formers (PT) measuring the voltage V; at the substation feeding the
coupling transformer.

The block diagram of the shunt converter controller is shown in Fig.
8.17.

8.3.2 Control of the Series Converter

The series converter control is aimed at injecting a series voltage of the
required magnitude and angle. These are different control modes for the
series voltage listed below.

1. Direct voltage injection mode where the converter simply generates a
voltage phasor in response to the reference input. A special case is
when the desired voltage is a reactive voltage in quadrature with the
line current.

2. Phase Angle Shifter Emulation mode where the injected voltage Ve is
phase shifted relative to the voltage V7 by an angle specified by the
reference input.
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Figure 8.18: Block diagram of series VSC controller

3. Line impedance emulation mode where the series injected voltage is
controlled in proportion to the line current. The complex impedance
(the injected voltage divided by the line current) seen by the line cur-
rent is determined by the reference inputs. It is essential to take care
(in employing this control mode) to avoid instability or resonance. For
example, negative values of the resistance can cause instability. A large
value of the capacitive (negative) reactance can result in resonance.

4. Automatic power flow control mode where the reference inputs de-
termine the required real power (P) and the reactive power (Q) at a
specified location in the line. Both P and ) can be controlled indepen-
dently of each other in a feasible region determined by the satisfaction
of various constraints that will be discussed later.

In this control mode, the series injected voltage is determined by
a vector control system to ensure the flow of the desired current (phasor)
which is maintained even during system disturbances (unless the system
control dictates the modulation of the power and reactive power). Although
the normal conditions dictate the regulation of the complex power flow in
the line, the contingency conditions require the controller to contribute to
system stability by damping power oscillations.

The feedback signals for the series converter control come from CT
and PTs where the line current and the voltages at the two ports of the
UPFC are measured. The block diagram of the series converter control is
shown in Fig. 8.18.

The automatic power flow control is implemented utilizing the vec-
tor control scheme that regulates the line current based on Synchronous
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Reference Frame (SRF). Here the controlled quantities are the in-phase and
quadrature components (relative to the voltage at port 1 of the UPFC).
Neglecting harmonics, these components are constants in steady state and
depend on the desired reference values of P and (). The feedback control
of the in-phase and quadrature components of the line current is utilized to
determine the magnitude and angle of the series injected voltage.

8.3.3 Operating Constraints

There are basically six major constraints that must be satisfied in scheduling
the control of a UPFC in steady-state. These are

1. Upper limit on the magnitude of the shunt converter current, namely

[c| < I¢max (8.47)

2. Upper limit on the magnitude of the voltage injected by the shunt
converter

3. Upper limit on the magnitude of the voltage injected by the series
converter

|VC’ < VCmax (8.48)

4. Upper limit on the magnitude of the line current flowing through the
series converter

5. Maximum and minimum limits on the line side voltage, Vi, given by

VLmin S ‘VL‘ S VLmax (849)
6. Upper limits on the magnitude of the power flow (Pp¢) in the DC link.

The limits on the voltages injected by the shunt and series converter
depend not only on the voltage ratings of the converters (and the coupling
transformers), but also on the magnitude of the DC bus voltage. This implies
that Viomax (for the series converter) is not constant but varies with the
operating conditions. In general, whenever Vo < Vo ax, the phase angle (3)
of the voltage can vary over 360° (in all 4 quadrants). See Fig. 8.19 which
shows the boundary of the achievable range for Vi, (V; + V). However, due
to the leakage reactance (z;) of the coupling transformer (see Fig. 8.6) the
voltage appearing across the primary winding of the coupling transformer is
(Vo — jlpinex;) rather than V. Hence boundary of the achievable range of
V1, shifts for a specified line current.

The complete range for Vi, cannot be fully utilized as the line side
voltage magnitude has to satisfy limits (Eq. (8.49)) imposed by the voltage
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Figure 8.19: Feasible region for Vi, or V3

ratings of the line and requirements of acceptable voltage levels if the line is
tapped. The loci of the maximum and minimum allowable V}, are shown in
Fig. 8.19 which also shows the feasible region (shaded).

The reference [8] suggests a new control scheme where the magnitude
of the line side voltage (Vi or Va) is regulated instead of controlling the
reactive power flow in the line. Actually, the two specifications (Q = Qspec
and |Va| = Vagpee) are related. However, if |Va| = Vagpe is used, this control
scheme would eliminate the need to monitor the constraints imposed by Eq.
(8.49). An interesting observation is that with the regulation of the two port
voltage magnitudes and if

Vil =[Va| =V

then, the UPFC behaves like an ideal phase shifter. (Note that the automatic
voltage control mode of the shunt converter can be used to regulate |V;| =
V).

In the automatic power flow control mode for the series converter, it
is possible for some operating conditions that the specified P and () may be
outside the feasible region (see Fig. 8.20). In such cases, the limits on V¢
can be imposed in two ways: (i) both P and @ are reduced while retaining
the requested angle for 3 (of the injected voltage) or (ii) the reactive power
is reduced while the active power (P) is maximized. This latter strategy
requires change in 3 while the magnitude of the injected voltage maintains
maximum magnitude.

If the injected voltage V) is used to regulate the line side (port)
voltage of the UPFC, and if the feedback controller for P sets the reference
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Figure 8.21: An alternative series VSC controller

of V,., the block diagram of the series converter control is shown in Fig. 8.21
[8]. The reference voltage V" is calculated directly from the equation

Vi = (Vir + V;)? + (Vip + V})?

where V7, and Vi, are the components of the voltage V1, in phase and quadra-
ture with the line current. These components can be computed if the phase
angle (¢) of the line current is obtained from PLL. The real power controller
also uses feedforward from the phase angle ¢ to improve the phase margin
in the controller design.

8.4 Protection of UPFC

There is an upper limit on the current flowing through the GTOs which can
be turned-off by applying a gate pulse. This limit is generally much higher
than the nominal current rating of the converter. The latter is associated
with continuous operation.
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When the line current increases rapidly above the critical level, un-
der fault conditions, it is necessary to divert the current from the series con-
verter. The bypassing of the converter may be achieved within microseconds
by means of thyristor bypass switch on the secondary side of the coupling
transformer. The switch must be designed to carry the maximum fault cur-
rent for short periods of time. If the fault is a transient fault, the thyristor
bypass switch opens when the current drops and the normal operation can
be resumed. If the fault is of long duration, it is necessary to initiate the
closing of a mechanical bypass switch (breaker) which is located across the
primary winding of the coupling transformer, in order to relieve the loading
on the thyristor bypass switch.

Once the primary bypass switch is closed, the re-insertion of the series
transformer requires the same procedure of startup. The series converter,
during the startup has to drive a current through the primary winding of
the series transformer, that matches the line current. When the match is
achieved, the current in the mechanical bypass switch reduces to zero and it
can be opened without creating any transients. The startup can be achieved
in a few cycles after the fault clearing.

Although the current through the shunt connected converter is care-
fully controlled under normal operating conditions, it could exceed the criti-
cal level under fault condition. The protective action under such conditions
is to interrupt the normal gating sequence. Generally, under transient con-
ditions, it is possible to return to normal operation within a cycle (after the
interruption of the normal gating sequence). In most cases, there is no need
to trip the shunt breaker. However, a major internal failure may necessitate
the opening of the shunt breaker.

8.5 Interline Power Flow Controller

The objective of introducing this controller is to address the problem of
compensating a number of transmission lines connected at a substation.
While pure series reactive (controllable) compensation (in the form of a
TCSC or SSSC) can be used to control or regulate the active power flow in a
line, the control of reactive power is not feasible unless active (real) voltage
in phase with the line current is not injected. The application of a TCSC
(or SSSC with impedance emulation) results in the reduction of net series
reactance of the line. However, % ratio is reduced significantly and thereby
increases the reactive power flow (injected at the receiving end) and losses
in the line.

The Interline Power Flow Controller (IPFC) provides, in addition
to the facility for independently controllable reactive (series) compensation
of each individual line, a capability to directly transfer or exchange real
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power between the compensated lines. This is achieved by coupling the
series connected VSCs in individual lines on the DC side, by connecting all
the DC capacitors of individual converters in parallel. Since all the series
converters are located inside the substation in close proximity, this is feasible.

An TPFC with two converters compensating two lines (as shown in
Fig. 8.3) is similar to a UPFC in that the magnitude and phase angle of the
injected voltage in the prime system (or line) can be controlled by exchanging
real power with the support system (which is also a series converter in the
second line). The basic difference with a UPFC is that the support system
in the latter case is the shunt converter instead of a series converter. The
series converter associated with the prime system (of one IPFC) is termed as
the master converter while the series converter associated with the support
system is termed as the slave converter. The master converter controls both
active and reactive voltage (within limits) while the slave converter controls
the DC voltage (across the capacitor) and the reactive voltage magnitude.

For the system shown in Fig. 8.22 we can express the received power
and the injected reactive power at the receiving end of the prime line (# 1)
by the following expressions.

_ VVpr . (01 V'V 0
P, = P+ X, Sin (2 — qbl) + X, CoS (2 — gbl) (850)
_ Vi 1 VVi . (&
Q1= Qo X, cos (2 <Z>1) + X, sin (2 ¢1> (8.51)
where
Vp1

01 =01 —0y, sing; =—"—+
R ¢1 2V sin &

Pyy and Q19 are the power and reactive power in the line 1 (at the receiving
end) when both V),; and V;.; are zero. These are given by

V2sind; V2
Pg=—""2 = —(1— 1) .52
10 X, Q10 Xl( cos d1) (8.52)

Similar equations also apply to the support line (# 2) except that Vs is not
independent. It is related to V)1 by the equation

Vprdi + Vialo =0 (8.53)
The above equation shows that V2 is negative if V)1 is positive.
With resistance emulation, we have
Vor = —Ril1, Vpp=—Rolo (8.54)

Substituting Eq. (8.54) in (8.53) we get the constraint involving R; and Ro
as
R\I? = —RyI3 (8.55)
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Figure 8.22: Representation of IPFC

The constraint equation (8.53) or (8.55) can limit the utility of IPFC. In such
a case, an additional shunt converter (forming a GUPFC) will be useful (see
Fig. 8.2).

8.6 Convertible Static Compensator

Using Voltage Source Converters that can be connected in shunt or series,
it is possible to develop a versatile and reconfigurable FACTS controller.
The first CSC consisting of two 100 MVA VSCs was commissioned at 345
kV Marcy substation of NYPA system in U.S.A. Each converter can be
connected to a shunt transformer or a series transformer. There are two series
transformers coupling the two converters to two separate lines connected at
the substation. The shunt transformer has two secondary windings. Each of
the two windings can be connected to any particular converter. The CSC can
be operated with one or both converters. Depending on the connection of the
converters, the CSC can be operated as one or two STATCOMs (connected
in parallel), one or two SSSCs (connected in the two lines). If the DC
capacitors are connected in parallel, we can get two configurations of UPFC
or an IPFC. These possibilities are listed in Table 8.1 with reference to
the Fig. 8.23. There are 10 different FACTS controllers possible. It is to
be noted that 1(a) and 1(b) are equivalent as a single STATCOM can be
configured using either of the two converters.

One can extend the concept of CSC to a system consisting of over
two converters that can lead to a large number of configurations of FACTS
controllers. The basic idea behind a CSC is the provision of flexibility to
deploy the required type of the controller depending on the requirements
that can vary with the operating conditions.
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Table 8.1: CSC Configurations.
VSC 1 VSC 2 Status of Controller
Sr. No. | Connected to | Connected to | SW1 and SW2 | type
1(a) TR-SH1 - NA 1 STATCOM
1(b) - TR-SH2 NA 1 STATCOM
2 TR-SH1 TR-SH2 off 2 STATCOM
3 TR-SE1 - NA 1 SSSC
4 - TR-SE2 NA 1 SSSC
5 TR-SE1 TR-SE2 off 2 SSSC
6 TR-SH1 TR-SE2 off 1 STATCOM,
1 SSSC
7 TR-SE1 TR-SH1 off 1 STATCOM,
1 SSSC
8 TR-SH1 TR-SE2 on UPFC1
9 TR-SE1 TR-SH2 on UPFC2
10 TR-SE1 TR-SE2 on IPFC

8.7 Modelling of UPFC, IPFC and other

Multi-Converter FACTS

There are different types of studies associated with UPFC and other multi-
converter FACTS controllers. The studies are carried out from objectives
of planning or operational analysis. The broad spectrum of the required
studies are listed below with increasing order of complexity
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Power flow studies
Dynamic stability

Transient analysis neglecting harmonics

Ll e

Detailed transient analysis considering switching action in the convert-
ers

The power flow studies involve the computation of solution of non-
linear algebraic equations that relate the specifications to the system state
variables. The constraints are usually handled by modifying the specifica-
tions. For example, limits on the reactive current/power are handled by
changing the voltage (magnitude) specification. There are many production
type computer programmes for power flow analysis of large power systems.
These can be modified to include models of multi-converter FACTS.

The dynamic stability refers to the stability of a power system influ-
enced by various controllers (AVR, PSS and network controllers including
HVDC and FACTS). There are different mechanisms of system instabil-
ity. One involves slow growth of undamped low frequency oscillations that
are excited by small disturbances that are always present. The growing
low frequency oscillations can result in loss of synchronism or voltage col-
lapse. Sometimes, torsional oscillations in subsynchronous frequency range
can arise and result in torsional interactions with disastrous effect on the
generator shafts.

Both power flow and dynamic stability analysis are based on the sin-
gle phase model of the network. Since dynamic stability analysis involves
phenomena of frequency below 5 Hz, the network variables (voltages and
currents) are represented by phasors that vary slowly. Under such circum-
stances, it is adequate to model the fast FACTS controllers by simplified
performance type models that do not require detailed models of the con-
trollers. For example, the reactive current controller in a shunt converter is
modelled as shown in Fig. 8.24. Here, the reactive current output of the
converter is assumed to follow the reference with a specified delay.

However, it is essential to test the controller performance using de-
tailed three phase models to validate the simplified analysis. For example,
the design of AC voltage regulator for the shunt converter requires the study
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Figure 8.25: Model of a VSC

of electromagnetic interactions that result from the network transients (see
chapter 3 for details). In general, this is true for all fast acting controllers.
The detailed transient simulation considers three phase nonlinear models of
all relevant components.

For the analysis and simulation of SSR, network transients (below
third harmonic) need to be modelled by approximate models. For example,
a transmission line can be modelled by a single m equivalent network. There
is no need to consider the switching action in the converters and the resulting
harmonics. The FACTS controllers can be modelled using dynamic phasors
or d — ¢ variables referred to a synchronously rotating reference frame.

It would be desirable to employ a common model for all types of
studies. For multi-converter circuits, a converter can be modelled by a vari-
able voltage source in series with an inductive impedance as shown in Fig.
8.25. Here, the voltage source is related to the voltage across the DC ca-
pacitor based on the converter topology and control action. For three phase
models, the voltage source is defined instantaneously and contains harmon-
ics. Neglecting harmonics, we can represent the voltage by d — ¢ components
(dynamics phasors) that are determined by exact controller models. The
controller models are already described earlier.

The phasor ij is expressed differently for the shunt and series con-
verters. For the shunt converter, Vin; = |Vep|Z(61 + «). For the series
converter, Vinj = [Vie| £(¢ — 7)

For transient or dynamic stability analysis, the converter model shown
in Fig. 8.25 can be represented conveniently by Norton equivalents that
simplifies the network solution using the admittance matrix. For power flow
analysis, a shunt converters (in isolation) can be modelled as synchronous
condenser with the specification of bus voltage (magnitude). The two con-
trol variables |V, | and a are calculated from the specified voltage magnitude
and the constraint equation that relates the power drawn to the losses in the
converter. For the series converter, the specification is the line power flow
(P) and the constraint is the power supplied by the series converter which
may be assumed as zero.
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For coupled converters such as a UPFC, the four control variables,
|Vshl, [Vse|. @ and ~ can be computed from the three specified variables,
(say Vi, Py, Q2) and the constraint that relates the power balance in the DC
circuit.

8.8 SSR Characteristics of UPFC

It was mentioned in chapter 6 that a STATCOM has limited influence on
the SSR characteristics of the network. It was mentioned in chapter 7 that
a SSSC is generally SSR neutral if the DC capacitance is large. The major
advantage of controllable compensation such as a combination of fixed capac-
itor and SSSC is to dynamically avoid resonance by the proper choice of the
fixed series capacitor and meeting the required compensation using SSSC.
It was also mentioned that the provision of a well designed Subsynchronous
Damping Controller (SSDC) as an auxiliary controller (with a STATCOM
or SSSC) can be used to damp Subsynchronous Oscillations (SSO).

The UPFC can be viewed as a combination of STATCOM and SSSC
with an additional degree of freedom (of injecting a real voltage). If this
voltage is controlled to emulate positive resistance, it was observed from
a case study based on IEEE First Benchmark Model (FBM), the critical
torsional mode can be damped adequately [19]. The shunt converter of the
UPFC is connected at the electrical center of the line (considering the series
injected reactive voltage). The eigenvalues for the cases (i) V, = 0 and (ii)
Vp = 0.065 are shown in Table 8.2. It is assumed that the shunt converter
regulates the bus voltage while the series converter injects a constant reactive
voltage in addition to positive resistance emulation (The real power flows
from the series converter to the shunt converter). It is observed from Table
8.2, that the critical torsional mode (# 3 corresponding to radian frequency
of 160) is undamped for case (i) and gets damped for case (ii). Thus a UPFC
provides an inherent control for damping SSR without any SSDC.

Similar results are also obtained with an IPFC [21]. However, IPFC
connected in two parallel lines results in positive resistance in one line and
a negative resistance in the other line (with resistance emulation). If the
net resistance in the loop is positive that can be controlled, it is possible to
damp the critical mode using IPFC.

8.9 Applications of UPFC

A UPFC may be required whenever the problems of voltage and power flow
are present. The planning studies are required to determine the need of a
UPFC.
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Table 8.2: Eigenvalues corresponding to the torsional and network modes.

Case (i): V, =0.0

Case (ii): V}, = 0.065

Comments

—1.6923 & ;8.438
—0.1993 + §99.107
—0.0686 = ;127.040
0.8427 + j159.930
—0.3850 + j202.790
—1.8504 = ;298.170
—2.7931 + j160.070
—1.3266 + j560.190

—1.5863 £ 58.121
—0.1749 + §99.039
—0.0621 =+ j127.030
—0.3876 + j160.480
—0.3669 + j202.810
—1.8504 = 5j298.170
—11.9020 £ j159.920
—16.8880 + j545.270

Mode 0 (Swing Mode)
Mode 1 (Torsional Mode)
Mode 2 (Torsional Mode)
Mode 3 (Torsional Mode)
Mode 4 (Torsional Mode)
Mode 5 (Torsional Mode)
Subsynch. Network Mode
Supersynch. Network Mode

A major advantage with multi-converter FACTS controller is the
versatility and flexibility afforded by more than one degree of freedom. With
a UPFC or IPFC, there are 3 degrees of freedom which can be utilized to
regulate 3 quantities in the network - bus voltage and/or power and reactive
power flows in the line(s). Such flexibility is of importance in the operation
of restructured power systems. The concept of CSC is a first step in this

direction.
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Chapter 9

Interphase Power Controller and
other FACTS Devices

In this chapter, we discuss some of the special purpose FACTS controllers
and their applications. In particular, we consider the following devices:
1. Interphase Power Controller (IPC)
NGH-SSR Damping Scheme
Thyristor Controlled Braking Resistor (TCBR)
Fault Current Limiter (FCL)
Thyristor Controlled Voltage Limiter (TCVL)

RATIE S

Each of the above is a special purpose device designed for specific
applications.

9.1 Interphase Power Controller (IPC)

9.1.1 Introduction

The original concept of IPC was first described in reference [1] and the prac-
tical design aspects of a 200 MW prototype for the interconnection of the
120 kV networks, was described in [2]. However, the original concept pro-
posed in [1] has undergone modifications that are described in [3-7]. The
installation of world’s first IPC at the New York Power Authority (NYPA)
Plattsburgh substation on the 115 kV tie that interconnects the NYPA and
VELCO systems, is described in [8]. This IPC belongs to the category of
IPCs called as the Assisted Phase Shifting Transformers (APST) where the
major objective is to provide a passive solution for the control of steady state
and post-contingency power flows [6]. The basic principle of the APST is to
add a high impedance in parallel with an existing PST. The impedance car-
ries a portion of the power flow such that the capabilities of the installation
are increased.
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Figure 9.1: TPC equivalent circuit

9.1.2 Initial Concept of IPC

The FACTS controllers based on power electronic devices offer both flexibil-
ity and high speed (of operation). There are applications where the speed
is not so important, but flexible operation is required. For example, in net-
works that are sensitive to daily or seasonal load variations, problems can
arise in the regulation of power flows in steady state.

The IPC concept involves the series connection of impedances be-
tween different phases of the two (synchronous) subnetworks that are to be
interconnected, hence the name: the Interphase Power Controller [1].

The IPC proposed in [1] acts as a current source with the following
characteristics:

1. The power flow is nearly constant (within 10%) for a wide range of
(£25°) of angle between the two subnetworks.

2. There is no significant contribution to the short circuit level by the
interconnection between the two subnetworks.

3. Major contingencies on one side of the IPC have negligible impact on
the voltages of the other side.

4. As no power electronic controllers are required, harmonics are not gen-
erated.

The IPC consists of three phase reactors and capacitors each installed
in series between the two subnetworks that are to be interconnected (see Fig.
9.1).

However, unlike in the conventional series compensation schemes,
the phase A reactor and capacitor of the first subnetwork (or network) could
be connected to phases B and C of the second subnetwork (network). This
implies that some components are always subjected to voltage even if the
angle dgr = (0s —JR) is zero. Hence the current and consequently the power
flow is nonzero at dgg = 0.
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Figure 9.2: TPC 240 equipped with switches to invert the direction of the
active power flow

Reference [1] describes two IPC schemes: a) IPC 240 and b) IPC
120. The first scheme is shown in Fig. 9.2. This figure shows only two of
the total six susceptances (B = —%) The susceptances are connected to
a set of switches that enable the direction of the active (real) power P to
be reversed. The power flow is defined as positive when the flow is from S
to R. When the flow is positive, susceptances B; and By are connected to
voltages Vg and Vpg respectively as shown in Fig. 9.2. The power reversal
is achieved by connecting B; and By to Vg and Vg respectively. The IPC
in Fig. 9.2 is designated as IPC 240 as the voltages of connection points of
By and Bj are phase shifted by an angle v = 240°. The phase current [ 4R is
the sum of Ip; and Ipy (the currents in the two susceptances). The phasor
diagram for dgg = 0 is also shown in Fig. 9.2. I leads V4r by 60° while
Ipo lags Vg by 60°.

To improve the power factors of the two currents (Ip; and Ips),
IPC120 is proposed which involves the use of a Y-y6 (180° phase shift)
transformer (see Fig. 9.3). Here, v = 120°, hence the name IPC120.

The phasor diagram in Fig. 9.3 shows that Ip; leads Var by 30°
while Ips lags Vag by —30°. If the transformer shown in Fig. 9.3 is assumed
to be ideal and n = 1, the values for P, Qs and Qg are given by

P = (_VSVR Sin5Bl)Bl + (—V5VR Sin532)32 (9.1)
—Qs = (V& —VsVgrcosdp1)B1 + (V& —VsVrcosdpa)Ba  (9.2)
QR = (VI% — VSVR COS (531)31 + (V]% - VSVR COS 532)32 (9.3)

where the angles 61 and dpo are the phase angles across the admittances
B1 and B, respectively. Hence,

dp1 = Osr— U1 (9.4)
dp2 = Osr— Y2 (9.5)

For TPC 120, 91 = —60° and 9 = 60°. (Note that Bj is negative while By
is positive.)
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Figure 9.3: TPC 120

Egs. (9.1) to (9.3) relate P,Qg and Qg to the two susceptances By
and Bs. It is possible to regulate two variables (say P and Q) by adjusting
the values of the susceptances By and Bs.

The solutions for By and Bs for specified P and Qg are given below.

P(2VR — Vs cosdsr — V3Vgsindsr) — QrVs(v3cosdsr — sindgr)

By —
' V3VsVr(Ve — 2V cos dsp)
(9.6)
B, — —P(2VR — Vs cosbsr + V3Vssindsr) — QrVs (V3 cosdsr + sindsr)
2 V3VsVa(V — 2V cos dgg)
(9.7)
From Egs. (9.2) and (9.3), we get,
~Qs = (Bi1+ B2)(V& = Vi) + Qr (9.8)
This shows that Qg = —Qg if By = —Bay, irrespective of Vg and V. The
variations of P and Qr(—Qs) are shown for By = —By = —1 as dgp is varies

from —25° to 25° are shown in Fig. 9.4. This figure also shows the variations
of P and Qg for |By| = |B2| = 0.5. In the calculation of P and Qg, Vr and
Vs are assumed to be equal to 1.0 p.u.

9.1.3 Improvements in IPC

To reduce the ratings of IPC and thus their costs and losses, improvements
in the original concept were introduced. A major innovation is to use phase
shifting transformers (PST) to apply phase shifted voltages to the two sus-
ceptances. This is termed as injection IPC as phase shifts are introduced by
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Figure 9.4: Plot of Pr and Qg as a function of dggr
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Figure 9.5: A voltage injection IPC
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injection of quadrature voltages in series with the two susceptances [3]. (see
Fig. 9.5). In the injection of IPC, the phase shift angles ¢ and 9 can be
varied while they are fixed at £60° in the IPC120. In the injection IPC, the
voltages V1 and Vo are substantially smaller because 11 and 12 can be as
small as £20° for the same useful range of dgr (+25°). Thus, the ratings are
reduced which in turn results in the reduction of costs, space requirement
and losses. These are important issues in higher voltage transmission lines.
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Figure 9.6: Comparison of 120° and 90° injection

In conventional PST, the excitation transformer (ET) is normally
equipped with on-load tap changer (LTC) to adjust the power set point.
In an IPC, the power flow is maintained constant in a passive manner by
its inherent characteristics and the power level is adjusted by switching the
desired susceptance values. Thus, the ET and LTC can be dispensed with
when PST is used for voltage injection. This is possible by injecting the
voltage with an angle of 120° (instead of 90° in a conventional PST). See
Fig. 9.6 for comparison of the 120° and 90° voltage injections. A 120°
angle of injection is easily achieved by taking the phase to neutral voltage
from another phase. Also, a 120° angle of injection limits the magnitudes
of the voltages Vg1 and Vps as the angles 1 and 1y increase in magnitude.
Fig. 9.7 shows an injection IPC without ET and angle of injection of 120°.

Typically, 11 = —1p9 = 1.

The equivalent circuit for the injection IPC is shown in Fig. 9.8.
The major differences compared to the equivalent circuit shown in Fig. 9.1
are the presence of the ideal transformers in the two parallel branches. The
turns ratios for quadrature (90°) voltage injection are given by

OA
m=ny= o= cos (9.9)
For injection at 120° (as shown in Fig. 9.7), the turns ratios are:
OA
nm=n = o s = sin[120° — [|¢|]/ sin 60° (9.10)
Power Characteristics
In deriving the expressions for P, Qg and Qg, we assume that |B;i| = |Bs|.
Also, we assume that Bj is an inductive susceptance (By = —%) and By is

a capacitive susceptance. The expressions for the active and reactive power
can be derived from the following equations for Ig; and Igs

VB _ (ViL(6s — 1) — VRLOR]
JX JX

Ip: (9.11)
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Figure 9.8: Equivalent circuit for the injection IPC
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Vea  [V§l(6s —2) — VRLOR]

Iy = X" —ix (9.12)
where V§ = %
Since,
(Ps —jQs) = Vs(Ipy + Ip) (9.13)
(Pr+JjQr) = Vr(Ip1 + Ipy) (9.14)

Note that the direction of Qg is opposite to that of Pg and Pgr. We can
obtain the expressions for Ps, QQg, Pr and Qg which are given below:

Pg = Pr = Pypax COS (533 — 11)1%%) sin (@) (9.15)
Q5 = Qr = — Pyax sin <5SR— ¢1;¢2>sin (%;wl) (9.16)
where Ppax = 2V§VR is the maximum (theoretical) power flow in the IPC.

dsr = 0s—0pr. In practice, the rated power of IPC is limited by the maximum
voltages across the inductive and capacitive susceptances.

9.1.4 Further Simplifications

We can simplify the topology of IPC if we used voltage injection in the
reactor branch only. (¢ = 0). If ¢y = —30°, Ps = Pg is maximum if
d0sgr = —15° (from Eq. (9.15)). For this condition, the line current Ir4 is
in phase with voltage V4. (To simplify analysis, we assume n = 1). For
this example, the power factor is unity on both sides of the IPC. We can
also observe that Pgr is maximum when dgg = 15° if ¢ = 30° and the
power factor is unity on both sides. The range of operation of the IPC in
the Pr — dsr plane is shown in Fig. 9.9. Here, we observe that the region
of operation is a parallelogram (ABCD) bound by the lines AB and CD
corresponding to the maximum power flow through the IPC. The width of
the parallelogram depends on the changes in the angle dggr resulting from
credible contingencies.

The power levels are adjusted by changing the values of susceptances
and the offset is fixed by selecting the internal phase shift angle ;.

The region of operation of the IPC can be obtained by considering
the TPC connected to the AC network as shown in Fig. 9.10.

Assuming that Vi = |Vs| = |[Vr| = Vo = 1.0, we can express the
active power flow (Pg) as

I I
Pr = el sin(d — dg) = X, sin(dg)
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Figure 9.9: Operating region of IPC

A C NETWORK

| o | | 2|
e B

Vif§ Vs T B VR V[0

Figure 9.10: ITPC connected to a AC network

If the differences in the angles are small, then

1 1 0 —0sgr
Pr~—(0—-6s)=—(0Rp) = —"— 9.17
The above equation can be expressed as
Pr =mdsr +d (9.18)
where
_ d= 0 Xr=X1+X
m = X, T X, L = A1 2

This shows that the slope of the lines AD and BC is — XLL The width
of the parallelogram is given by (dmax — Omin). We have assumed (in Fig.
99) that 6min == _6max-
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Figure 9.12: Phasor diagram showing Ig1, Ipo and Ir

9.1.5 Retrofitting of Existing Phase Shifting
Transformers

Phase Shifting Transformers are utilized to control power flow in a tie line
interconnecting two networks. There are about 90 PST in N. America [8].
By connecting a capacitive impedance in parallel with a PST, it is pos-
sible to increase the capability of the PST in the boost position [6]. In
this configuration (shown in Fig. 9.11), the inductive impedance X is the
leakage impedance of the PST. A capacitive impedance X¢ of appropriate
rating is connected in parallel to enhance the control range of the phase shift
and thereby the operating region. The current phasors Igq, Iy and I for
Y = Ymax and ¥ = Yy are shown in Fig. 9.12. It is obvious that the
effective phase shift produced by the IPC is greater than the produced by
PST alone.

The region of operation of PST in the Pr — dgr plane is shown in
Fig. 9.13(a). The operating region is bound by ABCDEFA. The lines BC

and EF have the slope of m = —XLL and pass through the points (dmax, 0)

and (Omin, 0) respectively (similar to what is shown in Fig. 9.9). Since Pp is
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Figure 9.13: Comparison of PST and IPC
also given by
Osr — ¢
PR = XT = ka (919)
X7

the lines CD and FA have the slope of X%f and pass through the points
(¥max, 0) and (tmin, 0) respectively. The lines CD and FA form the boundary
of the region of operation, imposed by the tap changer limits of the PST.
The lines AB and DE relate to the constraints imposed by the PST winding
current limits. The lines BC and EF reflect the network limits as mentioned
earlier.

The operating region of IPC is shown in Fig. 9.13(b). The power
characteristic of the capacitor is shown by the dashed line passing through
the origin and having a negative slope of XLC

The capacitor can be selected such that the current in the PST (line
current - capacitor current) is never exceeded. Thus, the impedance X¢ is
chosen such that the power flow in the capacitor is equal to the difference
between the network limit and the capacity of the PST at its maximum tap
position.

The shaded regions in Fig. 9.13(b) correspond to the enhancement
of the power flow control capability provided by the IPC over and above
that given by the PST working alone. The capacitor also results in reduced
losses and provides voltage support.

If the operating point A happens to lie in the first quadrant, then the
PST requires an inductive impedance (instead of the capacitive impedance)
to be connected in parallel. The size of the inductor can be chosen in a
similar fashion (as the capacitor) to enhance the capability of the PST. The
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Figure 9.14: An IPC as a FCLT

IPC installed at Plattsburgh substation has an inductive impedance of 75
ohms connected in parallel with the existing PST. To compensate for the
reactive losses caused by the inductor, two 25 MVAR shunt capacitor banks
are also included on the line side of the IPC. Although the shunt capacitors
are not part of the IPC, they are required for its proper operation. The
inductors are connected via 115 kV underground cables as there was not
enough space for implementing aerial busbar connections to the PST [8].

9.1.6 Application of IPC as Fault Current
Limiting Transformer (FCLT)

In reference [7], Fault Current Limiting Transformers (FCLT) have been
proposed as a special case of IPC technology. A FCLT involves a phase
shifted voltage to be applied in series with a capacitive impedance. Con-
sider a transformer substation in which several transformers are connected
in parallel to supply load. If additional load is to be met by adding a new
transformer, there is a danger of increased fault level. This can be controlled
by connecting an IPC as a FCLT (see Fig. 9.14).

In reference [26], a feasibility study for converting a 345/138 kV
auto-transformer into a FCLT is reported. By connecting one winding of a
two winding transformer across the B phase of auto-transformer’s 13.8 kV
delta connected tertiary winding and other winding in series with A phase of
auto-transformer’s 138 kV terminal (see Fig. 9.15) a phase shifted voltage
Vsea is obtained. Fig. 9.15 shows the FCLT in parallel with three auto-
transformers. A series capacitor of —j33.2 ohms is connected in series with
the FCLT.

The leakage impedance of the autotransformer (X,,) is 8.4 ohms
while that of the series connected two winding transformer is 1 ohm. Under
normal operating conditions, the power flow in a FCLT (IPC) is a function
of the injected voltage (Vs.) which can be adjusted by controlling the tap
position of the series connected transformer. Thus, the FCLT has similar
characteristics as the voltage injection type of IPC described earlier.

During faults, the current flow through FCLT is limited by the high
series (capacitive) impedance. The FCLT has about 3 times the impedance
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Figure 9.15: A FCLT in parallel with autotransformer

of the autotransformer and hence will contribute only about 1/3 of the fault
current provided by an autotransformer.

9.1.7 Applications of IPC

The power flows in transmission lines connected to a generating station or a
load centre are determined by the outputs of the generators or load demands
which are known in advance. In case of contingencies involving tripping of
line(s), the power flow in the remaining lines is regulated by tripping of
generators or loads.

In contrast, if a tie line is to connect two networks (or subnetworks)
the power flow can vary widely depending on the phase angle (§) difference
across the two buses to which the tie line is connected. To prevent frequent
tripping of the tie line, it becomes essential to modify the power character-
istics of the line. An Interphase Controller (IPC) uses only passive reactive
impedances and a phase shifting transformer to adjust the power flow char-
acteristics of the line such that over the range of § (determined by network
contingencies), the active power remains practically constant. The authors
of references [1] to [7] mention a variation of less than 10% in power flow
even when § varies over the range of £20°.

Actual implementation of a technology depends on the cost-benefit
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aspects and comparison with competitive technologies. For example, if speed
is not essential, a phase shifting transformer (PST) which is manually con-
trolled, may be adequate. Introduction of passive impedances (capacitive
or inductive) can improve the capability of existing PST. Thus, the first
installation of IPC in Plattsburgh station belongs to this category.

References [7] and [26] describe applications of IPCs as FCLTs. How-
ever, it is not obvious whether this concept will be implemented in practice.

It is possible to use Static PSTs as parts of IPCs. This provides
fast speed of response in addition to flexibility of operation (under credible
contingencies). However the use of SPST as new installation is generally not
considered due to cost considerations.

Reference [5] reports on simulator studies of IPC technology. There
are several issues that affect the design of IPC such as overvoltage (caused
by opening one end of the IPC), voltage unbalance, variation of the system
frequency and operation with one or two phases out of service. It is claimed
in [5], that in a strong system, the IPC can be operated with one or two
phases open on one side, provided that all three phases of the PST remain
energized on the other side.

9.2 NGH SSR Damping Scheme

This scheme was proposed by N.G. Hingorani [9,10] to damp subsynchronous
frequency currents in transmission lines and was first installed at Southern
California Edison’s Lugo substation in U.S.A. in 1984 [11,12].

The basic concept of NGH-SSR damping scheme can be explained
with reference to Fig. 9.16. If a sinusoidal voltage of frequency fy is combined
with a DC voltage, it is seen that, for the combined voltage, some half cycles
are longer than the nominal half cycle period of ﬁ If a sinusoidal voltage
of frequency fe < fo is considered instead of the DC voltage, again it is
observed that the combined voltage has some half cycles which are longer
than ﬁ Similarly, any combination of a base signal of frequency fy with
DC and subsynchronous frequencies would result in some half cycles longer
than the nominal half cycle period.

The voltage across the series capacitor is a combination of fundamen-
tal frequency, DC and subsynchronous frequency components. The basic
principle of NGH damping scheme is to dissipate capacitor charges when-
ever the measured half cycle period exceeds the nominal. This is done by
inserting a resistor across the capacitor through thyristor switches (see Fig.
9.17). The thyristor stops conducting whenever the capacitor voltage (and
the thyristor current) reaches zero. Therefore, the measurement of half cy-
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Figure 9.16: Effect of presence of DC and subsynchronous frequency
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Figure 9.17: Basic NGH-SSR damping scheme

cle period restarts from a new voltage zero. No thyristor fires for half cycles
which are shorter than the set period. Two thyristors are needed for the two
polarities. For high voltages, the thyristor shown in Fig. 9.17 actually rep-
resent a series string of thyristors. The resistor value is not critical although
lower its ohmic value, the more effective it is (except when it is too low). It
is recommended that the resistor’s ohmic value within 5 to 10 percent of the
capacitor ohmic value will give satisfactory results. A small series reactor is
used to limit the rate of change of current in thyristors.

Thyristor Control

A conceptual firing control scheme for thyristors is shown in Fig. 9.18. A
pulse generator continuously generates a train of pulses at a rate high enough
so that pulse count can be used as a measure of the half cycle period. A
signal proportional to the capacitor voltage is fed into an amplifier/clamp
which produces a square wave signal between two zero crossings for one
polarity of the input wave, thus representing the length of each half wave.
The gate allows the pulses to go through for the duration of the half wave.
The counter, which is reset by the square wave, counts the number of pulses
from voltage zero so that whenever the count exceeds the set value, the
counter releases the firing pulse to its thyristor string. A common pulse
generator may be used for the two thyristor strings in each phase.

The operation of the controller is independent for each phase. The
controller is simple and does not require detection of specific subsynchronous
signals. The control signal can be obtained at the platform level. Alternately,
it can be generated as the difference of two voltage signals from the measuring
devices (on each side of the capacitor) of the voltage with respect to ground.
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Figure 9.18: Thyristor control for NGH-SSR damping scheme

In this case, the control circuitry could be located at the ground level and
firing pulses transmitted through optical links.

The objectives of the NGH damping scheme are

reduce transient torques
suppress steady state (self excitation) SSR problem

suppress offset of series capacitors

Ll

protect the series capacitors

The scheme may be designed for any or all of the above purposes.
If transient torque control is of major concern, the set period can be larger
than the nominal half cycle periods so that in steady state and with small
perturbations the thyristors will not fire. The thyristors will fire only during
large disturbances such as faults followed by clearing. If steady state SSR
problem is of major concern, the set period can be slightly less than the nom-
inal half period; then the thyristor will conduct during steady state at the
tail end of each half cycle of the capacitor voltage; this will provide detun-
ing effect against gradual build up of oscillations. There will be continuous
power loss in this case, but is very small and of minor consequence.

The thyristors can help to protect the capacitors (and themselves)
by firing if the instantaneous forward voltage exceeds a set level. The re-
sistor limits the discharge current from the capacitor. The capacitor and
thyristor protection can also be implemented by employing nonlinear zinc
oxide resistors across the thyristors (see Fig. 9.19). The protection level of
the zinc oxide resistor can be selected such that it (in series with the linear
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Figure 9.19: Thyristor and capacitor protection

resistor) provides adequate protection for the capacitor. The bypass switch
helps to relieve the thyristor/resistor when their duty exceeds safe limits.
The bypass switch is also required when capacitor is to be bypassed and
reinserted under normal operating conditions.

NGH scheme is a passive scheme-it does not require feedback sig-
nals. The requirement of thyristors are well within the state of the art. For
example, a 1000 A, 30 ohm capacitor may require a 80 kV thyristor string
with a resistor duty of 20-50 MJ per phase.

The studies carried out on NGH scheme [10] indicate that it is an
effective countermeasure for both steady state and transient SSR problems.
However it was found that some undamping can result for torsional modes
which are ‘off tune’ (not in resonance with the electrical system). It is sug-
gested that the use of SEDC (Supplementary Excitation Damping Control)
can help to overcome this problem. In summary, the studies show that NGH
scheme with appropriate SEDC is beneficial in applying series compensation
over a wider range (0-75%) whereas SSR problem limited the compensation
level to 15%.

Reference [13] compares the SSR characteristics of the NGH scheme
with the TCSC. Whereas in a TCSC, the thyristor current pulse completely
reverses the initial capacitor voltage, in a NGH scheme, the thyristor current
pulse reduces the capacitor voltage from the initial value to zero. The design
parameters of NGH scheme and TCSC are significantly different. For a 15
ohm capacitor (per phase), with 1000 A line current, the NGH scheme has
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Figure 9.20: Application of shunt braking resistor

R = 4.25 ohms and the reactor size in 0.820 mH. For the same value of
capacitive impedance, the reactor size is 6.8 mH which has a resistance of
0.03 ohm.

While the major benefit of NGH scheme is to provide transient
(electrical) damping, the characteristics of the TCSC results in inductive
impedance at subsynchronous frequencies. See chapter 4 for more details on
TCSC.

9.3 Thyristor Controlled Braking
Resistor (TCBR)

This is also termed as Dynamic Brake and involves the use of braking re-
sistors, mostly connected in shunt, which are switched in, following a fault
clearing, to correct the temporary imbalance between the mechanical power
input and electrical power output of generators. In principle, the use of
braking resistors of suitable size and appropriate logic to implement control-
lable duration of resistor insertion can overcome the problem of transient
instability. However, the cost of resistor capable of dissipating the required
amount of energy and associated switching equipment is a deterrent as there
have been very few applications so far. Peace River in British Columbia,
Canada [27] and Chief Joseph Substation of Bonneville Power Administra-
tion in Western USA [16] are few of the modern applications of the concept.

Fig. 9.20 shows typical location of shunt connected resistors at the
sending end of a long double circuit transmission line.

When the inertia of the sending end generator is small compared
to that of the receiving end, series braking resistors are also effective in
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controlling the relative angle. See Fig. 9.21.

Series braking resistors can be inserted by connecting them between
the neutral and ground on the high voltage (line) side of the step-up trans-
formers. This simplifies the design of the resistors from the insulation point
of view. The other advantages of series connected dynamic brake are [28]

1. Speed of insertion is related to opening of a circuit breaker across the
resistor as opposed to the closing of a breaker as in the case of the
shunt resistor. This permits faster action of the brake and is effective
in reducing the severity of the fault in case of prolonged faults by stuck
breakers. It is to be noted that series braking resistors are inserted as
soon as the fault is detected while shunt resistors are switched on as
soon as the fault is cleared.

2. The peak value of the electrical power (in an equivalent single machine
system) occurs when (6; — d2) > 90°. This is beneficial as it allows
more time for the synchronizing torques to act.

3. The size and cost of series braking resistor tend to be smaller than that
of the shunt resistor because of factors listed above.

The effectiveness of the series braking resistors is considerably re-
duced if M; and My (inertias of the two equivalent generators shown in
Fig. 9.21) are comparable. This is due to the fact that both machines are
decelerated equally when M; = My and the relative deceleration is zero.

The application of 1400 MW shunt dynamic brake at BPA’s Chief
Joseph substation resulted in the increase in the transient stability limit
of power flow on Pacific Northwest - Southwest (PNW-SW) intertie [16].
Mechanically switched dynamic brake is designed as a discrete controller
that acts for a short time after the fault clearing in systems with hydro
plants. The replacement of mechanical switches by thyristor switches not
only increases the speed of response, but also permits continuous control in
response to a locally generated control signal. Thus, a TCBR can be used for
a variety of functions [14] in addition to prevention of transient instability
during the first swing. These are:
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sions.

9.4

With

. Improve damping of low frequency oscillations.

. Damping of Subsynchronous Resonance (SSR) that can result from

fixed series compensation

. Reduce and damp subsynchronous frequency shaft torques to enable

high speed reclosing of lines near a power plant. This is significant
even in the absence of fixed series compensation.

. Facilitate synchronizing a turbine generator. Out-of-phase synchroniz-

ing can produce more severe shaft torques compared to a bolted three
phase fault at the generator.

The case study reported in reference [18] led to the following conclu-

. The proportional control using the speed deviation of the generator

(on which the dynamic brake is acting) gives good result in damping
of torsional oscillations of the turbogenerator shafts.

The control signal of speed deviation contains primarily the torsional
modes and little of the modes belonging to the electrical network. This
results in robust control action which is independent of the network
configuration or fault type.

. A high pass filter acting on the control signal can provide better damp-

ing of the torsional modes at the expense of the low frequency swing
mode (mode zero). However, for high-speed reclosing applications, this
is advantageous as the transient shaft torques are better damped.

. Simulation results on multimachine systems show that identical gen-

erators can be controlled by a single dynamic brake. In most cases,
a brake acting on one generator does not affect the torsional modes
of a nearby non-identical generator, unless the two generators share a
common (torsional) mode frequency.

Fault Current Limiter (FCL)

expansion in generation and system interconnections, the fault levels

increase. The dynamic loads such as synchronous and induction motors also
contribute to fault levels. The interruption capacity of circuit breakers (CB)
is less than 80 kA and 63 kA is a widely used CB level. The replacement
of switch gear to accommodate increased fault levels is not very practical
solution. Other solutions involve bus splitting (which can reduce reliability)
and/or the use of reactors and high impedance transformers. The latter
is also not desirable on account of increased losses, voltage regulation and
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stability problems. The use of low impedance transformers can eliminate
the need for on load tap changers.

Sometimes it becomes necessary to protect equipment against de-
structive effects of fault currents even though the breaker capacity is ade-
quate. An example is a transformer in underground vaults or cables which
are very expensive to replace. To reduce the destructive effects of high fault
currents, circuit breakers with faster interrupting times have appeared. The
clearing times have reduced from 5 cycles to 2 cycles or even 1 cycle. How-
ever, all AC circuit breakers require current zero passage in order to interrupt
the fault.

It would be desirable to interrupt or limit fault current at well below
its first peak in order to limit the fault current magnitude to a fairly low
predetermined value. This is a very difficult problem as it requires a very
short functioning time of less than 2 milliseconds. There are two types
of Fault Current Limiters (FCL) that have been proposed and are being
developed. These are:

1. High Temperature Superconductor (HTS) FCL
2. Solid State Current Limiter (SSCL)

The development of HTS in 1986 enables the development of eco-
nomical FCL. The HTS require cooling by liquid nitrogen at 77°K unlike
low temperature superconductors (LTS) that are cooled by liquid helium,
which is expensive and difficult to handle. Although earlier designs of FCL
based on LTS were studied over 25 years ago, they were not implemented.
There is renewed interest in Superconducting Fault Current Limiter (SFCL)
with the advent of HTS.

HTS materials such as YBCO lose all resistance at temperatures be-
low 85°K. However, if the current in the material exceeds a critical level of
the superconductor, it transits from its normal superconducting state to a
resistive state; thereby introducing the required current limiting impedance.
Typically, the superconductor would be designed to have a critical current
of 2 or 3 times the full load current. The superconductor in its resistive
state can also be used as a trigger coil, pushing the bulk of the fault cur-
rent through a resistor or inductor (see Fig. 9.22). The advantage of this
configuration is that it limits the energy that must be absorbed by the su-
perconductor. The FCL is a short across the copper inductive or resistive
element 7, under the normal conditions. During a fault, the resistance de-
veloped in the limiter shunts the current through Z which absorbs most of
the energy.

Another concept is to use a resistive limiter on a transformer sec-
ondary, with the primary in series with the circuit. One phase of the SFCL
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is shown in Fig. 9.23. Here a copper winding is inserted in the circuit and
is coupled to the HTS winding. During normal operation, a zero impedance
is reflected to the primary. Resistance developed in HTS winding during a
fault is reflected to the primary and limits the fault current.

The advantages of a SFCL are:

1. Passivity - detection of fault and insertion of current limiting impedance
without active monitoring and control mechanisms.

2. Transparency - no substantial I2R losses or voltage drop across the
device during steady state operation. The SFCL is basically invisible
to the grid.

3. Modularity and Scalability - A number of basic current limiting mod-
ules are arranged in an m X n matrix to form the current limiting
matrix. The nominal grid current level where the FCL is connected
determines the number of rows of the matrix and the required current
limiting impedance determines the number of columns.

4. Reliability - redundancy can be easily provided due to the matrix con-
figuration.
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There are several countries such as USA, Canada, France, Germany
and Japan, trying to develop SFCL at EHV levels. It is anticipated that
transmission level SFCLs may be available by 2010.

Solid State Current Limiter (SSCL)

A SSCL is made up of several identical modules connected in series to achieve
a specified voltage rating. A solid state circuit module can consist of GTO
or conventional thyristor switches with commutating circuit to interrupt the
current flow in the main circuit and divert the flow into a parallel connected
resistor. The circuit is designed to sense and initiate current limiting in
a millisecond if the fault current is high. This is similar to the action of a
current limiting fuse which ensures that the first current peak is never seen by
the line. At present medium voltage current limiters are under development
and it is anticipated that transmission class current limiter may undergo
field trials in 2008.

The cost of a SSCL is expected to be around six times the cost
of conventional mechanical circuit breakers and relays. A SSCL can also
operate as a circuit breaker when the thyristor switches can interrupt at the
first current zero. It is to be noted that GTO switches have very limited
overload capability even though they can interrupt current with negligible
delay. A SSCL can also improve power quality for unfaulted lines by limiting
the duration and magnitude of the voltage sag.

9.5 Thyristor Controlled Voltage Limiter
(TCVL)

Metal Oxide Varistors (MOV) are widely used to provide overvoltage pro-
tection of equipment in power systems. MOVs made of gapless Zinc Oxide
(ZnO) composition are voltage dependent resistors with highly nonlinear
characteristics. ZnO arresters can absorb energy surges (up to 1 kJ/cc) and
hence they can be used for fast voltage limiting to protect electrical equip-
ment from excessive voltage stresses caused by switching or lightning induced
transients. The use of ZnO arresters in general lead to reduced insulation
requirements as the voltage across the equipment is limited to the clamping
voltage level of ZnO. This results in reduced costs and improved reliability.

However, the clamping voltage level of MOV arresters is about 1.7
times the normal operating voltage peak. This characteristic can be modified
by connecting an anti-parallel connected thyristor switch across a part of the
arrester to dynamically lower the voltage limiting level as and when required.
See Fig. 9.24 which shows one phase of the TCVL.
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Figure 9.24: A Thyristor Controlled Voltage Limiter (TCVL)

Mechanically switched capacitors can contribute to power quality
problems by generating over voltages caused by high inrush currents when
closing or possible restrike immediately after opening. Also, after opening
the mechanical switch, a five minute discharge time delay is required before
reenergizing. Thyristor switched capacitor can overcome these problems
under normal conditions, however the cost is more than doubled. The use of
TCVL can reduce the overvoltages caused by mechanical switching during
energization and also enable fast reenergization without having to replace
existing breakers.
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Chapter 10

Power Oscillation Damping

10.1 Introduction

While the major advantage of FACTS controllers is flexible power scheduling
under various (changing) operating conditions, the fast controllability also
ensures improvement of (dynamic) security of power systems under contin-
gency conditions where system stability is threatened. In this chapter, we
take up the problem of low frequency oscillations and their damping by ap-
propriate auxiliary or supplementary modulation controllers. The problem
of transient stability will be taken up in the next chapter.

The transmission network and the generator rotors together act as
mass-spring system (the synchronizing torques acting in a manner analogous
to the restoring forces in springs) which is lightly damped. The frequency of
oscillations of the rotor (swing) modes varies from 0.2 to 4 Hz. The higher
frequencies correspond to intra-plant modes involving oscillations among
parallel connected generators in a power station. The intra-plant modes
are normally well damped by the amortisseur circuits on the salient pole
generators or solid rotor in a turbogenerator. (The eddy currents induced
in the solid rotor when there is a slip or relative motion between the rotat-
ing magnetic field and the rotor introduce a damping torque on the rotor).
The lower end of the frequency spectrum corresponds to inter-area modes
in which a large number of generators participate and their damping is dif-
ficult. The ‘local’ modes refer to the modes in which only the generators in
a local area participate and the typical frequency is in the neighbourhood
of 1 Hz. However, the distinction between local modes and interarea modes
is somewhat artificial. In general, we can say that lower the frequency of a
swing mode, more widespread is the participation.

The power system stabilizer (PSS) with rotor speed/frequency and
or power signal as input was the first damping controller applied [1,2]. The
PSS used in the excitation control acts through the AVR and modulates
the generator bus voltage to provide a damping torque on the generator
rotor. With the advent of fast acting power electronic controllers such as
HVDC converter and SVC controls, it was possible to damp low frequency
oscillations by the modulation of active power and/or reactive power. The
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introduction of TCSC allowed the provision of power oscillation damping
(POD) with supplementary control that modulates the line reactance in
response to the control signal synthesized from local measurements. With
emerging FACTS controllers based on VSC, the concept of POD can be
extended. Thus the network controllers in HVDC and AC lines supplement
the action of PSS in damping critical electromechanical modes.

In this chapter, the modelling, control design and application of POD
in FACTS controllers are discussed. Based on a L-C network analogue of
the mass-spring system, the control signals and control laws for both series
and shunt FACTS controller are proposed [14,15].

10.2 Basic Issues in the Damping of Low
Frequency Oscillations in Large
Power Systems

The interconnected power systems can have hundreds of generators. Each
generator (including the excitation and turbine-governor controls) can be
represented by nonlinear differential equations. The number of equations
depend on the degree of detail considered and can vary from 5 to 20 per
generator. The network transients are normally ignored in analyzing low
frequency (below 5 Hz) behaviour. However, the loads may have to be
represented by dynamic models in addition to network controllers such as
HVDC and FACTS. Thus, a large power system is represented by a large
set of Differential Algebraic Equations (DAE) given by

X = f(X.,Y,p) (10.1)

0= g(X.Y,p) (10.2)

where X is the state vector, Y is the vector of non-state variables, p is the
parameter vector. The equilibrium (operating) point is obtained by letting
X =0 and solving the nonlinear algebraic equations,

0= f(Xo, Yo, p)
0 = g(Xo, Yo,p) } (103)

We can linearize the system represented by equations (10.1) and (10.2) by
letting
X=Xo+z, Y=Yo+y (10.4)

The linearized equations are given by

HEERH 05
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where
_[of _[of
Bo= [ox) P=ov)
~ [9g _[9y
o= ox) m= [
Eq. (10.5) can be simplified eliminating y and we get,
i = [A(p)] (10.6)
where

A=|F — FyF; 'F3]

If the linear system represented by Eq. (10.6) is asymptotically stable, the
equilibrium point (Xp,Yp) is stable. The stability of the linear system is
guaranteed if all the eigenvalues of the system matrix [A] have negative real
parts. (Note that the eigenvalues of a real matrix can be real or complex.
The complex eigenvalues occur in pairs. If A = ¢ + jw is an eigenvalue, then
A* = 0 — jw is also an eigenvalue). The complex eigenvalues correspond to
the oscillatory modes as the time response of the linear system has the com-
ponents involving e?* sin(wt + ¢) where ¢ depends on the initial conditions.
The imaginary part (w) of the complex eigenvalue is the radian frequency of
the oscillations and the real part (o) is the decrement rate (assuming it is
negative). The damping ratio (¢) is a dimensionless number defined by
-0

(= \/ﬁ (10.7)

If o < w, then ( ~ —2.

Before considering the introduction of damping controllers, it is nec-
essary to analyze the small signal stability characteristics of the power system
as the operating conditions represented by the parameter vector ‘p’ vary. As
‘p’ varies over the specified region (in the parameter plane), the stability of
the equilibrium point can be lost by either (i) a complex pair of eigenvalues or
(ii) a real eigenvalue crossing over to the right half of ‘s’ plane at the critical
value of p = p.. In the former ease, we say that there is a Hopf bifurcation
and in the latter case, there is a saddle-node bifurcation (It is to be noted
that a bifurcation results in a drastic change in the system behaviour). Hopf
bifurcations are generic particularly for the loss of angle stability under small
disturbances (such as minor variations in the load). These bifurcations often
lead to undamped oscillations that grow in magnitude until loss of synchro-
nism occurs. Thus, low frequency electromechanical oscillations can lead
to dynamic insecurity threatening loss of system integrity and widespread
blackout.

In some cases, characterized by the reduction of reactive power re-
serves, increased loading on lines, the loss of stability by either Hopf or
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saddle-node bifurcation can lead to voltage collapse. In such cases, the
generators remain in synchronism, but the blackout occurs due to voltage
collapse. The protective action can result in tripping of loads (including
induction motors).

The operating conditions change not only due to variation of p, but
also due to changes in the system structure by tripping of some lines by pro-
tective relays. This complicates the stability analysis which is also affected
by the system size. For a large system, the size of the matrix [A] can be of
the order of a few thousand. For example, a system with 400 dynamic de-
vices, with an average of five state variables per device results in 2000 state
variables (total) and as many eigenvalues. Fortunately, it is not necessary
to compute all these eigenvalues, but only critical modes. There are efficient
algorithms to calculate these critical modes [3,4,5,23].

For designing damping controllers, it is necessary to reduce the order
of system model that captures all the important features. It is a challenging
job to arrive at an accurate reduced order dynamic model under varying
conditions. There are many methods for model reduction-some empirical.
There are two major approaches - one based on identifying coherency among
generators so that a group of coherent generators can be replaced by an
equivalent generator [24]. The other approach is based on Prony analysis or
its variations wherein the critical modes and the reduced model are directly
obtained from nonlinear time response simulations or from field measure-
ments [18,21,22].

Some of the major issues in the design of damping controllers are,

The location of the controller
The choice of the control signal
Control law or algorithm

Robustness of the controller under varying system conditions

ot W=

Coordination among controllers

The location of the controller in damping a specified mode is very
important Arbitrary placement of the controller may be ineffective. The
criteria for the location of the controller is usually based on participation
factors, residues or eigenvalue sensitivities.

The control signal should be synthesized from local measurements to
avoid telemetering. The signal should mainly contain the modal components
that are to be damped and should not contain any noise which may be
amplified. The control law is closely related to the choice of the control
signal. The controller should not amplify higher frequency noise.
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For designing damping controllers, the linear control theory is in-
variably used although some attempts have been made to apply nonlinear,
adaptive control techniques (including fuzzy logic and neural network based
controllers). However, most of these are of academic interest and have not
been adopted in practice. The situation may change in future. In general, it
is to be noted that what matters most in a practical application, is the robust
and trouble free operation of a controller. It would appear that some degree
of adaptation would be required in a controller that has to operate under
widely varying conditions. Restricting the controller to have a fixed struc-
ture with constant parameters may reduce the effectiveness of a controller.
However, a major factor is reliability coupled with stable operation.

A single controller at a given location is not adequate to damp all the
critical modes. Multiple controllers at different locations would be required
to do the job. In such cases, the tuning of individual controllers in isolation
may not be feasible. The interactions among controllers is an important
phenomenon that requires coordinated control of more than one controller.

10.3 System Modelling for Small Signal
Stability

In this section, the development of the system model including the FACTS
controllers, for small signal stability analysis is taken up. A power system
can be represented as a collection of various dynamical subsystems that are
interconnected by the transmission network as shown in Fig. 10.1. The
transmission network also includes equivalent circuits of transformers, shunt
and series capacitors/reactors. The network is assumed to be in quasi-steady
state and is modelled by algebraic equations based on the admittance ma-
trix. The voltages and currents (assumed to be sinusoidal) are represented
by slowly varying phasors (with rectangular coordinates). The dynamical
subsystems are divided into three categories as follows:

1. Shunt connected. This includes generators, dynamic loads, SVC and
STATCOM

2. Series connected subsystems such as TCSC and SSSC
3. Shunt and series connected such as UPFC and TCPAR.

The various component models are described below.

Transmission Network

The linearized network equations can be expressed in terms of the bus ad-
mittance matrix or by Jacobian matrix obtained from the real and reactive
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l7
STATIC VlT DS,
NETWORK
+ n
LOADS V”T DSn

DS : Dynamic Subsystem
Figure 10.1: Representation of power system

power balance equations. The former is simpler as the network equations
are linear given by

YIV=I (10.8)
where V' is a 2n dimensional vector defined by
Vi=[Vt Vi o vE L VE] ViE=[ Vi Vi ]

Similarly, I is a 2n dimensional vector defined by

r'=(n ... I ... 1)), I=[Ip; Ig;]

n is the number of buses in the network. The matrix [Y] can be defined as
a composite matrix made up of sub-matrices as elements. The element Y;;
is defined as
=[5 G|
ij ij
Note that Y;; is symmetric. This is true in general, unless phase shifting
transformers are present.

Static Loads

These are also connected in shunt. The load model can be assumed as

Vi \™?
P, = P,
L L (VL())
Vi, \™Me
Qr = Qro (VLO)

where V7, is the magnitudes of the load bus voltage. The subscript ‘o’ refers
to the operating value (in steady state).

The load current is given by
P —jQL

Ior +jlpL = Vor — VoL
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If we express,
AV = [AVr AVprlt, Al =[Alpy AlgL)
then they can be related by the equation [1]
Al = [Y1)AVL, (10.9)

where [Y7] is a 2 x 2 matrix defined by

| Bro Gro b1 g1
L] = [ Gro B ] + [ o b (10.10)
where
Voro .
by = ‘Cig [(mp — 2)Prosinb, — (mg — 2)Q o cos O,
VbrLo
g = b <V22>
Voro .
g2 = ‘Cig [(mp — 2)Procosb, + (mg — 2)Qrosin b,
by = —g2 (VDLO>
Voroe

0, is the initial angle of the load bus voltage with respect to Q-axis (chosen as
reference). Note that the second term in the R.H.S. of Eq. (10.10) vanishes
if my, = mq = 2 (the load is linear represented by a constant admittance).

Each static load can be represented by Eq. (10.10). All the static

load equations can be combined with the linearized network equation (10.8)
to give

[Y]AV = AT (10.11)

where [Y'] is the modified admittance matrix including the effects of static
loads. Only the diagonal elements of [Y] are modified as follows

Vi =Y+ Y (10.12)

The current sources Al are the outputs of various dynamical subsystems
described below.

Generator

The linearized equations of a generator can be expressed as

tg = [Aglzg + [BglAVy + [Eglug (10.13)
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Figure 10.2: A simplified model of the plant

where x4, are the small perturbations in the state variables of the genera-
tor including synchronous machine, excitation system and turbine-governor.
Neglecting the latter and considering a static exciter with a two-axis model
of the machine, we can express z, as

zg = [AJAS, AE, AE) AEg)
ug = AViey

The output variables are the generator currents which can be expressed as

Al = [C,lzy + [D,)AV, (10.14)

Shunt FACTS Controllers

The shunt FACTS controllers are (a) SVC and (b) STATCOM. While the
output of SVC is a variable susceptance, the output of STATCOM is a vari-
able reactive current. (Note that we are neglecting losses). The controller
for a shunt FACTS controller consists of primarily the voltage regulator that
determines the reference value of the SVC susceptance or STATCOM (re-
active) current in conjunction with a supplementary modulation controller.
In modelling the plant (SVC or STATCOM), it is adequate to represent it
by a single time constant transfer function as shown in Fig. 10.2. The con-
troller diagram is shown in Fig. 10.3. Here z4,(1) = ABgy¢ for a SVC and
xsp(1) = Al for a STATCOM. It is possible to combine the plant and con-
troller models to obtain the linearized state space model of a shunt FACTS

controller as
Esh = [Asn|zsh + [Bsn|AVsh + [Esp)ush (10.15)

ugp, 18 the vector of input signals to the voltage regulator and SMC. The
output equations for a shunt FACTS controller are given by

AIsh = [Csh}xsh + [Dsh]A‘/sh (1016)
where
ALy, = [Alps, Algg)'
The above equation can be derived from the equation (10.17) or

(10.18)

Algsn +jAIpsn = —jBsvco(AVgsh + jAVDsh)
_j(VQShO + jVDsho)ABS\/C (10.17)
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Figure 10.3: STATCOM/SVC Voltage Regulator

AIQSh +jAIDsh = j(COS Osho + jsin 95h0>AIT
+j1ro(—sinOgpo + j cos Ogpo) A0 (10.18)

_1 [ VDsh
0, = tan~"
" (VQsh )

Note that I, is assumed to be the phasor of the injected current by
the shunt controllers.

where

Series FACTS Controllers

The series FACTS controllers are (a) TCSC and (b) SSSC. While a TCSC
can be represented by a variable reactance device, SSSC is a variable reactive
voltage device. In general, a series FACTS controller is represented by a
functional (control) block diagram as shown in Fig. 10.4. Here, the power
scheduling controller can be either a (i) constant current (CC) type or (ii)
constant angle (CA) type as discussed in chapter 4. Actually the latter is
strictly a constant line (voltage) drop controller which regulates currents in
the parallel paths. The CC and CA controllers are shown in Fig. 10.5.

The plant transfer functions for the series FACTS controllers are also
represented by a single time constant transfer functions. x4 (1) for a TCSC
is AXrcsc whereas it is equal to AV, for a SSSC. The state and output
equations for a series FACTS controller can be written as

Tse = [Ase]xse + [Bse]AIse + [Ese]use (1019)
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Figure 10.4: Functional block diagram of series FACTS controller
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Figure 10.5: CC/CA controller for series FACTS

A‘/;e = [Cse]mse + [Dse]Ajse (1020)
where
AVvse — {AVQse AVDse]ty AIse = [AIDse AIQse]t
The output equation can be derived from the complex equation given by
(a) For a TCSC:
(AVQse + jAVDse) = _jXTCSCo(AIQse + jAIDse)
_jAXTC’SC(VQseo + jVDseo) (10.21)

(b) For a SSSC:
(AVQse + jAVDse) = _j‘/;“o(_ Sin ¢geo + J cOS ¢seo)A¢se

_jAV;“(COS ¢seo + .7 Sin (z)seo)
+jXi(Algse + jAIDse) (10.22)
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Figure 10.6: Power flow and modulation controller of UPFC

Note that a positive value of V,. implies that the SSSC is operating in the
capacitive mode. AV, is defined as a voltage drop in the direction of current
flow. X is the leakage reactance of the coupling transformer of SSSC.

Modelling of UPFC

As discussed in chapter 8, a UPFC can inject real voltage (V},), reactive
voltage (V}.) in series with the line in addition to controlling the shunt reactive
current (I,) as in a STATCOM. However, unlike in a STATCOM, a real
current (I,) also flows in the shunt branch of the UPFC to meet the power
requirements of the series branch.

For small signal stability studies, it is adequate to represent the
UPFC by the following equations.

1
Vv = —— .V 10.23
p 1 +8Tp pref ( )
1
Vo, = -V 10.24
1 14 5T, rref ( )
1
I, = —— .1 10.25
r 1+ STp rref ( )

The reference variables, in general, are the outputs of a Multi-Input Multi-
Output (MIMO) controller, although decoupled controllers can also be used
[33]. For example, controller for V, that regulates the power flow in the
line in addition to providing modulation for the damping of power swings,
is shown in Fig. 10.6.



312 FACTS Controllers in Power Transmission and Distribution

It is possible to express the linearized state and output equations of
a UPFC as follows

ivpre = [Avlzuprc + [By]AVy + [BEIAIF + [Ev]uy prc(10.26)
AL = [Cifavpre + [DYIAVY + [DFIALY (10.27)
AVy© = [Cflavpre + DALY (10.28)

The above equations are derived from the controller transfer functions in
addition to the following algebraic equations
Vou +iVor) = Xy +ilby)
—(Vp + jVi)(cos ¢se + jsin ¢se) (10.29)

(Ig;] + 43I = —(I, — jI,)(cos O, + jsinbg,) (10.30)
V. I5¢

I, = L 10.31

p Vl ( )

where

Vio= ViR (V)
e = \/(ISDBU)2+(1226U)2

B Jse B Vsh
¢se = tan ! (I?eU> ,  Osp = tan ! (VDsl[;]>
QU QU

In obtaining the linearized equations of the above algebraic equations, the
following symbols are used.

AVE = (VL AVERY, AVE = [AVE AV,
AL = (AIfy AT, AL = (AIFy ALY,

Interfacing of Component Models with the Network Model

Note that each dynamic component (shunt or series connected) is modelled
individually and expressed in terms of a pair of differential and algebraic
equations. The equations for the individual components are separate (de-
coupled) and they are interconnected only through the network (algebraic)
equations (10.8) or (10.11) (including the static loads). In interfacing the
shunt dynamical devices with the network, we use an interconnection matrix
P,;, which has 2n x 2ng, scalar elements where ng, is the number of shunt
devices. Actually, if we assume that each element of Py, as a 2 X 2 submatrix,
then there are n x ng, elements in Py,. If j** shunt device is connected to
i'" bus, then the (4,7)" submatrix of P, is defined as

P (i, j) = l é (1) ] (10.32)
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Also,
AVy, = PLAV (10.33)

If a series connected dynamic device j is connected between f]'?h and t;h node,

we can define the (f,)* and (t;,)" submatrices of an interconnection
matrix Py which has nxng. submatrices (ns. is the number of series devices).

We define
. . 10
PSE(fj?j):_PSE(tjaj): l 0 1 ‘| (10.34)
We also have,
AVye = PLAV (10.35)
Note that UPFC contributes to both shunt and series dynamical components.

The total injected current vector at the network buses is given by
Al = [PSh]AIsh - [Pse]AIse (1036)

Note that the currents (Algy) in the shunt dynamical devices are treated as
injections. In series devices, the current flows away from the bus f.

If we ignore the coupling between the shunt and series (converter)
devices in UPFC (if the matrix [Dff] in Eq. (10.26) is assumed to be a null
matrix), we can derive the final state equation for the combined system as

X = [A7]X + [E]U (10.37)
where X is a collection of state variables given by
X = [xl;hl $§h2 o xzhnsh xzel méeQ U xéense]t

= [Xo X

[Ar] = [A]+ [BI[P)' W] '[P][C]
[A] = Diag[Ay, A3, -+ AGh Ay A2, - AT
= Diag|Asy Asg]

Bsy Pl P[Csu] (0]
B = sl o) =
) [ wf | o= | Peldsd D)
[BSH] = Diag[B;h th ce B:};h], [CSH] = Diag[Cslh cee C?}fh]
[BSE] = Diag[B;e Bge T B;Lese]v [CSE] = Diag[csle T C?ese]

Yol [P
W = [[Pser Z] ]

Yol = Y]+ [Psn] [Yen)[Psn)*
Vin] = Diag[-Dy, - = D]

[Z] = Diag[-D,, --- — D]

[E] = DiaglEy, - Ey* By, -+ El]
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o= e

1

Figure 10.7: Three machine system

U is a collection of all the control variables

U" = lugh - (ugih) ugd - (ugee)']

If there are no series FACTS controllers in the system, then [Agg] is a null
matrix and the system state equation reduces to

Xsu = [Asn)Xsu + [Bsu)[Psn]' Y] " [Par][Csn) Xsu (10.38)

Note that the matrices [Agy], [Bsy] and [Csp] are block diagonal in struc-
ture. [Pgp] is a sparse matrix with elements 0 and 1. [Y;,] is also a sparse
matrix which is a modified bus admittance matrix due to the presence of the
shunt dynamical systems. The inclusion of a new shunt FACTS controller
can be easily handled with minimum computations. Similar comments apply
even if series controllers are considered.

Example 1 [30]

Consider the case study of a 3 machine system [43] shown in Fig. 10.7. All
the 3 generators are represented by two-axis model with one damper winding
on the g-axis. Turbine governors are neglected and the excitation systems
are represented by single time constant models. The loads are assumed to be
constant power type. It is possible to refer the generator rotor angles with
respect to a reference machine. For the three machine system there are two
state variables corresponding to the two relative angles. The total number
of state variables for the 3 generators is 14.

A TCSC or a SSSC is connected in series with the line connecting
bus 5 to bus 7, and located near bus 5. Note that bus 10 is the midpoint of
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Table 10.1:

Eigenvalues for swing modes.

Case

Eigenvalue for
Mode 1

Eigenvalue for
Mode 2

Fixed series
compensation
TCSC (CC Control)
TCSC (CA Control)
SSSC (CC Control)
SSSC (CA Control)

—0.8459 £ j12.7771
—0.8579 £ j12.7616
—0.8416 £ j12.7856
—0.8572 £ j12.7606
—0.8419 £ j12.7858

—0.2808 =+ j8.6648
—1.6473 + j6.9240
—0.0788 + j9.1971
—1.5570 =+ j6.8530
—0.0926 =+ j9.2032

line 7-5. The results are also compared with the case when the series com-
pensation is provided by a fixed capacitor. The system initial conditions are
chosen to be same for all the three types of compensation (i.e. the quiescent
compensating reactance is assumed to be same for the three cases). The
SSSC is used with a fixed capacitor and the quiescent value of the reactive
voltage output of SSSC is assumed to be zero. Both CC and CA controllers
are considered for TCSC and SSSC. The data for the series compensation
schemes are:

1

Xre = Xrosoe = 0.0644,
ro = Xrosce = 0.06 0.1610

T, = 0.02, B=

T, = 0.02,

The eigenvalues corresponding to the three cases (i) fixed capacitor, (ii)
TCSC, (iii) SSSC are shown in Table 10.1. For TCSC and SSSC, the results
are shown for both CC and CA controls. The integral gain of 5 is assumed
for CC control while it is assumed to be —5 for CA control. Note that in
the latter case, the capacitive compensation is to be reduced when the error
is positive (when the voltage drop across the line is less than the reference
value).

The results shown in Table 10.1 indicate that the CC controller in-
creases damping torque while reducing the synchronizing torque. The reverse
is true for CA control. There are no significant differences between the re-
sults of TCSC and SSSC although the latter gives slightly better damping
for the CA control. For CC control, TCSC results in better damping com-
pared to SSSC. In all cases it is observed that a TCSC or SSSC located in
line 5-7 has effect primarily on mode 2. The influence of location of the
series controller on a particular swing mode is discussed in section 10.6.
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10.4 Design of Damping Controllers

We will primarily consider methods that are based on eigenvalue sensitivities
[12,19,20,27]. To simplify the presentation, we will consider the design of
a single controller with one input and output. We essentially impose a
constraint of decentralized control with individual controllers that utilize
signals synthesized from local measurements. The problem of coordinated
control with multiple controllers will be taken up later.

Consider a linear system expressed in the state space form:

[A]z + bu (10.39)
= cr+du (10.40)

where v and y are scalars. b is a column vector, c is a row vector and d is a
scalar.

We wish to design a feedback controller with input signal y and
output of u. For example, if we consider a Power Oscillation Damping
(POD) control for a TCSC, the signal y could be the line current, power or
any other signal based on local measurements. The system input u (sum of
the output of the feedback controller and reference input r) is the modulated
value (AXr7cgsc) of the TCSC reactance. It is convenient to express the
transfer function (in the Laplace domain) of the controller (with » = 0) as

U(s)
Y(s)

= H(s,q) (10.41)

where ¢ is the vector of tunable controller parameters. The block diagram
of the system with feedback controller is shown in Fig. 10.8.

The sensitivity of a closed loop eigenvalue (pole) \; with respect to
a parameter g; is given by

N _ p OH(s:0) (10.42)
an qu s=A;

where R; is the residue of the closed loop transfer function corresponding to

A; defined by
1

= HOn, qap

R; = (w!b) (10.43)

where v; and w; are the right and left eigenvectors associated with \; and
satisfy the following constraint.

wiv; =1 (10.44)
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Figure 10.8: Block diagram of the system

(wtb) is termed as the modal controllability factor while (cv;) is termed as
the observability factor. The residue R; is simply the product of these two
factors if either d = 0 or H (s, q) = 0 (there is no feedback control).

A specific transfer function of a damping controller (used for PSS
design) is

H(SaQ):K

Ty [1+sTy]™
LW { Rk 1] (10.45)

1+ sTyw |14 sTh

where m is usually 1 or 2. Ty is called as the washout circuit time constant.
The transfer function of the washout circuit is 1i€¥W and it is used primarily
to eliminate steady state bias in the output of the controller. The washout
circuit can be generally ignored in the controller design. Thus, there are
only 3 tunable parameters in the controller transfer function of Eq. (10.45)
if m is specified. The controller essentially consists of m stages of lead-lag
network. The objective of a lead-lag network is to introduce a phase advance

(¢) at the centre frequency (w.) given by [1]

1
¢ =tan"!v/n —tan~! <ﬁ> (10.46)
where n = % The centre frequency (w.) is defined as w, = Tll e and the

1+sTy
1+sT>

Generally, w,. is chosen as the frequency of the critical electromechanical
mode that requires damping.

phase lead of the transfer function ( ) is maximum at this frequency.

The objective of the lead-lag network is to ensure that the eigenvalue
sensitivity fl’[\(" is negative real (and has no imaginary component). This
will result in the locus of the critical eigenvalue moving to the left in the
complex plane (providing pure damping without affecting the frequency of
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Imaginary axis

o . Real axis

Figure 10.9: Permissible region for the closed loop eigenvalues in the complex
left half plane

the oscillation). Thus, we get the requirement,

¢ = [£180° — arg(R;)]/m (10.47)

We can show that, (from Eq. (10.46))

(n—1)

t = 10.4
an ¢ NG (10.48)
The solution of the above equation gives
_ (1 + sin ¢)? _ (14sing)? 1+sing (10.49)

cos? ¢ 1—sin?¢ 1—sing

Remarks

1. As K — 0, the eigenvalue )\; is obtained as the open loop pole which

can be easily calculated. As K is increased from zero, the sensitivity
changes along with \;. Thus, it would be necessary to track the root
locus as K is varied. The optimal value of K is one when Re[j}\é] =0
assuming that the remaining eigenvalues lie in the permissible region
in the complex left half plane. A typical permissible region is shown

in Fig. 10.9.

Assuming there are N eigenvalues, the constraints defining the per-
missible region are,

0;<Cy i=1,2N
o,

D= ———>C] =cosf
\/ 02+ w?

where D; is damping ratio.
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. When a system is described by Differential-Algebraic Equations (DAE),

we can express the linearized equations as

T . A1l A x 0
[ . ] — l h A ] l av | ]u (10.50)
where AV = [AVQAVp]!
x
y = 1[0 ¢ [ AV | T du (10.51)

The residue R; is now computed as

1
1 — H()\w q)d]Q(

R = (wf,AVb)[ C2V; AV) (10.52)
where v; Ay and w; Ay are the components of the right and left eigen-
vectors corresponding to the non-state variables, AV. (Note that the

concept of eigenvectors can be extended to the system described by
DAE).

. The location of a damping controller can be chosen based on the crite-

rion of |R;|. The residue is a function of the location (say k). If |R;x=
is maximum among all values of k£ considered, then k* is the optimal
location.

The participation factor is a measure of participation of a state variable
x;j in a mode corresponding to \; and is defined as

Dji = VijWij

with the property >, pj = 1. Also pj; is the sensitivity of the eigen-
value \; with respect to A(j, 7), the diagonal element of the [A] matrix.

Tuning of Supplementary Modulation Controllers

When multiple SMCs are considered for the damping of several critical swing
modes in a power system, the tuning of the SMCs has to be coordinated.
An optimal method for this is described next.

The control parameters to be tuned are obtained as the solutions to

a constrained optimization problem defined as follows:

subject to

mqlnz Wjo; (10.53)
7=1
—o;
D= ——=——=2>0C (10.54)
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0:<Cy, i=1,2,3,...,N (10.55)

where m = total number of modes of interest, o; = real part of \; (it"
eigenvalue), w; = imaginary part of \;, D; = damping ratio of \;, W; =
a positive weight associated with j* swing mode, ¢ = vector of control
parameters. ¢ is bound both from below and above. The lower bounds are
usually positive or zero.

Arbitrary choices of C7 and Cy can result in infeasible solution. The
problem can also be solved by successive Linear Programming (LP) after
linearizing Eqs (10.53) to (10.55) and expressing Ao in terms of Aq (pertur-
bations in the control parameters) using eigenvalue sensitivities.

An Alternative Approach [12,17]

We have earlier considered the design of SMC based on eigenvalue sensi-
tivities. The computations of residues of the critical modes determines not
only the best locations of SMC, but also the phase compensation required
(if any). The gains of SMCs can be obtained by tuning using the proce-
dure outlined. The control parameters can also include other parameters in
addition to the gains.

An alternative approach is outlined here. The system dynamics (de-
scribed in Egs (10.39) and (10.40) is separated into two connected compo-
nents - the first one captures the critical mode(s) of interest. The rest of
the system dynamics forms the second component. Thus, we can rewrite the
system equations as follows:

i’l = [A1]£U1 + b1U1

y1 = T (10.56)

o = [Ag]xa + boug + bycu

Y2 = C2%2 (10.57)
Y = C1eT1 + Coca (10.58)

The simplest model of subsystem 1 describes a single swing mode
described by

€T = [Aé,m Aa)mi]t, w1 = AT (1059)
0 w 0
[A1] = [ A ] , b= l 1 ]

when 6,,; and @y,; are the i*" modal angle and (per unit) rotor speed respec-
tively. D, is the modal damping and H,,; is the modal inertia (of mode 7).
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wp is the base (rated) speed in radians/second. The modal frequency (w;)
is approximately given by

[onk .
wi = C;Z:; rad/sec

AT,,; is the perturbation in the modal torque.

In Egs. (10.56) and (10.57), the input uy is the output y; of sub-
system 1. Similarly, u; is the output yo of the subsystem 2. We can define
4 transfer functions for the special case where x1 contains two variables as
defined earlier. Assuming y; = Ay and ci1cx1 = 7;Awm;, we can derive
four transfer functions defined below:

Kui(s) = 1(;2((88)) — ¢ofsT — A] b (10.60)

Koi(s) = AZSES) = 1 + cacls] — As] bows (10.61)
Kni(s) = % = ki + co[sI — Ag] by (10.62)
Kips(s) = ;;8 — oulsT — As] b, (10.63)

The transfer function of the Power Swing Damping Control (PSDC) or SMC
is defined as
U(s)

Y (s)

The block diagram of the system including PSDC is shown in Fig.
10.10. In reference [12], the authors have proposed three indices to evaluate
the effectiveness of a feedback signal. They are the controller phase influ-
ence (CPI), the maximum damping influence (MDI) and the natural phase
influence (NPI) which are defined as

PSDC(s) = (10.64)

CPI(i) = —[Arg[K.(jwi)]+ Arg[Kei(jw;)]
N K (wi) [ Koi (jwi) |

MDIG) = 2v/10| K1 (jwi)|

NPI(i) = —[CPI(i)+ Arg[Kipi(jw)]]

where w; is the frequency of the i" mode. The effective transfer function in
the control loop is given by

K.i(s)PSDC(s)Koui(s)
(1 — PSDC(S)K[LZ'(S))

Kei(s) = (10.65)

When the controller gain is sufficiently small such that
|PSDC(jw;)Krri(jwi)| < 1, then pure damping of the mode ¢ is obtained
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Figure 10.10: System block diagram with PSDC to damp a swing mode i

if the phase of PSDC (jw;) is set equal to CPI. The MDI index is a measure
of the maximum eigenvalue shift achievable assuming the controller gain is

limited to % The /10 factor assures a gain margin of 10 dB. The
NPI index gives the phase information on the eigenvalue shift due to the
controller. For 0 > NPI > —90°, the effect of the controller is to increase
both damping and synchronizing torques.

10.5 Modal Transformation of Swing
Equations

In the previous section, we introduced modal quantities such as modal in-
ertia, frequency etc. These are obtained by transformation of the swing
equations of all the generators in the system. Neglecting damping, we can
express the swing equations in the matrix form as

(M)—5 =T — Te (10.66)

Linearizing the above equation, we get

2
[ ]dd—ff — _[K]AS — AT (10.67)

where [K] = [8{%} evaluated at the equilibrium point. Note that in steady

state, T, = P, (in per unit). The mechanical torque (73,) is assumed to be
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constant such that AT, = 0. The change in the electrical torque (AT)) is a
function of other variables.

Defining a transformation matrix [@Q] such that Ad = [Q]Ad,y, it is
possible to simultaneously diagonalize matrices [M] and [K] if we select

Q] = [M]~'/[P] (10.68)

where [P] is a matrix whose columns are eigenvectors of the real symmetric
matrix [K'] = [M]~Y2[K][M]~'/2. Substituting Eq. (10.68) in (10.67) and
pre-multiplying both sides by [Q]?, we get

d?Ady,
dt?

(M) T (K] Ady = ~[QAT] (10.69)

e

where

[Km] = [QUKNQ],  [Mn] = [Q[M][Q]

[M,,] is termed as the modal inertial matrix. However, the elements of
the matrix are not unique unless we put constraints on the choice of [P]
(eigenvectors of K’). (Note that the eigenvectors are not unique). If we
assume that each eigenvector of [@] has the element 1 corresponding to
the generator j, then we can say that the modal inertias are defined with
reference to generator j. Note that the matrix [Q] becomes unique with the
constraint that the jth row has all the elements equal to unity. This concept
has been explained in [42] and utilized to locate the PSS for damping of swing
modes since the change in the decrement factor of a mode is approximately
equal to

T,
 4Hpy;

Ao; (10.70)
where Tp; is the damping torque (coefficient) introduced by a damping con-
troller (such as PSS). The eigenvalue shift is maximum when H,,; is min-
imum. Hence, the best location for PSS is the generator where H,,; is
minimum.

Example 2

Consider the three machine system shown in Fig. 10.7. At the operating
point (without PSS), the eigenvalues corresponding to the two swing modes
are A2 = —0.4510 £ 513.157 and A34 = —0.0394 &+ j 8.585. The values of
the modal inertias of the two swing modes are shown in Table 10.2.

It is interesting to note that the mode M1 is best damped by PSS at
generator 3. The PSS at generator 1 has practically no effect on M1. The
lower frequency mode (M3) is best damped by PSS at generator 2.
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Table 10.2: Modal inertias for 3-machine system.

Modal Frequency

(rad/sec) Gen. 1 | Gen. 2 | Gen. 3
12.664 (M1) 3300.90 31.92 3.80
8.313 (M2) 85.17 10.56 25.81

Table 10.3: Modal inertias for 4-machine system.

Modal Frequency

(rad/sec) Gen. 1 | Gen. 2 | Gen. 3 | Gen. 4

7.53 (M1) 0.615 | 0.538 | 209.16 | 20227

6.91 (M2) 174.73 | 7746 0.634 | 0.709

4.14 (M3) 0.949 1.212 1.653 1.289
Example 3

The modal inertias of the 4 machine system (shown in Fig. 10.18) described
in [11,1] are shown in Table 10.3 for all the 3 swing modes.

Here, M; and M, are the two local modes corresponding to the
areas 1 and 2 respectively. M3 is the interarea mode. It is interesting to
observe that PSS for damping a local mode must be located at the generators
belonging to the area (G1 and G2 for area 1, and G3 and G4 for area 2).
On the other hand, the low frequency interarea mode (M3) can be damped
by PSS located at any of the four generators (as the modal inertias for all
the generators lie within a narrow range).

Remarks

1. The matrix [K] is singular matrix with an eigenvalue of zero. This
corresponds to a mode (of frequency zero) in which all generators par-
ticipate equally. The modal inertia for this mode zero is the sum of
the inertias of all the generators. This is unaffected by the choice of
the reference generator.

2. Unless the network is assumed to be lossless, the matrix [K] is not
strictly symmetric. However, it was found adequate to approximate

t

[K] by its symmetrical component KK and modify the elements

to ensure that the elements of each row add up to zero.

3. The concept of modal inertia is adopted from the analysis of SSR which
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considers a multimass model of the generator mechanical system where
the elastic shaft sections are modelled as springs. Here, each machine is
modelled as a single mass, but is connected to the neighbouring masses
by equivalent springs represented by synchronizing torque coefficients.
In extending the concept to the study of low frequency oscillations, it
is necessary to make some minor approximations (about the nature of
[K] matrix) while the modal inertias for the torsional modes are defined
exactly. Also note that the [K] matrix for the shaft system is constant
while it varies as the operating point changes for the transmission
network.

It would be interesting to pose the question whether the concept
of modal inertias can be extended further. By using a network analogy for
modelling the system dynamics of a lossless network connected to generators
modelled by classical models, it is possible to get an insight into the problem
of identifying best locations for both shunt and series FACTS controllers. It
is also possible to postulate general control laws for both series and shunt
FACTS controllers based on appropriate control signals. This is taken up in
the next section.

10.6 Damping of Power Oscillations
Using Series FACTS Controllers

The objectives of the analysis presented in this section are to present a
unified framework for the design of damping controllers on series FACTS
devices such as TCSC, SSSC and series converters in UPFC. The analysis
is based on a simplified model that enables the derivation of control laws
and formulation of indices to evaluate the effectiveness of location of the
controllers. The analysis can be validated using case studies with detailed
system models [15,33].

The following assumptions are made in the analysis:

1. A synchronous generator is represented by the classical model of a
constant voltage source behind (constant) transient reactance.

2. The real power drawn by loads is independent of the bus voltage mag-
nitude, but varies linearly with bus frequency.

3. The electrical network is assumed to be lossless.

4. The mechanical torques acting on the generator rotors are constant
and the mechanical damping is neglected.

5. The bus voltage magnitudes are assumed to be constants.
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6. There is only one line connected between a pair of specified nodes (say
i and j). Note that the parallel lines can be clubbed together and
represented by an equivalent line.

Let us consider the electrical network made up of only series elements
including the transient reactances of the ny number of generators. We will
assume that there are n number of nodes in the network excluding n, internal
buses of the generators. Let there be ny number of series elements including
the ng, transient reactances. If we consider a branch k connected across nodes
1 and j, the power flow in steady state is given by

Pk = % Sin((ﬁi — qb])

T

= Pu(on, ur) (10.71)

where zj is the effective reactance of the branch k, ¢ is the angle across
the branch k given by

O = bi — ¢

uy is the control variable which may be a reactance in the case of a TCSC
connected in the line (or branch) k. It could be reactive voltage if a SSSC
is connected in the line. Due to assumption 5, the power flow Py in line k
is a function of two variables ¢ and wug. If no series FACTS controller is
connected, then ug = 0.

When we linearize Eq. (10.71), we get

0P, 0P,
AP, = —=A —A 10.72
k= o ¢k+auk U, (10.72)

The term gi: can be viewed as a spring constant Kj;; of a linear
spring defined by

ATi; = Kij(A¢i — Agj) (10.73)
With u; = 0, then,
K;; = V?}f COS Pro (10.74)
where ¢y is the operating value of ¢;. It is obvious that K;; = Kj;.

From assumption 1, the generators are modelled by the swing equa-
tions given by

d?6;
i = Tmi—Te
dt?
EyiVisin(d; — ¢;)
- Ty

i=1,2,...,n,  (10.75)
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where M; o5 Hi g the inertia, d; is the rotor angle, Eg; is the generated
Voltage Vi and QSZ are the magnitude and angle of the terminal bus voltage,
z!;; is the transient reactance of the generator i. It is assumed that the
generator buses are numbered first before the load buses. We will also assume
that the generator and load buses are mutually exclusive and the load buses
include those nongenerator buses with zero loads.

The linearized equation (10.75) is given by,

A2 A6, E Vi
M,—= = Zgiti — ¢;)(AS; — Ao
= 5 cos(ti — 61) (8 — A9)
= —Kg (A — Agy) (10.76)
where IR
Kgi = =2~ cos(0; — ¢;)
L

From assumption 2) we can express the equations corresponding to
load buses as follows.

0="Ty—Ty,i=12...n (10.77)

where T}; = % is a constant. w; is the per unit frequency at bus i. From
Eq. (10.77), T,; = constant.

It is possible to express the linearized system equations as,

MEAS K, Ky |[ A
| = | 99 d 10.78
[ 0 K, Ky A¢ ( )
where
[M] = Diag[MlMg Mng]
[Kgg] = Dmg[KglKQQ Kgng]
[Kgl] = [_Kgg O] = [Klg]t

[Kg] has dimensions ngy x n. The matrix [Kjy] is a symmetric matrix with
elements given by

n
Kuy(i,§) = —Kij, Ku(i,i) =Y K
J=1

It is possible to eliminate A¢ from Eq. (10.78) and derive,

d?>As

[ ]W = —[K]Aé (10.79)
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where,

(K] = [Kgg] — [Kg][Ku] ' [Ki]

It can be shown that [K] is a singular matrix. The system eigenvalues are
the square roots of the matrix [As] given by

[As] = —[M]7[K]

The eigenvalues of [As] are real negative, except for one eigenvalue which is
zero. Note that Eq. (10.79) can be expressed in the state space form given

by
Ad AS 0 I || AS
where I is identity matrix of order ng. The eigenvalues of [A;] are +jw;",

i=0,1,2,...(ng—1). For i =0, wj” = 0 which corresponds to the frequency
of Centre of Inertia (COI) defined by

1 1
dcor = My ZMi5i7 wecor = My ZMiwi (10.81)

where MT = Z Mi.

The eigenvector v; of the matrix [A1] corresponding to the eigenvalue
Ai = jw]* can be expressed as

vi = [v5 i,

It can be shown that
Vi = Jul i (10.82)

A Network Analogy

Equation (10.78) or its reduced form (10.79) represent a mass-spring sys-
tem. It can be shown that an R-L-C electrical network is analogous to the
mechanical system consisting of viscous dampers, mass and springs. Mass is
analogous to a capacitance and spring is analogous to an inductor. This is
based on analogy between voltage and Aw (or A¢), current and torque. Ad
(or A¢) is analogous to flux linkage. The spring constant Kj; is analogous
to the reciprocal of inductance.

Neglecting mechanical or load damping, Eq. (10.78) represents an
L-C circuit. For a one-port LC network, having the impedance function Z(s)

of the form ) o 2
_N(S)_(S +wz )(S —|—wz)
Z(s) = D(s) 3(32+w1%)(82+w§)”‘ (10.83)
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Figure 10.11: One port equivalent circuit of a L-C network

it is possible to represent the impedance function by an equivalent circuit
shown in Fig. 10.11. This follows from the partial fraction expansion of Z(s)
in the form given by

Ro R18 Rps

Z(s) = 0
(5) s + 82 + w? 52 4 w2

(10.84)

where Ry, Ry, ..., R, are all positive. This follows from the properties of the
function Z(s):

1. The degrees of N(s) and D(s) differ exactly by 1
2. Z(s) is an odd function of s, that is Z(—s) = —Z(s).

3. Z(s) has only simple poles and zeroes; all are located interlaced on the
imaginary axis (Between any two poles there is a zero and vice versa).

4. The residues at all poles are real and positive.

From the network properties, we note that for the electromechanical
system made up of masses and springs, there is an equivalent circuit across
any node pair. If we consider a lossless transmission line connected across
nodes ¢ and j, we have an equivalent circuit for the one port shown in Fig.
10.12 that takes into account only one swing mode m;. Since capacitance
is analogous to mass, we can define modal inertias for a transmission line
(Earlier, we had defined modal inertias at a generator).

In Fig. 10.12, Lj is the equivalent inductance given by

Lk

Ly=———
"7 ViV cos dro

(10.85)
Note that Ly, is the reciprocal of K;; defined by Eq. (10.74). If V; = V; = 1.0
and cos ¢p, ~ 1.0, then Ly ~ x;. The inductance Lfch is the Thevenin induc-

tance of network (without L) viewed from the port i-j when the capacitors
in the network (representing the generator rotor masses) are shorted. Note
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Figure 10.12: An equivalent circuit across port i-j (for swing mode m;)

that the capacitances in the network can be represented by voltage sources

(bus frequency deviations). In Fig. 10.12, the voltage across the equivalent
th

(modal) capacitance is dAdf’“ assuming that the voltage vector across the
capacitances (representing generator masses) is v;, which is defined by Eq.
(10.82).

In case a damping controller is connected in line k (connected across
nodes ¢ and j), there is an additional component in the line current (APy)
given by (see Eq. (10.72)),

P
APy = P Ay = BuAwy, (10.86)
ﬁuk

where Auy is either AX7osor or AV, depending on whether a TCSC or
SSSC is connected in the line k. Since we have assumed that Xrcogc or Vi
is considered as positive if it is capacitive, g—f: is also positive.

The constant By, (assumed to be positive) in Eq. (10.86) is given by
(a) B = Z—’f for a TCSC and
(b) By ~ x—lk for a SSSC

If we propose a control law given by

dAGH
dt

Auy, = Gy, (10.87)
where G} (the proportional gain), is equivalent to a conductance (Gy) across
the capacitance as shown in Fig. 10.13. For simplicity, the dependence of
C, on the specific mode (m;) is not shown in this figure. It is to be noted
that Ly and L',;h are independent of the mode and are invariant.
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Figure 10.13: An equivalent circuit across port i-j considering damping ac-
tion

As the value of capacitance C}, is related to the voltage across it by
the equation
1

Vor = — AP, 10.88
Ck wzmc,k k ( )

where APy, is the equivalent Norton’s equivalent current source viewed from
the port i—j (after removing L ). Note that we have replaced the capacitors
(corresponding to generator rotor masses) by the voltage sources v;, (which
are sinusoidal). Thus, Vi, which is also sinusoidal can also be obtained as
Thevenin voltage across port i — j (with line k removed). See Fig. 10.13(Db).

As discussed earlier, lower modal inertia (equivalent to C}) is ben-
eficial for damping action. Hence, we can state that a line k for which the
modal inertia (C}) is minimum, is the best location for damping a particular
mode m;. Note that the optimal location depends on the mode considered.
In general, out of the (ny— 1) swing modes in a power system with n, gener-
ators, only a few modes (at lower frequency) are critical. Hence one needs to
check for the best locations of damping controllers only for a limited number
of the critical modes that are usually the lower frequency modes.

Note that for a particular mode (m;), the decrement factor (o;) is
given by %’“k Hence, the lower the value of Cy, the gain of the controller
required for a specified damping is lower. Alternately, for a specified gain,

the damping achieved is maximum for the lowest value of Cj.
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Since it is convenient to compute Thevenin voltage for a line k, from
Eq. (10.88), we can observe that the best location for a series damping
controller is one for which |Vgy| is maximum. It is convenient to define a
normalized location factor (NLF) as follows

_ Ve
|Vieo|

NLF(m;) (10.89)

where |vj,| is a norm of the eigenvector component v;, corresponding to
mode 7. We can use Euclidean norm or sum norm. The NLF defined here is
different from what is given in [15].

The procedure for computing NLF (m;) is simpler and is given below.

1. For a specified critical mode (m;), compute v;y,

2. Treating vy, vector as the vector of sinusoidal voltage sources at the
generator internal buses, compute Thevenin voltage across different
lines.

It is convenient to consider the original network (of series elements)
in which the reactances are calculated (in pu) at the base system frequency.
Since Ly ~ xj and although the equivalent network (made up only of series
elements) impedances have to evaluated at the modal frequency w!™, the
calculation of Thevenin voltage is unaffected even if we use xj instead of
w™Ly,.

Another approximation is to compute Thevenin voltages across the
lines (under consideration) from the original network including all the lines.

Synthesis of the Control Signal

From the network analogy we have identified the appropriate control signal

th
as dAdf’c which can be synthesized from the locally measured quantities. If
the voltage magnitudes V; and V; are assumed to be equal to unity and

sin ¢ ~ ¢, we have

Apr = APpxy, A = AP (xy, + 22P) (10.90)

A practical scheme for the damping controller is shown in Fig. 10.14.
This shows a washout circuit (which will result in zero offset in steady state)
and a practical derivative controller. The washout circuit time constant
(Tw) can be chosen as 10 s and T}, can be set as 0.01 s.
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Figure 10.14: Damping controller for a series FACTS device

Remarks

1.

The nominal value of xzh can be obtained from the electrical networks
of series elements. However, since there are approximations made in
computing a:’,i,h, it is convenient to treat this as a tunable parameter.

. The gain G}, of the controller is usually obtained from the root locus.

This is similar to the tuning of a PSS.

. There is no need for phase compensation in the controller although the

control scheme is obtained based on a simplified system model using
classical models of generators. This will be evident when we present a
case study on the design of damping controllers for a UPFC [33].

It can be shown that the use of the control signal dﬁf”“ instead of dAd;;b}ch
limits the effectiveness of the controller as gain Gy, is increased beyond
a limit. If Aug = GrsAdgy, then, since Agy = Ad)',;h —APk:Ei;h, we have

Gk$A¢Zh

Auy = — K00k
T F sGjByaih

by substituting for AP, = BrAug. s is the Laplace operator. The
damping will increase as Gy, is increased from zero and reach a maxi-
mum when G = Ggmax given by

1
G max — 55 _th o
kma Byathwm
If G > G max the damping will reduce. There is no limit on the gain
if Aqﬁ'}ch is used as the control signal (unless limited by the unmodelled
dynamics).

. In Eg. (10.90), one could use also the line current as measured signal

instead of the power flow.

Example 4

Consider the 3 machine system shown in Fig. 10.7. The data is essentially
same as in [43] except for the following modifications. All generators are
equipped with static exciters with Kr = 200,7r = 0.05. A shunt sus-
ceptance of 0.5 pu is provided at bus 5 for voltage support. The loads are
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assumed to be constant impedance type and mechanical damping is assumed
to be zero.

The eigenvalues for the swing modes at the operating point are cal-
culated as

A1 = —0.4510 £ j13.1570(Model)
Asg = —0.0392 =+ j8.5809(Mode2)

The computation of location factors gave line 5-4 as the best line for damping
the swing mode 2. The series FACTS controller considered is SSSC.

The tuning of the two parameters associated with a damping con-
troller (G and x'*) was done using Sequential Linear Programming (SLP)
optimization technique to maximize the damping of mode 2 subject to the
following constraints: (a) the damping ratio of all the eigenvalues is greater
than 0.02 and (b) the real part of all eigenvalues is less than —0.65. The
optimal values of the controller parameters are 2t = 0.3391 and G = 0.2698
for the damping controller in line 5-4. The eigenvalues for the two swing
modes, with the controller are:

A2 = —0.6631 =+ ;13.1510(Model)
X34 = —4.6609 % j7.4558(Mode2)

This clearly shows the role of the controller in damping mode 2.

With multiple controllers there is a need for coordinated control, that
is simultaneous tuning of all the control parameters.

10.7 Damping of Power Oscillations
Using Shunt FACTS Controllers

In the previous section, we assumed that the bus voltage magnitudes are
constants. This assumption is essential to relate the linearized model of the
network to a linear L-C network with bus frequency deviation analogous to
voltage and power (torque) analogous to the current. In this section, we will
relax the assumption as a shunt FACTS controller injects reactive current
to control the voltage. We need to take a different approach in deriving
the control law for the damping controller associated with a shunt FACTS
device. The other assumptions mentioned in section 10.6 also apply here. In
addition, we will also neglect the presence of a series FACTS controller unless
the series controller is used only to regulate constant impedance (inserted)
by the controller.

The network analogy described in section 10.6 also applies here.
However, we will first consider the nonlinear system before the linearization.
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The lossless network with classical models of the generator can be viewed as
a network with nonlinear inductors and linear capacitors (corresponding to
the generator rotor masses). The equations of the nonlinear reactor repre-
senting the series impedance of the line ‘k’ is given by Eq. (10.71) which is
reproduced below.

Pk = VSZU‘/:J sin (;5k = ik = f(?/]k) (10.91)

where iy, is current in the inductor (corresponding to Py in the line) and 1)y
is the flux linkage of inductor ‘k’.

The energy stored in the inductor described by Eq. (10.91) is given
by

Wy = /ikd¢k = /f(wk)diﬁk (10.92)

Substituting Eq. (10.91) in (10.92) and noting that ¢y = ¢, we get the
following result after integration by parts.

_V;V
/Pkd¢k _ ZViVicosdn / €SOk (7 qv: 4 Vi), (10.93)
Tk T
. . Vv24v? .
Adding and subtracting 5o - to the RH.S., we can write Eq. (10.93) as
V2
/Pkdm =_k _ /I,’fid% - /ij.dvj (10.94)
2z}, J

where V2 = V2 + Vj2 — 2V;Vj cos ¢y, is the square of the voltage drop in the
line k. I and I]fj are the reactive currents injected in line k at the two ends
of the line. These are defined as

Vi-Vjcosdr o, Vi—Vicosgy
= =

k _
Iri -
Tk Tk

(10.95)

When we add the energy in all the inductors (lines and transient reactances
of the generators), we get

ny ng VQ N
W= We=>_ (2—3’;) - Z/Irjdvj (10.96)
k=1 k=1 j=1

where I, is the reactive current injected from bus j in the network which
has N buses (n 4 ng). ny is the total number of branches in the network.

The total energy stored in the capacitors (representing generator
masses) is obtained as

1 &, (d6i\?
Wo =3 ;C (E) (10.97)
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We can express the reactive current (I,;) at bus j as the sum of three com-

ponents

oI,

I; = I jo + 7 AV; + AlL; (10.98)

o,
where the second term represents the voltage dependent component of I,;
(for small perturbations) and the third current represents the contribution of
the SMC (Supplementary Modulation Controller). For conservative system
of L—C network, we can show that

d
E(WL + We) =0. (10.99)

However when Al,; # 0 and is controlled as

Al = —K,j (‘2?) (10.100)

the total energy does not remain constant and we get,

d B dv;\?
(Wi +We) = - > K (E) (10.101)

For positive K,;, the average value of the R.H.S. in the above equation
is negative. Hence, we introduce dissipation in the system if the reactive
current injection at bus j is controlled as given by Eq. (10.100). However
this control law is not optimum. For deriving the optimum control law, we
need to express AV; = (V; — Vj,) in terms of the perturbations in state
variables A§ and Ad. For this, we need to model the system to relate AV
with A(S]

Linear Network Model for Reactive Current

Since we are essentially dealing with small perturbations, a linear model is
adequate. At the generator internal buses, we have

AE, = jEgi0AS; (10.102)

where Egio = |Egi|e?%°. (Note that |Ey| is a constant as the generator is
represented by classical model).

Since we are considering only reactive currents injected at various
buses and their effect on voltage magnitudes, we can introduce the approx-
imation of ¢ = 0 (the bus angles are all equal for the lossless network).
With this assumption, we get AT, = —Alfj and described by

AIE = b (AV; — AV)) (10.103)
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Figure 10.15: An equivalent network relating voltage magnitudes to reactive
current injections

where b, = L. Eq. (10.103) represents the current flow through an equiva-
x,

lent conductance (by) which is connected between nodes ¢ and j. At node j,
there is one equivalent conductance (b;) connected between the node j and
the reference (ground) node, given by

oI,
oV,

bj = — (10.104)

The linear network relating the voltage magnitudes and the reactive
currents is shown in Fig. 10.15(a). The Thevenin equivalent at node j is
shown in Fig. 10.15(b).

For simplicity, we will consider only one modulation controller at bus

j. Thevenin voltage Vjth at bus j is a function of the state variables A¢. If

we substitute Ad = v;s where v;5 is the component of the eigenvector corre-

sponding to mode (m;), we get the equivalent circuit for mode m; described
by the equation

AV 4 2t ATy = AV (10.105)

From Eq. (10.105) we can obtain the optimal control law for the modulation
of the reactive current at bus j as

AL, = I, 2

rj%(m/.th) (10.106)

J

Note that AV is a function of mode m;. In computing Thevenin voltage, we
assume AEg; = |Egvs(i)| where v (i) is the component of the eigenvector
vs corresponding to the generator i. If we assume |Ey;| = 1.0, then AE,; =

[v.s(7)].

Just as in the case of the series FACTS controllers, we define an index
(NLF) to evaluate the effectiveness of the location of the damping controller,
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based on Thevenin voltage as follows.

: . AV
Normalised Location Factor (NLF) = ol (10.107)
Vs

where |vs| is the norm of eigenvector v s computed for a specified (critical)
mode m;. The best location for the modulation controller for mode m; is
the bus j for which \AVf'h| is maximum.

Remarks

1. Although x?h can be obtained from the linear network, it is convenient
to treat it as a tunable parameter in addition to the proportional gain
K,;.

2. The linear network used to compute AV and z!" has both series
and shunt elements. The series elements correspond to the (constant)
reactances of the lines and generators. The shunt elements correspond
to the shunt susceptances at various buses.

In contrast, L—C network representation used for deriving the control
law for the series damping controllers, consists of only series elements.

. dvith
3. The use of the control signal (%ﬂ) instead of ( 7 ) limits the effec-

tiveness of the modulation control of shunt FACTS controllers as the
gain K; is increased.

Example 5

Here we consider the same 3 machine system considered in Example 4. The
best location for damping the mode 2 is bus 4. By selecting K, = 5.789 and
X = 0.0450, we get the closed loop eigenvalues for the swing modes, after
installing the SMC at a STATCOM connected to bus 4, as

Ao = —0.3641 £ 4513.1610 and

)

Az4 = —0.5006 £ 58.1286

It was observed that installing a SMC leads to the reduction of damp-
ing of an exciter mode (EM). For example, the root loci of the critical swing
mode (SM) and an exciter mode as the gain K, is varied from 0 to 1.2 is
shown in Fig. 10.16 for a STATCOM (with SMC) connected at bus 9 which
is close to the generator # 3. From the analysis of the participation factors,
the exciter mode was traced to belong to generator # 3.

The phenomenon observed in Fig. 10.16 is termed as strong reso-
nance [41] in which change in parameters lead to interaction or coupling
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Interaction of oscillatory modes in
x 3-machine system

(Kr Varied from 0 to 1.2)
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Figure 10.16: Root loci showing interaction of two complex modes in three
machine system when K, is increasing

between two oscillatory modes. The modes that are far away initially move
close to each other and collide in such a way that one of the modes may
subsequently become unstable. If the system matrix is not diagonalizable at
the point of collision of the eigenvalues, the phenomenon is termed ‘strong
resonance’ and ‘weak resonance’ if it is diagonalizable. Using multi-modal
decomposition and a reduced model it is possible to predict the behaviour
of the interacting modes near a strong resonance [41]. The asymptotic be-
haviour of eigenvalues (of the reduced system) when K, is increased is shown
in Fig. 10.17. This shows that there is an upper limit on K, which results
in maximum damping of the critical mode. Depending on the value of z*",
the critical mode can be the swing mode or the exciter mode. Even a small
change in " can affect the critical mode. This clearly shows the importance
of strong resonance in the design of damping (modulation) controllers.
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Figure 10.17: Asymptotic behavior of eigenvalues of reduced system when
K, is increasing
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Figure 10.18: A 4 machine 2 Area System

10.8 A Case Study of Damping Controllers
in UPFC

A 4-machine, 2 area system is selected for the case study. The single line
diagram of the system is shown in Fig. 10.18. This system is same as that
described in [1,11] except that the damping of all the generators is assumed
to be 1.0 pu (instead of zero) and the armature resistance is neglected. The
generators are represented by two-axis models and loads are modelled as
constant impedances. The UPFC is installed in one of the three tie lines
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connecting the two areas (between buses 3 and 13) with the shunt branch
connected at bus 3.

The UPFC has 3 independent control variables - real (series) voltage
(Vp), reactive (series) voltage (V) and reactive (shunt) current (I,). We can
apply modulation controllers for all the three variables. The block diagram
of these controllers is shown in Fig. 10.19. The two series voltage modulation

. ) AV,
p -
K, Lys @+ T,s)
+T2p s
Al Aol s m 1 AV
+ th Kk _— a r
(Xse +Xea) 1+ T,s) Kq(iilqs) @+ T,s)
_ 293

1

(Xs;h + Xeq)
Av +® AV -s " (iJ,Tlrs)mf 1 Al

1+ Tcs) +T2r5 (1+ TpS)

Figure 10.19: Block diagram of UPFC modulation controllers

controllers use Thevenin angle as the control signal while the shunt reactive
current modulation controller uses Thevenin voltage (AV ") as control signal
which is synthesized as follows

AV = AV — g ATL (10.108)

It is to be noted that AI,. is the reactive current injected at the specified
bus, whose voltage magnitude deviation is AV. The control signal for the
series modulation controllers is synthesized as

AP = Al(xeq + 21 — AV, (10.109)

where x4 is the equivalent line reactance, taking into account the fixed series
compensation (if any) and the operating value of reactive voltage injected.
Note that 2! is different from z!?. Both are viewed as tunable controller
parameters.

There are 5 control parameters (two Thevenin reactances and 3
gains) associated with the 3 modulation controllers. This is in addition to the
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Table 10.4: Details of Phase Compensation.

Phase | Reqd. No. of
of Phase T T Stages
Controller | Residue | Comp. | (in seconds) m
Vp 128.5° 51.5° 0.6449 0.0785 1
V, 179.6° 0.0° - - 0
I, —107.4 | —72.6° 0.1139 0.4445 2

three parameters (77,7» and m) associated with each phase compensation
circuit. The parameters of the phase compensation circuits are computed
from the knowledge of the phase angle of the residue corresponding to the
critical mode (as described in section 10.4). The selection of the controller
parameters is based on a constrained optimization technique whose objec-
tive is to maximize the damping of the low frequency interarea mode while
satisfying constraints on the location of other eigenvalues.

The eigenvalues for the 3 swing modes for the system without mod-
ulation controllers is given below. The operating values of V},, V, and I, are
assumed to be zero

A2 = —0.0088 £ j4.4450(InterareaM ode)
A3a = —0.7644 £ j7.2940(Local Model)
Xs6 = —0.7410 £ j6.6904(Local M ode2)

It is obvious that the interarea mode is very lightly damped (having
a damping ratio of 0.002). The details of the phase compensation circuits
required are given in Table 10.4.

It is to be noted that no phase compensation is required for the
series reactive voltage modulation controller. The requirements of phase
compensation for other 2 controllers indicate the influence of the unmod-
elled dynamics on the control law derived in the previous section. The
eigenvalues corresponding to the interarea mode for different combinations
of the controllers with and without phase compensation are shown in Table
10.5. These indicate that phase compensation improves the damping (as
expected). It was also observed that the optimal gains of the controllers was
less for the case with phase compensation compared to that without phase
compensation.

Table 10.5 shows that the modulation controller for the series reactive
voltage is most effective. The influence of the active voltage (V) modulation
controller is to improve both damping and synchronizing torques. It is more
effective than the shunt reactive current modulation.
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Table 10.5: Eigenvalues of Interarea Mode.

Modulated Figenvalues Figenvalues
Variables without phase comp. with comp.
I, —0.5392 £ j4.4632 | —0.5909 & j4.4583
vV —1.9455 £+ j4.8991 | —1.9455 + j4.8991
Vi + I, —2.1033 £+ j4.8613 | —3.0892 + j4.2701
Vi+Vp —2.8736 £ j5.4176 | —3.4847 4+ 55.2239
Vi+Vp+ 1. | —3.6951 & j5.8982 | —3.9056 £ j4.2940

Discussion

The case study illustrates the effects of coordinated control of the three sup-
plementary modulation controllers associated with a UPFC. The interarea
mode is damped very substantially (the damping ratio is increased from
0.002 to 0.673 when all the three controllers are active).

An important characteristics of the control strategy of the UPFC
modulation controllers used here, is that the three controllers are decoupled
which also makes them robust. Although the control laws are obtained
from theoretical analysis based on simplified models, the effectiveness of the
modulation controllers is tested on systems with details models.
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Chapter 11

Improvement of Transient Stability

11.1 Introduction

In the previous chapter, we considered the application of FACTS controllers
for damping power oscillations in transmission lines caused by low frequency
rotor swings in generators. The objective is to improve small signal stability
of power systems that implies the ability of the power systems to maintain
synchronism under small disturbances that are always present (due to small
perturbations in the system load). It is essential to maintain small signal
stability for all normal operating conditions that a power system is subjected
to.

In this chapter, we consider transient stability of power systems and
its improvement by suitable control of FACTS controllers. Transient stability
is concerned with the stability of power systems when subjected to a severe or
large disturbance such as a fault in a line followed by its clearing. Transient
stability depends on the location and nature of the disturbance in addition to
the initial operating point. Instability results in loss of synchronism leading
to separation of generators that are protected by out-of-step relays. Large
excursions in the rotor angles imply it is not possible to apply linear system
theory. Since nonlinear system analysis is not generally feasible, numerical
methods are used to simulate the system to predict system stability for
accurate results. However, transient energy function methods have been
developed in last 30 years that are fast, reasonably accurate and can handle
the presence of FACTS and HVDC controllers by preserving the structure
of the system network.

In this chapter, we will look into control strategies that will not only
improve first swing stability but also damp the oscillations until their mag-
nitude is reduced below a threshold. The control action is of bang-bang type
and is activated on the detection of a disturbance and will be discontinued as
the system approaches the post disturbance, stable equilibrium point. Thus,
the transient stability controller is a ‘discrete’ controller as opposed to the
continuous controller used for power oscillation damping. Here the term
‘discrete’ refers to the control action that is not continuous. The assump-
tion here is that the damping controller is not suited for improving transient
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Figure 11.1: A two machine system

stability. This is a valid assumption as the output of the damping controller
is limited so as not to interfere with power scheduling controller. Also the
control strategy for improving transient stability is quite different from that
required for damping of oscillations.

11.2 Transient Stability of a Two Machine
System

Consider a two machine system as shown in Fig. 11.1. We can consider
each machine as an equivalent representing all the generators in a specified
area. The two machines are interconnected by a AC tie line that is used to
exchange power between the two areas. For simplicity we will consider the
line to be lossless. Also, the generator internal impedances can be neglected
in comparison with the impedance of the line. A FACTS controller (series,
shunt or a combination) is connected in the line to enhance power transfer
in the line.

For simplicity, we will consider classical models of generators de-
scribed by swing equations:

d%s,

Mi— = P, —F, 11.1
17 1 1 (11.1)
d%5y
2 _ p. _p 11.2
23 2 — Pe2 (11.2)

where P,1 = Pn1 — P, Pao = Pna — Pjy are the accelerating powers of the

machines 1 and 2 respectively in the absence of power flow in the tie line.
Note that M7 = %,Mg = QW@ if § is expressed in radians and time in

seconds. Hy and Hs are the inertia constants, expressed on a common base.

We can combine Egs (11.1) and (11.2) by multiplying (11.1) by Mo,
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(11.2) by M; and subtracting (11.2) from (11.1). We get,

d?6
MIMQT;2 = MyP, — My Py — (MyP,y — M1 P.y) (11.3)
If P,y = —P.y = P, we can rewrite (11.3) and follows.
d?6
gz = Pnl = P (11.4)
where
M1M2 M2Pa1 —M1Pa2
M,=——= P%= PY=P, b§9=686—0
eq M]_ + M27 m M]_ + M2 ) e tsy 12 1 2

Equation (11.4) shows that a two machine system can be reduced to an
equivalent single machine system with the equivalent inertia of J\%ﬂrj\f{fb . Note
that M, ~ My if My > M;. In steady state, B = P;.

If there is a major disturbance in area 1 or area 2 such that P sud-
denly increases to a high value (P:;qu) the angular difference 15 increases as
the equivalent machine accelerates. When § = d.;, the P2 assumes nominal
value. If there is no FACTS controller in the line, the power angle curve is

defined by

EFE
p = 12

sin (11.5)

where X is the reactance of the tie line and § = 2. From equal area
criterion, we can state the system is transiently stable if area As shown in
Fig. 11.2 is not less than A;. We can derive this result by noting that

d d
—Wkp=——

11.
7 dtWPE (11.6)

where

1 [ds\? §

Wgkp==-M|—) , Wpg= / (P, — Py,)do
2 dt 8o

where Wi g is termed as the kinetic energy and Wpg is termed as the po-

tential energy. Note that we have dropped the subscripts and superscripts

for convenience. From Eq. (11.6) we get

Wr = Wgg + Wpg = constant (11.7)

Assuming that the system is initially in equilibrium before the occurrence

of a disturbance, at t = tg, W = 0. The disturbance lasts from ¢ to t,. At

time t = ty, Wikgr = Area Ay. For the system to be stable, ‘fl—‘z should go to

zero as ¢ increases. This is possible only if dpax < d, where P, = P.(0y,).
The angle d,, corresponds to the unstable equilibrium point as increase in
the angle beyond 4, leads to loss of synchronism (if ‘é—f continues to increase



352 FACTS Controllers in Power Transmission and Distribution

eql
P

3

Figure 11.2: Application of equal area criterion

beyond §,). The area As is equal to the increase in potential energy that is
possible. If Ay > Ay then the kinetic energy gained during the disturbance
gets converted into the potential energy and the system is stable. If all the
kinetic energy is not converted before § = J,, then the system is unstable.

The criterion for transient stability can be stated as follows
WT(tcl) < Wep (11.8)

where W, is termed as the critical energy defined by
du
W = Wen(6.) = / (P. — P,n)d6 (11.9)
do

Note that W, = As + A3 (see Fig. 11.2) and Wrp(t,) = A1 + As. Hence the
criterion (11.8) is equivalent to the equal area criterion.

For a specified power angle relationship, both dg and d,, are functions
of P,,. For a specified P,,, W, can be increased by adjusting one or more of
the parameters that affects the power flow in the line. For the power angle
expression shown in Eq. (11.5), we can reduce X by using switched series
capacitors. (The availability of TCSCs enables fast and repetitive switching).
While we will discuss the control algorithm for improving stability later, we
can note here that increase in power flow (F;) effected soon after detecting
a major disturbance (such as clearing of a fault) will improve first swing
stability (by increasing the area As).

11.3 Extension to Multimachine Power
Systems

We saw in the previous section, relationship between the energy function and
equal area criterion in a two machine system. While the equal area criterion
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can not be extended to multimachine systems it is possible to extend energy
function methods, under some assumptions. These are given below.

1. The electrical network is lossless.
2. The active power loads are constant at all buses.

3. For simplicity, we assume that mechanical damping is zero for all gen-
erators (although this can be relaxed)

We will consider structure-preserving network model. This implies
that all the buses in the network are retained. In the early applications of
Transient Energy Functions (TEF), load buses were eliminated by assuming
constant impedance load models and only the generator internal buses were
retained. This simplification (apart from the inaccurate representation of
loads) resulted in complications arising from transfer conductances in the
reduced network which cannot be neglected (even with lossless transmission
lines) as they arise from the elimination of the load buses.

A major advantage of using structure-preserving network model is
the inclusion of network controllers such as HVDC and FACTS controllers.
While HVDC converter controls and SVC control characteristics have been
considered in [18] and [19], SSSC and UPFC have been included in the
formulation of SPEF (Structure Preserving Energy Function) in [32] and
[33]. The detailed two-axis generator models are considered in [17].

There is a large body of literature on Transient Energy Functions
(see books by Pai [14] and Pavella, Ernst, Ruiz-Vega [15] for recent de-
velopments). Mathematically, TEF is a Lyapunov Function which has a
non-positive derivative along the post-fault system trajectory. For accurate
results, it is necessary that there are no path-dependent terms in the energy
function. (Path-dependent terms require numerical integration based on as-
sumed trajectories which introduce errors). Also, an energy function with
path dependent terms is not strictly a Lyapunov Function that guarantees
theoretical results on system stability following a disturbance.

In this section, we will derive a SPEF from a network analogy. As
discussed in the previous chapter, a lossless electrical network can be viewed
as a collection of nonlinear inductors in which current and voltage are anal-
ogous to active power (or torque) and frequency deviation respectively.

Derivation of Potential Energy Function

The total energy in the system (Wr) is the sum of the kinetic energy (Wxpg)
and the potential energy (Wpg). Here, we will derive an expression for Wpg
from network analogy [25,28].
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The swing equations for the ‘m’ number of synchronous generators
are given by

2
MZ%ZMZ% = P, — Py, i=12,...,m (11.10)
__OWpg
0
where Wpg is defined as
[ dd; UL
Wpp = ;/to(Pez Prni) it = ;/ (P — Ppi)ds; (11.11)

Theorem

For lossless systems with constant power loads, we can prove that

nb Ao b gy,
Wpe = j/ (Py — Pyo) Skt = j/ (Py — Pyo)dn (11.12)
k=1%o k=1 Pko

where nb is the total number of series branches in the network (consisting
of transmission line and generator reactances).

Proof:

In a lossless network, the active power injection at a bus and the bus fre-

quency (%) satisfy Kirchhoff’s current and voltage laws respectively. Hence,
the active powers (or torque) can be considered analogous to currents, bus
frequencies to the voltages and bus angles to the flux linkages in an equiva-
lent electrical network [28]. The power (Pj) flowing in the network branch

k (connected across buses i and j) is given by

ViVi .
P, = Lsindg,  ¢r = by
Tk

This equation is similar to the equation of a nonlinear inductor given by
i = f(\). Thus the power system is analogous to the electrical network with
nonlinear inductors (representing series reactances of the transmission lines
and generators) (see Fig. 11.3).

For any electrical network, Tellegen’s theorem can be applied which
states that at any time, the sum of powers delivered to each branch of the
network is zero [35]. Separating the (current) sources from other (passive)
branches, we can apply Tellegen’s theorem for the network shown in Fig.
11.3 and obtain the following result.

P,—==- pP.—L =N p—= 11.13
; dt ~ Li”at kz::l kot ( )
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Figure 11.3: Equivalent network for a lossless power system
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Figure 11.4: Equivalent network in steady state

where Pp; is the load (active) power at bus j. There are n buses in the
network (excluding the generator internal buses).

Tellegen’s theorem is also valid when branch voltage of one network
and branch currents of another network are considered, provided the two
networks have the same graph. If we consider the network shown in Fig.
11.3 in steady state we get the source currents as Pp,; as P.; = P (see
Fig. 11.4). The currents corresponding to loads remain unchanged in steady
state as Pp; is assumed to be constant for j =1,2,---n

Considering branch currents in the (steady-state) network of Fig.
11.4 and branch voltages of the network in Fig. 11.3, we get the following
result.

n

m nb
3P, z Lgd@ zp,wd@ (11.14)
=1

where P, is the steady state power flow in branch k. Subtracting Eq. (11.14)
from (11.13), we get

P,— P,)— = P, — P, 11.1
;( ) kgl( b= Pro) = (11.15)

Integrating the above equation, we get the expression for Wpg given by Eq.
(11.12).
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Remarks

1. It would appear from Eq. (11.12) that the potential energy is path
dependent. However, we can show that Wpg is also equal to

Wpe = Wpg1 + Wpez2 + WpEs (11.16)
where,
Wpp1 = — Y Pni(8i — 6io) + ZPLJ — bjo) (11.17)
1 nb
Wpp2 = Z(Qk — Qko) (11.18)
2=

Y Qu dE',. dE’,
WpEs = == qv; / —igi—2 g — L dt 11.19
PE3 Jz::/v}o v, ]+; to[ (7 at + 14 dt ( )

where (), is the reactive power absorbed by the branch k. Q)1; is the reactive
power load at bus j. ig4; and i are the d- and g-axis components of the
armature currents in the generator i- Ef; and Ey; are the d- and g-components
of the induced voltages in the stator windings of the generator i. Note that if
we consider the simplified (classical) model of the generator, then the second
term in the R.H.S. of Eq. (11.19) is zero.

Since > @ must be equal to the net injection of reactive power in
the network, we get an alternative expression for Wpgs as follows.

Wppgs = % > (Qai — Qaio) — Y _(QLj — QLjo) (11.20)
7j=1

=1

Note that the subscript ‘o’ indicates the operating (steady state) value of the
variable. QQg; is the reactive power injected at the internal bus of generator
¢ and is calculated as

/ - ;7 .
Qci = Egiigi — Egita;

Proof of Equation (11.16)

The first term in the potential energy results from applying Eq. (11.14)
in the integral — [ d(f):o Prod¢r. The assumption here is that P,,; is also a
constant in addition to P ;. Non-constancy of P,,; and Pr; would result in
path-dependent terms.

The second and third term in the potential energy can be obtained
from noting that

ViV.
[ - [¥

| sin drdoy,
k
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= (VidV; + V;dVi)  (11.21)

ViV cos ¢y, L / COSs Oy,
Tk T

2 2
Adding (\/1.2:/]. > and subtracting the same quantity, we can show that
V2 4+ V2 —2V;V; cos ¢y
/Pkd<z>k =t kaz J — /(Iﬁ;.dvi +I5dV;) (11.22)

where I¥. and Iffj are the reactive currents into the branch k£ at nodes ¢ and
J respectively and are given by

Vi — Vjcos ¢y,

Lk

V; — Vicos gy,

k _
Iri -
Tk

k _
, Ik = (11.23)

The first term in the R.H.S. of Eq. (11.22) is % The summation over all
branches and noting that integral gives the increment over the steady state

values, we get the expression for Wppgs as given in Eq. (11.18).

Summing the second term in the R.H.S. of Eq. (11.22) gives,

nb k k - Vi QLZ'
-3 /(Idei + 1AV = /V v dV; (11.24)
k=1 j=1"Vio

if we assume classical models for generators. In deriving Eq. (11.24), we
note that
QL

k
kej

where the summation is over the branches that are incident on the bus j.

Note that Eq. (11.24) includes the components corresponding to the
generator terminal buses. The reactive current injected to stator (reactance)
branch also contributes to the (R.H.S) of Eq. (11.24). However, the reactive
current injected into the generator internal bus does not contribute to the
term Wpgs as the generator voltage is assumed to be a constant for the
classical model.

Potential Energy Contributed by Considering the
Two-Axis Model of the Synchronous Generator

If we consider the detailed two-axis model for the synchronous generators,
WpEs is no longer given by the R.H.S. of Eq. (11.24).

The stator equations for a generator i are [1] given by

E(lp + xélﬂdz’ = vg; = Vi cos(6; — ¢;) (11.26)
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By — Tyiigi = vai = —Visin(0; — ¢;) (11.27)
The electrical power output (P,;) of the generator i is given by
Pei = vaitai + Vgitgi (11.28)
Substituting from Eqgs. (11.26) and (11.27) in (11.28), we get

B}, Vicos(d; — ¢i) i B Visin(d; — ¢i)
/

P = !
Ty L g
2sin{2(6; — ¢ 1 1
+VZ sin{2(0; — ¢;)} <, _ /) (11.29)
2 Lgi Ly

We can show that [36],

C (s ) (4B, am,
Pyi—"—"2dt = i — g2 ) dt
/to ‘Tt /to (Zd a9 ar

t Qgi
to ‘/’L

+ v + %(Q,m» Qi) (11.30)

where Qg; is the reactive output of the generator given by

Qgi = Vdilgi — Vgilidi (11.31)
Qm; is the reactive power loss in the stator, given by

Qi = Tyl + Toiiy; (11.32)

When we sum the potential energy in machine stator reactances, using the
expression (11.30), the second term in the R.H.S. of Eq. (11.30) contributes
to the first term in the R.H.S. for Eq. (11.19). The third term in the R.H.S.
of Eq. (11.30) contributes to Wpgs. The only additional term contributing
to the potential energy (by the two axis models of the generators) is the
second component of Wpgs given by

m = t . dE/?, . dE/z
WpEs = Z/to (ldz‘—dtq — g dtd ) dt (11.33)
i=1

The above expression is path-dependent. However, this includes the effect
of the AVR and the excitation system control.

Kinetic Energy and the Total Energy

The kinetic energy can be derived from Eq. (11.10) (the swing equations of
the generators) as

ds

1
WKE:§ZM1'W¢2> wi =

(11.34)
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The total energy (Wr) is the sum of the kinetic and potential energies and
it can be observed that W
T
T 0 (11.35)
along the post fault trajectory which implies that W remains constant.
The criterion for transient stability remains the same as for a two machine
system, namely (see Eq. (11.8))

WT(tcl) < Wcr

However there are two complications with a multimachine system. Firstly,
the calculation of W, is not simple. There are a number of unstable equilib-
rium points (UEP) for a multimachine system. It is now accepted that there
is a controlling UEP for a specified disturbance, that lies on the boundary
of the stability region (that surrounds the stable equilibrium point (SEP)
of the post-disturbance system). However, the determination of this con-
trolling UEP (CUEP) is not straightforward. Typically, one has to search
for the CUEP in the vicinity of the exit point (where the post fault tra-
jectory leaves the stability boundary) which is predicted from the Potential
Energy Boundary Surface (PEBS) method. Some of the theoretical issues
are discussed in references [37-39].

The second complication regarding the direct stability evaluation
using energy functions, is the accurate determination of the kinetic energy
that is responsible for system separation. It can be easily shown that Wkg
defined in Eq. (11.34) is larger than the energy required for transient in-
stability. If frequency of all the generators increase uniformly, this does not
lead to transient instability. Hence, we need to define kinetic energy using

generator rotor frequencies relative to the frequency of the Centre of Inertia
(COI) defined by
> Miw;

weor = My (11.36)
where M7 = 5" M;. The kinetic energy expression is modified to
1 m
Wip = 3 > M;w; (11.37)

i=1
where @; = (w; —wcor). Although, we can express all the angles relative to
that of the COI, there is no change in the computation of Wpg.

Even the reduced value of Wi given by the expression (11.37) does
not represent the kinetic energy responsible for system separation. If we
know the mode of instability (MOI) which implies the knowledge of the
group of (advanced) machines that separate from the rest, the kinetic energy
(Wmod) responsible for the system separation is calculated from,

1
Wig = §Meq(wl —wrr)? (11.38)
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where,
MMy
Meyy=—7——, M= ZMi, My = Z M;,
My + My iel il
oy = > ier Miw; ory = >jerr Mjw;
M; My

The fast determination of MOI and other practical issues are discussed in
the literature (see [40]).

Remarks

1. The energy function methods have been used to predict system sta-
bility from the knowledge of system variables computed at the fault
clearing time. It is also possible to compute critical clearing time
(CCT) and use it an index for the evaluation of dynamic security.

2. If is possible to define energy margin as the difference between the
critical energy (W) and the energy at the fault clearing (W,). The
sensitivity of the energy margin can be used for preventive control
by redispatch and reducing power transfer in critical lines (or across
interfaces)

3. Energy function methods can be used as screening tool for fast evalua-
tion of transient stability and ranking of contingencies (that can affect
dynamic security of power systems).

4. For the two-axis models of generators, with constant Eg4, it is possible
to define a potential energy function which is path independent. In-
stead of the term Wph, defined in Eq. (11.33), if we use the following
term,

Wpps =

i=1
_Efdi(E(/;i - Eéio)
(xdi - xldio)

S| fRL NG

2(xq; — xly;) 2(zgi — w;)

(11.39)

we can show that

Wr _ dWgp  dWpp _ "

Tc/loi dE‘/Il ’
dt dt dt _; (wa; — ) \ dt

T, dE"\?2
ot di 11.40
oy () | o)

This implies that Wy is a Lyapunov function.
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O I
Figure 11.5: SVC steady state control characteristics

5. The integral [ QT?dV] is a path-independent term if )7; is modelled
as voltage dependent. If Q)r; is defined as

Qrj = bo + b1Vj + bV} (11.41)

then,

/Vjo TJdV} =bpln <V—J> +01(Vj = Vjo) + E(V; - Vi) (11.42)

J Jo

11.4 Potential Energy Function for SVC,
SSSC and UPFC

11.4.1 Static Var Compensator (SVC)

The energy function for a SVC can be derived from its steady-state control
characteristics shown in Fig. 11.5. There are three modes of operation of
SVC based on the operating value of Vg. These are given below.

Mode1: Vo < V)
Mode 2: V1 < Vg <V,
Mode 3: Vg > V5

The SVC can be modelled as a voltage-dependent reactive load. As-
suming a SVC is connected at bus j, we can express the contribution to the
potential energy from SVC as

Vs
Wsveo = IgdVg (11.43)

Vso
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In the above expression, we are considering the SVC current (Ig) as the
reactive current flowing from the bus j to the SVC. (Ig is assumed to be
positive when it is inductive). The losses in the SVC are neglected. For the
three modes of operation, Is and the energy functions are as follows:

Mode 1:
Is = —BcVs
Vs B
Wsver = IsdVs = ——< (V3 — V2,)
VSo 2
Mode 2: v v
S = Vref
Jo— -2 ")
s Xs
where Xg is the slope of the line AB.
Vs
Wsyee = 5 IsdVs + Wgyci (Vi)
1
1
= ——[(Vs = Vies)? = (Vi = Viey)*] + Wsver (V1)
2X 5
Model 3:
Is = (Br—Bcg)Vs
Vs
Wsves = 5 IsdVs + Wgyca(Va)
2

1
= 5(Br=Bo)(V§ = V&) + Wavoa(V2)

In expressing Is for mode 3, we have assumed that the SVC is a FC-TCR
type. If the SVC is a TSC-TCR type, Bo = 0 as the capacitor is switched
off in mode 3.

11.4.2 Static Synchronous Series Compensator

Consider a SSSC connected in line k connected between buses ¢ and j as
shown in Fig. 11.6. The SSSC is modelled as a constant reactive voltage V.
which is assumed to be capacitive (V. leads the line current by 90°).

The expression for the phasor current I in the line is given by

ilpi —Vilg; gVl
Tyl = VEO — Vil®s | TVl (11.44)
I Tk JTk
The power flow (Pj) in the line is obtained as,
Py, = Re[Vil}] = Re|V,I}]
_ ViVisin(i=65) A p, (11.45)

Lk
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Figure 11.6: A SSSC connected in line k
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Figure 11.7: SSSC (power) injection model

where
_ ViVicos(di — k) _ ViVrcos(¢j — )

Lk Tk

AP, (11.46)
We can represent the effect of SSSC on the power flow in the line as a

incremental flow AP, flowing in a path, parallel with the line k. (See Fig.
11.7).

The incremental reactive power injections at bus ¢ and j due to the
SSSC are given by

ViV, sin(¢; — k)

AQF = (11.47)
T
L
The energy function for the SSSC is obtained from
e
Wsssc = ) APydgy = /Apk[(débi — dyk) — (doj — dy)] (11.49)
kO
ViVi cos(oi — v VjVicos(éj —
= / x(k k)d(qbz' —Yk) — / : :E(k ¢ k)d(¢j Vr)



364 FACTS Controllers in Power Transmission and Distribution

Integrating the R.H.S by parts, we can obtain

AQF AQF
Wssse = AQ} + AQY — ‘gz A%—/ V?AV]- (11.51)
g J

In deriving the above equation, we have assumed that V; is a constant (which
is a realistic assumption as the reactive voltage will be controlled to be at
the extremum value immediately after detecting a major disturbance).

The third and fourth term in the R.H.S of Eq. (11.51) can be merged
in the expressions [ Q?Li"dVi and [ Q??dVJ which are already present in the
energy function. Hence the only term that needs to be added to the energy
function on account of the SSSC is

Vi, . .
Wisse = x—k[‘/% sin(¢; — vi) — Vjsin(¢; — )] (11.52)

From Eq. (11.44), we can derive that the R.H.S of Eq. (11.52) is

equal to V. (I E— x%’) Since the voltage drop across the line (V}) is given by
Vi = Iy, — Ve = V2 + V2 = 2V;Vj cos ¢ (11.53)

we can finally express Wiggo as

ViV VT\/VZ-2 + VjQ — 2V;Vj cos ¢

L L

Wsssc = (11.54)

In reference [32], there is a sign reversal in the energy function as V, is
assumed to be positive when inductive.

11.4.3 Unified Power Flow Controller

Consider a UPFC connected in line k near the sending end as shown in Fig.
11.8(a). the injection model of the UPFC is shown in Fig. 11.8(b).

It is assumed that the thee independent parameters of the UPFC,
Veo,a and I, are assumed to be constants. The UPFC is assumed to be
lossless.

The power flow (Py) in the line k£ can be obtained as
Py = Re[T}V
where I; is given by

_ Vilgi +Vol(i +a) = Vjlg;
JT

L

; (11.55)
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Figure 11.8: A UPFC connected in line k

The incremental power flow in the line (APy) due to UPFC is given by
_ ViVesin(¢i + a — ¢;)

AP (11.56)
Tk
since Re[Volf] = V;I,, we have the constraint
‘/zIp‘i‘ ViVosina _ ‘GVCSIH(¢i+O[-¢j) :APk (1157)

Tk Tk

The incremental injections of the reactive power at the buses ¢ and j are
given by

AQF = Vi, + @ (11.58)
k
AQE = - ViVe COS(ZJF = 9;) (11.59)

The energy function due to the UPFC is given by

ViVesin(¢i + o — ¢5)
Ty

Worre = [ APdor = [ dé; (11.60)

Integrating the above expression by parts, we can obtain

AQF
J

AQF
Wupre = AQY + AQY — 9 dVi — /

Lav; 11.61
v v, 4V (11.61)

Since the last two terms in the R.H.S of the above expression can be clubbed

together with [ %d% and [ %de, we get the additional term to be added
i J

in the energy function due to the UPFC as

ViV _ ViV cos(¢i + o — ¢;5)

COS

Wipre = ” + ViI, (11.62)
k

Note that we have assumed Vi, o and I, as constants in deriving the above

expression. It is interesting to observe that the energy function contribution

by SSSC or UPFC is AQy and not A?’“ as in the case of line reactances.
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11.5 A New Control Algorithm for
Improving Transient Stability
and Damping of Oscillations

The use of switched series capacitors or TCSC for improving transient stabil-
ity and time-optimal control of power systems has been considered in [20-23,
25-26]. The nature of the control action is of bang-bang type where a sin-
gle control variable (series compensation) is switched between two limits.
The control strategy is not obvious in the case of a UPFC which has three
independent control variables. In this section, we will introduce a general
control algorithm which is valid for all FACTS controllers including UPFC.
Before presenting this algorithm we will briefly review some concepts on
time-optimal control involving switchings.

11.5.1 Time-Optimal Control

Time-optimal control is based on Pontryagin’s Minimum Principle [41] and
involves bang-bang control. Its application to a single machine system, con-
sidered the series capacitor control to transfer the system from a disturbed
state to a stable state by a single capacitor switching. Although the concept
has been proposed as early as in 1970 [22], the introduction of TCSC has
enabled such control strategies to be applied in practice.

To illustrate time-optimal control, consider a Single Machine Infinite
Bus (SMIB) system in which series capacitors are used. The swing equations,
neglecting damping, are given by

. ind 11.63
= % [P — TR = 2(0,w, %) } (1163)

where E, and Ej are generator internal voltage and infinite bus voltage
respectively. X is the fixed reactance (between the generator internal bus
to the infinite bus) and X¢ is the reactance of the switchable capacitor. It
has a nominal value of X, and is constrained by X¢omin < Xo < X max-

Let Eq. (11.63) represent the post-fault system and t.; be the initial
time of the post- fault system (the fault clearing time). Let T be the final
time at which the system trajectory reaches stable equilibrium point (dsep, 0)
of the post-fault system.

The objective of the time optimal control is to minimize the perfor-
mance index

T
J=T—ty= / fodt, fo=1 (11.64)
25}
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To develop the conditions for optimality, we define the Hamiltonian for the
system of (11.63) as

P2 EgEbsin(5>
H = =1 Rl ) =AU A — 11.
fo+pifi +p2fo +p1w+M( m = X = Xo) (11.65)

where the co-states p; and py satisfy

y, = —OH _ p2 BgBpcosd
I?l =T T M (X-Xo) } (11.66)
D2=—3, =D

From the Minimum Principle, the optimal control satisfies the conditions:

X = { X max, if posind >0 (11.67)

X min, if D2 sind <0

If posind = 0, the control cannot be determined. Eq. (11.67) suggests
bang-bang control.

The stability region of the post fault system with X¢ = X max, in
the § — w plane is shown in Fig. 11.9. This figure also shows the system
trajectory starting from dy (the stable equilibrium point for the prefault
system). At point P; the fault is cleared and X in switched to X pmax.
The trajectory with Xo = Xcmax intersects a trajectory (S) that passes
through dsp, (the stable equilibrium point of the post-fault system) and has
Xo = Xcomin. At the point of intersection P, the capacitor is switched
to Xcomin and the system reaches d,ep in minimum time. The capacitor is
switched to the nominal value X, when the equilibrium point is reached.

The trajectory S is defined by the equation,

EyEy(cosé — cos 0sep)
(X - XC min)

=0 (11.68)

1
Wr = Wgg+Wpg = §Mw2 — P (0 — dsep) —

Note that the equation is based on the energy function defined for the post-
fault system with X¢ = Xemin [23].

Complications arise if the assumption that S; intersects the trajec-
tory P P is not true (particularly when the difference between X ¢ pax and
X min is small). In such situations, multiple switchings of series capacitor
are required [26]. The reference [26] also mentions several issues that may
affect the robustness of the time-optimal control in realistic power systems.
These relate to the complexity of models, dependence of capacitor switch-
ing on the post-fault equilibrium point, control signals that are required for
the implementation of the control scheme and the effects of noise present in
these signals. The authors of [26] also state. “Suboptimal schemes applica-
ble to a range of power transfer conditions have to be developed. Because
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Figure 11.9: System trajectory with single switching

time-optimal is an open-loop control, its integration with a feedback control
to achieve small-signal stability should be investigated.”

The control strategy developed in the next subsection addresses some
of these issues. In the first place, the strategy is a sub-optimal in that the
stable equilibrium point is not necessarily reached in minimum time. The
strategy is seamlessly integrated with the functioning of the damping con-
troller described in chapter 10. The discrete control scheme that is described
in the next subsection, ceases to function when the energy in the system falls
below a threshold and then allows the damping controller to act.

11.5.2 Control Strategy for a Two Machine
System

Consider a two machine system shown in Fig. 11.1. This can be reduced an
equivalent single machine described by Eq. (11.4) reproduced below.
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where P9 = Py(d12,u.) where u, is the control vector associated with the
FACTS controller connected in the tie line. u. can be a single variable such
as Xrosc or V,. if a TCSC or SSSC is connected in series with the line. It
can be Bgyc or I, if a SVC or a STATCOM is connected in shunt at an
appropriate location. It can be a vector of 3 variables (V¢, § and [,) if a
UPFC is connected (where Vo/3 is the injected series voltage and I, is the
reactive current drawn by the shunt converter).

The objective of the control strategy is to steer the system to a state
in the vicinity of post-fault stable equilibrium point. The control scheme
is independent of the size of the FACTS controller and is designed to work
reliably.

If the reactances of the two machines are neglected in comparison
with the reactance of the tie line, we can express the potential energy of
the system (Wpg) as the potential energy associated with the tie line. This
follows from,

5 1
3o 0o

For convenience, we can assume that Jg is also the post-fault stable equilib-
rium point. (This is not a restriction and can be relaxed). As mentioned
in section 11.2, the first swing stability can be optimized by maximizing the
power flow in the line (P;) as soon as the large disturbance is detected. This
is achieved by selecting u. = uey, that corresponds to maximum power. If
we assume that this will stabilize the system, then d,,4, Will be less than or
equal to the unstable equilibrium point (04,,) that results from u. = uep,.

If Oppax < 0y, (where d,, is the unstable equilibrium point with u, = e,
where u,, is the (nominal) control vector for the post-fault system) then set-
ting u = Ueo When § = d,,4, will ensure that the system will reach the stable
equilibrium point due to the inherent damping in the system. However, if
we wish to damp the oscillations by the discrete control where u. can take
three values - Uco, Uem and uy (where u,; corresponds to the minimum power
flow in the line), the following control strategy is proposed.

1. As soon as a large disturbance is detected (such as a fault followed by
its clearing), the control variables are selected such that the power flow
(P;) is maximized.

2. The control variables are switched to their nominal operating values
(o) when Wpp(ue) is maximum and Z—f <0.

3. The control variables are selected (u. = u¢) such that the power flow
is minimized when % is minimum and % < —€.
4. The control variables are switched to their nominal operating values

dé __
when = 0.
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5. The control variables are selected such that the power flow is maxi-

mized when fl—‘z is at a maximum value and ‘é—‘z > €.

6. Go to step 2.

The control action is disabled when the magnitude of \%| < e
(where ¢ is appropriately specified).

The step 2 needs clarification. Since,Wpg = |, 550(Pt —P,,)dod, dVZfE =
0 wherever § = dpqr Or Pt = Py, If dpax > Jy, then although ”mc/l% =0 at
0 = Oy, ‘;—‘2 > (0 at that point. The switching of the control variables has to be
delayed until 6 = §,, in the reverse swing when z—‘z < 0. Thus, the condition

for switching covers both cases (1) dmax < 0y, and (i) 0y < dmax < Oum.-

Note that Wpg(u. = ueo) is maximum when § = §, or § = Jpax
(Omax < 0u). Wpp(ue) starts decreasing as  increases beyond d,,.

The control strategy can be explained with the help of power angle
curves shown in Fig. 11.10. If we consider a major disturbance such as three
phase fault at the generator terminals (of the single machine system), the
angle 0 increases during the fault from g to o, (when the fault is cleared).
The accelerating area is ‘abcd’. Due to the kinetic energy stored in the
rotor, it swings beyond J.; and reaches a peak of dnax When the decelerating
area ‘defg’ is equal to the area ‘abcd’. In order to minimize pax, it is
necessary to maximize the power flow. Assuming pax < 6y, switching
the control variables to the nominal operating values at the instant when
6 = dmax, results in steering the rotor angle ¢ to the stable equilibrium value
of dg. When ¢ = dg, %(2 is negative and is at the minimum. Selecting the
control variables such that power flow is minimum, results in reducing the
undershoot in the angle. The rotor angle reaches a minimum value of §yin
such that the accelerating area ‘aijk’ is equal to the decelerating area ‘gha’.
At 6 = Omin, le—f = 0 and switching the control variables to the nominal
operating values at this instant results in steering the rotor angle to dg.
When 6 = do, i—‘tg is maximum and the control variables are selected such
that the power flow in the line is maximum. To summarize our discussion,
both overshoot and undershoot of the rotor angle can be minimized if (a)
the power flow is maximized when § > o, ‘é—i > 0 and (b) the power flow is

minimized when ¢ < d, 3—‘2 < 0.

The variations of the total energy (Wp) and the potential energy
(Wpg) with time for the two cases (a) dmax < 0y, and (b) 0y < dmax < Oum,
over the time period of one swing (as 0 increases from 0y t0 dmax, then
decreases to dmin and reaches &g in the forward swing) are shown in Fig.
11.11. Tt is to be noted that during the fault (0 < t < t.1) the total energy
increases to reach a value of Wi (which is likely to be higher than W, and will
result in instability unless the control strategy is applied). The energy W; =
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area ‘abcedd” in Fig. 11.10. The control strategy (of maximizing the power
flow) at t = t results in decrease of W to Wy at t = t; when § = dpax.
The potential energy increases from zero at t = 0 to Wy at t = t1. At the
instant t = 1, the kinetic energy is zero. Switching the control variables to
nominal operating values at ¢ = ¢; (for case (a)) results in Wy remaining
constant at Wh till ¢t = t5 when § = dy. At this instant Wpr = 0 and the
control variables are switched to the minimum power flow condition. The
total energy decreases to W3 at t = t3 when § = dpin. At this instant, the
control variables are switched back to the nominal values and Wy remains
constant at W3 until 0 reaches 0y at ¢ = t4 when Wpg becomes zero. The
difference between W7 and W is the area ‘d’efh’ in Fig. 11.10. Similarly the
difference between Wy and Ws is the area ‘aijl’ in Fig. 11.10.

For case (b) when 6, < dmazr < dum, the total energy decreases to
Ws at the instant, ¢ = t; when & = dpax. At this instant Wpgp = Wy which
is less than W,, given by

Ou
Wcr = / []Dt(uco) - Pto]dé
do

The control variables are switched back to the nominal variables at the
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Figure 11.11: Variation of Wy and Wpg with time

instant ¢ when § = §, when Wpg = W,,.. At this instant, Wp = W) (Note
that W3 > W5) and the total energy remains constant till ¢ = to when § = dp.
Note also that at ¢ = ¢/, the kinetic energy is not zero and fl—‘z < 0.

The application of the control strategy requires the control signal
012 = ¢ and the nominal power flow in the line which can be computed (with
the knowledge of the nominal control variables u¢,). The angle 12 is the
difference in the bus angle of the line which can be computed from the local
measurements of voltage and current in the line. The knowledge of P, and
Uuco enables the computation of Wpg(u = ue). Since the switching (from
nominal power to maximum (or minimum) power and back) is performed at
the instants when Z—‘Z or Wppg is at their peak values (or when z—‘z is minimum),
the exact computation of these control signals is not essential.

11.5.3 Extension of the Control Strategy to
Multimachine Power Systems

Whenever a power system becomes transiently unstable, it initially splits
into two groups of generators that separate from each other. In addition, for
a specified disturbance, there is a unique cutset known as the critical cutset
consisting of series elements (transmission lines), connecting the two areas,
across which the angle becomes unbounded [31]. It is obvious that if FACTS
controllers are located in one or more of the lines forming the critical cutset,
the transient stability of the system can be improved apart from damping
of the oscillations.

The system can be represented as shown in Fig. 11.12. As derived
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Figure 11.12: Power system divided into two areas connected by the critical
cutset

in the section 11.3, the potential energy of the system can be expressed as

Wpp = Z/ Pko (11.69)

where Py is the power flow in the line k. Py, is the post-fault steady state
value ¢j, is the phase angle across the line. Py is defined for the post-fault
System.

The potential energy can be decomposed into the energy within the
two areas and the energy along the critical cutset. Assuming coherent areas,
the potential energy within an area is zero as all the buses in that area have
the same frequency (and dd”“ = 0 for all the series elements in that area).
Hence the potential energy glven by Eq. (11.69) can be expressed as follows:

d
WpE = Z/ Py — Ppo) ¢kdt (11.70)

where nc is the number of lines in the critical cutset. Assuming that the
variation of energy in all the lines in the critical cutset is similar, we can
express Wpg as,

¢ dor,

W _A/ _ P,
PE k 0( k)dt

where Ay, is a constant for the chosen line k& in which we intend to connect
FACTS controller.

dt (11.71)

The approximation given in Eq. (11.71) is used to extend the con-
trol strategy for multimachine systems. If multiple FACTS controllers are
installed in more than one line, we can still apply the control strategy in a
decentralized fashion by considering only Wj (energy in a line) in place of
WpEg. Since Wpg is the sum of energies in individual lines, the decentralized
control strategy works.
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11.6 Case Studies of Discrete Control for
Stability Improvement

11.6.1 A SMIB System with a TCSC

This example is taken from [25]. A synchronous machine is connected to an
infinite bus through a line of reactance 0.7 p.u. A TCSC with a nominal
capacitive reactance of 0.1 p.u. and maximum capacitive reactance of 0.4
p.u. is connected in the line. The generator is represented by the classical
model of a constant voltage source E, behind a transient reactance of 0.32
p.u. The initial and final operating point is V, = E, = 1.0 p.u., P, = 1.0 p.u.
The initial and the post-fault stable equilibrium angle (with Xrcsc = 0.1)
is 09 = 53°. The control strategy is simpler than what is presented in section
11.5.2 and is given below:

1. The TCSC (capacitive) reactance is switched to the maximum value
as soon the disturbance is detected (at the time of clearing of a fault).

2. The TCSC is switched to the nominal value when Wpg (computed for
the nominal value of TCSC reactance) is maximum and fl—f <0.

3. The TCSC reactance is switched to the maximum when % is at a

maximum provided that it exceeds a tolerance (e).

Note that the TCSC was not switched to a minimum value (corre-
sponding to inductive reactance) to avoid inductive vernier operation.

For a three phase fault at the generator terminals, the critical clearing
time is increased from 0.1 s to 0.178 s when the switching strategy was used.
The u.e.p. (unstable equilibrium point) for the system with nominal value of
TCSC reactance is 127°. With the switching strategy, dmax can be increased
up to 143° (u.e.p. with maximum value of TCSC reactance). The rotor
angle oscillations were damped in less than 3.5 s (after three swings).

The strategy was also tried with detailed one-axis model of the gen-
erator with the following data:

zq = 1.6,2); = 0.32, T, = 65,24 = 1.55, H = 5, fo = 60 Hz.

The critical clearing time is increased from 0.075 to 0.134 s (without AVR)
and from 0.092 to 0.166 s (with AVR).

11.6.2 A UPFC in a 10 Machine System

Fig. 11.13 shows the single line diagram of the 10 machine, 39 bus New
England System. The data are given in [1]. The generators are represented
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by classical models and loads are assumed to be of constant impedance type.
The network losses are ignored.

Fig. 11.14 shows the swing curves without any control for a fault at
bus 34 cleared by tripping the line 34-35 at 0.267 s. The system is unstable;
generator 2 separates from the rest of the system. The lines 11-12 and 18-19
form the critical cutset. The same disturbance is simulated with a UPFC
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connected in line 11-12 with shunt converter connected to bus 11. A rating
of 0.2 p.u. is used for both series voltage and shunt current of UPFC. It is
assumed that UPFC does not inject any voltage or current in steady state.
With the discrete control initiated at the instant of fault clearing, the system
remains stable as shown in Fig. 11.15. Fig. 11.16 shows the variation of
the total system energy (computed for the nominal power flow conditions).
With every switching of the UPFC control variables to maximize or minimize
the power flow in the line, the energy decreases, thus contributing to system
damping. In the absence of the control, the energy would have remained
constant.

The control strategy for a multimachine power system was derived by
assuming strict coherency in each of the two areas separated by the critical
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cutset. While this assumption is not strictly valid, the energy in the lines
forming the cutsets is primarily the energy that is responsible for system
separation. The provision of FACTS controllers in the lines forming the
critical cutset definitely helps in improving transient stability and damping
of oscillations, using the control strategy.

The investigation of the critical cutsets in a large practical system (of
355 buses, 587 lines and 55 generators) indicated that there is a small subset
of critical lines that have a high probability (occurrence) of membership in a
critical cutset even when a large set of credible contingencies (disturbances)
are considered [42]. This result simplifies the problem of locating a FACTS
controller for stability improvement.

Power Flow Control with UPFC

Consider a line with Thevenin equivalents at the two ends (See Fig. 11.17).
The tota} series reactance between the two voltage sources is X7 + X5. The
current I can be obtained by superposition as

i E115—EQZO+VCZﬂ_ X4
2 iX iX X1+ X,

The power flow P in the line and the voltage V; are given by

P:RC[EQI;], ‘/1 :Elld—jlel

where I) = Iy + Ic /¢, X = X1 + Xo.

Io/1 (11.72)

The problem of maximizing or minimizing the power flow P is a
constrained optimization problem with 4 control variables (Vo, I¢, § and
1) with one equality and two inequality constraints given by

Re[ViI}] = Re[VeI}] (11.73)
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0 < Vo < Veomax (11.74)
0< IC’ < ICmaX (1175)

where Vomax and Iomax represent the ratings of the series and the shunt
converter respectively.

For a general case, the problem has to be solved by numerical meth-

ods. However, for the special case when 1 = Fy = F, X1 = Xy = %, we
get the analytical result (see chapter 8) as follows.
For maximum power flow in the line,
o 6
=21 Z = - 4+ — ) 11.
B 5 T3 (0 5T 5 0<o<m (11.76)
For minimum power flow in the line,
o 6
-2 _ = = - - — 11.
Ié] 5 5 (0 5 3 0<éd<m (11.77)
The expression for the maximum and minimum power are
EVomax 0  Elcmax . 0  E?sing
Prax = %cosivL%sing—i- )S(m (11.78)
—EV, § EI § E?
Prin = %0055 — %Sinﬁ—i- ysiné (11.79)

Note that for both Pyax and Puin, Vo = Vomax and I = Iomax: It can also
be shown (for both cases), the power in the DC link (exchanged between the
series and shunt converters) is given by

VC maxIC max

Ppo =~ (11.80)

The power is transferred from the series converter to the shunt converter.
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Chapter 12

Power Quality and Introduction to
Custom Power Devices

12.1 General

The concept of custom power was introduced by N.G. Hingorani [1] in 1995
as an extension of the FACTS concept to distribution systems. The major
objective is to improve power quality (PQ) and enhance reliability of power
supply. The concept of FACTS was also proposed by Hingorani in 1988.

The term ‘custom power’ describes the value-added power that elec-
tric utilities will offer their customers. The value addition involves the ap-
plication of high power electronic controllers (similar to FACTS) to distri-
bution systems, at the supply end of industrial, commercial customers and
industrial parks [1]. The provision of custom power devices (CPD) is com-
plementary to the individual end-use equipment at low voltages (such as
UPS (Uninterruptible Power Supply) or standby generators).

The traditional electric power reliability focuses on availability of
power supply (no sustained interruptions). The reliability in distribution
systems is usually measured in terms of frequency and duration of the out-
ages. One of the reliability indices, the Average Service Availability Index
(ASAI) is the ratio of hours of available service in a year to the hours in a
year. In developed countries such as in U.S.A., the average utility customer
is subjected to only one hour of interruption in a year. This works out to
the ASAT of typically 0.99989 (99.99%). Although this looks impressive,
the problems of power quality affect many customers with sensitive loads.
Momentary interruptions lasting less than 3 seconds can affect process in-
dustries such as plastic injection moulding plants, computers networks etc.

The power quality has serious economic implications for customers,
utilities and electrical equipment manufacturers. Modernization and au-
tomation of industry involves increasing use of computers, microprocessors
and power electronic systems such as adjustable speed drives. Integration
of non-conventional generation technologies such as fuel cells, wind turbines
and photo-voltaics with utility grids often requires power electronic inter-
faces. The power electronic systems also contribute to power quality prob-



384 FACTS Controllers in Power Transmission and Distribution

lems (generating harmonics).

Under the deregulated environment, in which electric utilities are
expected to compete with each other, the customer satisfaction becomes
very important. The impact of power quality problems is increasingly felt
by customers - industrial, commercial and even residential. The equipment
suppliers have to take hard decisions about including features that will tol-
erate (or withstand) power quality problems. This adds to the cost of the
equipment.

12.2 Electromagnetic Phenomena and
Power Quality

The power quality problems are primarily due to electromagnetic distur-
bances which are broadly classified by IEC as follows.
1. Conducted low frequency phenomena
Radiated low frequency phenomena
Conducted high frequency phenomena
Radiated high frequency phenomena

Electrostatic discharge phenomena (ESD)

S v wN

Nuclear electromagnetic pulse (NEMP)

For power quality applications, the following categories are defined
along with their characteristics.

12.2.1 Temporary Phenomena
1. Transients

These are undesirable but decay with time and hence not a steady state
problem. A broad definition is that a transient is “that part of the change in
a variable that disappears during transition from one steady state operating
condition to the other” [34]. Another synonymous term is ‘surge’.

Transients are classified into two categories:

(a) Impulsive

(b) Oscillatory
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An impulsive transient has unidirectional (positive or negative) po-
larity and is characterized by the rise and decay times. For example, a 1.2/50
us, 1000 V impulsive transient rises from zero to the peak value in 1.2 us
and then decays to half its peak value in 50 pus. An impulsive transient is
mathematically defined by

I(t) = A(e™@t — 7P (12.1)

The peak value, rise time and decay time can be found from the parameters,
A, o and (.

Impulsive transients can be due to (i) lightning discharge or (ii)
switching due to opening and closing of circuit breakers.

An oscillatory transient is a sudden non-power frequency change that
is bi-directional (both positive and negative polarities). Depending on the
frequency range, the oscillatory transients are classified as (i) high frequency
(>500 kHz), (ii) medium frequency (5-500 kHz) and (iii) low frequency (<5
kHz). The high frequency transients are often due to the response of the net-
work to an impulsive transient. The medium frequency transient can result
from back-to-back capacitor energization or cable switching. Low frequency
transients can be due to capacitor bank energization. Ferroresonance and
transformer energization can cause oscillatory transients with principal fre-
quencies below 300 Hz. A mathematical description of oscillatory transient
is given by

O(t) = Z Ape ' sin(wpt + ép) (12.2)
n

Note that there could be more than one frequency involved in the transient.

It is possible to categorize transients according to their mode. A
transient in a 3 phase system with a neutral conductor can be either common
mode or normal mode depending on whether ground is involved or not.

2. Long Duration Voltage Variations

When rms (root mean square) deviations at power frequency last longer than
one minute, we say they are long duration voltage variations.

They can be either overvoltages (greater than 1.1 p.u.) or undervolt-
ages (less than 0.9 p.u.).

Overvoltages are usually the result of switching off a load or energiz-
ing a capacitor bank. Incorrect tap settings on transformers can also result
in overvoltages. Undervoltages are the result of events which are the reverse
of events that cause overvoltages - switching in a load or switching off a
capacitor bank.
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3. Sustained Interruptions

When the supply voltage has been zero for a period of time greater than
one minute, then we say it is a sustained interruption. Generally, voltage
interruptions lasting over one minute are often permanent and requires hu-
man intervention to restore the supply. The term ‘outage’ used by utilities
is synonymous, however it does not bring out the true impact of the power
interruption. For a customer with a sensitive load, even an interruption of
half a cycle can be disastrous.

4. Short Duration Voltage Variations

These are further classified as

(a) Instantaneous (0.5-30 cycles)
(b) Momentary (30 cycles - 3 s)

(¢) Temporary (3 s - 1 min)

Short duration voltage variations are generally caused by (i) fault
conditions (ii) energization of large loads such as induction motors. The volt-
age variations can be temporary voltage dips (sags) or voltage rises (swells)
or a complete loss of voltage (interruptions).

Interruption

An interruption occurs when the supply voltage or load current de-
creases to less than 0.1 p.u. for a period of time not exceeding one minute.
Interruptions can be due to either system faults, equipment failures or con-
trol malfunctions. The interruptions are measured by their duration alone.
The duration due to a fault is determined by the operating time of the pro-
tective devices. Instantaneous reclosure will limit the interruption caused by
a non-permanent fault to less than 30 cycles. Duration of an interruption
due to equipment malfunction can be irregular.

Some interruptions may be preceded by a voltage sag when there are
faults on the source side. The voltage sag occurs between the initiation of
the fault and the operation of the protective device to clear the fault.

Voltage Sags

A sag is a decrease of rms voltage to a value between 0.1 and 0.9 p.u.
and lasting for duration between 0.5 cycle to 1 minute. IEC defines voltage
sag as a voltage dip. Voltage sags are mainly due to system faults and last for
durations ranging from 3 cycles to 30 cycles depending on the fault clearing
time. It is to be noted that undervoltages (lasting over a minute) can be
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handled by voltage regulation equipment. The magnitudes of the voltages
sags caused by faults depend upon the distance of the fault location from
the bus where the sag is measured.

Starting of large induction motors can result in voltage sags as the
motor draws a current up to 10 times the full load current during the starting.
Also, the power factor of the starting current is generally poor.

Voltage Swells

A voltage swell is defined as an increase to between 1.1 and 1.8 p.u.
in rms voltage at the power frequency for duration between 0.5 cycle to 1
minute. A voltage swell (like a sag) is characterized by its magnitude (rms)
and duration. As with sags, swells are associated with system faults. A SLG
fault can result in a voltage swell in the unfaulted phases. Swells can also
result form energizing a large capacitor bank.

The magnitude of a voltage swell depends on the system impedance,
fault location and grounding. On an ungrounded system, the line to ground
voltages on the ungrounded phases are 1.73 p.u. during a SLG fault. How-
ever in a grounded system, there will be negligible voltage rise on the un-
faulted phases close to a substation where the delta connected windings of
the transformer (usually connected delta-wye) provide a low impendence
paths for the zero sequence current during the SLG fault.

12.2.2 Steady State Phenomena

1. Voltage Imbalance (Unbalance)

Voltage imbalance can be defined using symmetrical components. The ra-
tio of the negative sequence (or zero sequence) component to the positive
sequence component is a measure of unbalance.

The main source of voltage unbalance are single phase loads on a
three phase circuit resulting in load imbalance. Severe imbalance can be
caused by single-phasing conditions.

2. Waveform Distortion

This is defined as a steady-state deviation from an ideal sine wave of power
frequency. There are five types of waveform distortion:

(a) DC offset
(b) Harmonics

(c¢) Interharmonics
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(d) Notching
(e) Noise

The presence of DC voltage or current in AC power systems is termed
as DC offset. This can occur as the result of a geomagnetic disturbance or
ground return operating mode in monopolar HVDC links. The DC current
flow in transformers cause magnetic saturation, increased heating and loss
of transformer life.

Nonlinear loads and power electronic controllers are the primary
source of harmonics. Fourier analysis can be used to characterize harmonic
distortion. Total Harmonic Distortion (THD) is one of the most commonly
used measures for harmonics and is defined as

1/2
hnlax 2
[ M|

THD =
M

(12.3)

where Mj, is the rms value of the harmonic (h) component of M (current or
voltage).

Major problems that arise from harmonic distortion are

1. Extra losses and heating in rotating machines and capacitors
2. Overvoltages due to resonance

3. Interference with ripple control systems used in Demand Side Manage-
ment (DSM)

4. Telephone interference caused by noise on telephone lines.

Voltages or currents having frequency components that are not inte-
ger multiples of the supply frequency (50 or 60 Hz) are called interharmonics.
The main sources of interharmonics are static frequency converters, cyclo-
converters and back to back HVDC links. Interharmonics can affect power
line carrier signalling and cause visual flicker in display devices such as cath-
ode ray tubes (CRT).

Notching is a periodic disturbance in the voltage waveform intro-
duced by power converters when current is commutated from one phase to
another (under normal operation). Since notching is a steady state phe-
nomenon, it can be analyzed using Fourier series that gives the harmonic
spectrum of the affected voltage. However, notching is treated as a spe-
cial case as the frequency components associated with notching can be high
and outside the range of measuring equipment normally used for harmonic
analysis.
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Figure 12.1: An example of voltage notching

An example of the notching produced by a three phase Graetz bridge
supplying continuous DC current is shown in Fig. 12.1. The notches result
from momentary short circuit across two phases during the commutation
period.

Notching can result in multiple zero voltage crossing which can cause
digital clocks to run fast as their design is based on two crossing per cycle.

Noise can be defined as unwanted electrical signals with broadband
spectral content less than 200 kHz which is superimposed on the voltage
or current in distribution lines. Noise can be caused by power converters,
arcing equipment or switched mode power supplies. Noise affects electronic
devices such as microcomputer and programmable controllers. The noise
problem can be mitigated by using filters, isolation transformers and line
conditioners.

12.2.3 Voltage Fluctuations and Flicker

Voltage fluctuations are systematic variations of the voltage envelope or a
series of random changes in the voltage magnitude (which lies in the range
of 0.9 to 1.1 p.u.)

High power loads that draw fluctuating current, such as large motor
drives and arc furnaces, cause low frequency cyclic voltage variations that
result in flickering of light sources (incandescent and fluorescent lamps) which
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Figure 12.2: Flicker perception characteristic for square shape voltage
changes applied to 60 W bulbs

can cause significant physiological discomfort or irritation in human beings.
The voltage flicker can also affect stable operation of electrical and electronic
devices such as motors and CRT devices. The typical frequency spectrum
of voltage flicker lies in the range from 1 Hz to 30 Hz.

The luminous flux of the lamps fluctuate with voltage flicker. The
perception of human eye varies with the frequency of variations and is most
sensitive in the range of 6 to 12 Hz. For example, the variations in the
voltage amplitude of 0.3% at 10 Hz can be detected. Figure 12.2 shows
the threshold of perception of flicker (measured as percentage of AV/V') as
a function of frequency of voltage changes. It is assumed that the voltage
waveform is sinusoidal (at power frequency) and the magnitude is varying
as a periodic square wave of a specified frequency. The measurements of the
flicker perception are shown for a 60 W, 230 V tungsten bulb.

MODEL OF | | P
Voltage | BuLB HUMAN FL| staTisticaL| ST
MODEL REACTION OPERATION

Figure 12.3: Block diagram of flickermeter

International Electrotechnical Commission (IEC) has brought out a
standard TEC 1000-4-15 for flicker measurement based on the protocol de-
veloped by Union of Electroheat (UIE) [35]. The block diagram of the flick-
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(b) Block diagram of model of human reaction

Figure 12.4: Details of flickermeter

ermeter is shown in Fig. 12.3. The input is the voltage signal in the analog
or digital form. The fluctuating components of the voltage are obtained by
demodulating the signal v(t). This is realized by using a squaring circuit
followed by a high pass and a low pass filter (see Fig. 12.4(a)). The high
pass filter with a cut off frequency of 0.05 Hz serves to remove the constant
component. The low pass filter with a cut off frequency of 35 Hz represents
the dynamic properties of a 60 W, 230 V tungsten lamp.

The model of the human reaction (eye and the brain) to the fluctua-
tions in the lamp luminosity is the weighing curve in the frequency domain.
The weighing curve is represented as the Bode plot (magnitude versus fre-
quency) of a band pass filter with the following transfer function

kwys 1+ w%
$2 + 2Xs + w? (1+§3)<1+§4>
where, for a 60 W, 230 V incandescent lamp,

k=1.74802, A =2m-4.05981, w; =27 -9.15494
wo =27 - 2.27979, w3 =27 -1.22535, w4 =2m-21.9

H(s) = (12.4)

This filter is designed based on the psycho-physiological research on the
influence of luminous flux changes on the human being. The weighing filter
is followed by a squaring multiplier and 0.53 Hz low pass (smoothing) filter
that models the fatigue effect of luminous flux changes. The block diagram
of the model of human reaction is shown in Fig. 12.4(b). The output of
this model is the instantaneous flicker (Iry,). The Bode plot of the weighing
filter is shown in Fig. 12.5.

The instantaneous flicker, Iy, (t) is given as input to statistical pro-
cessing or evaluation block. This computes Cumulative Probability Function
(CPF) based on samples of Iy, collected over an observation time of 10 min-
utes. For convenience, Iy is divided into a number of groups (or classes)
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Figure 12.5: Bode plot of weighing filter

see Fig. 12.6(a) which shows Iy, plotted as a function of time (over a period
of 10 minutes). Signal duration in a particular class say 7 is indicated as
T; => t; = t1+ta+ts3+ts+1t5. This can be converted into percentage of the
observation time. From the knowledge of the percentage of time for which
Iy belongs to a class, we can compute CPF. A typical variation of CPF as
a function of the Iy, (discretized into classes) is shown in Fig. 12.6(b). The
y axis indicates percentiles corresponding to a level k such that the instan-
taneous flicker exceeds the level for the percentage of the time indicated on
the y axis.

The short term flicker severity (Pgr) is defined by
Psr = [0.0314P, 1 + 0.0525 Py, + 0.0657 Py + 0.28 Pios + 0.08 Psgs] /2 (12.5)

where Py; is the flicker level corresponding to 0.1%. Similar definitions
apply to Py, P3, Pjg and Psg. The subscript s indicates that averaging (or
smoothing) is applied according to the following formulae:

Py (Por+ P+ Pi3)/3

Py, = (Po+ P34 Py)/3
Pys = (Ps+ Pg+ Pio+ P13+ Pi7)/5
Psos = (P30 + Pso+ Pso)/3

The short term flicker values are used to evaluate long term flicker severity



12. Power Quality and Introduction to Custom Power Devices 393

100

9 [\ CPF(%)

/3 \ M \ %

t Classes
(a) Variation of Ip;, with time (b) Cumulative probability function
Figure 12.6: Statistical operation
from,
1/3
3
JO PV R (12.6)
N

where N is the number of 10 minute intervals within the observation time
of Prp. For example, there are 12 Pgp measurements in a two hour period
over which Py is calculated.

Pgr is used as a measure of voltage flicker instead of maximum value
of instantaneous flicker as a higher level of flicker can be tolerated for a very
short time. The value of Pgr > 1 corresponds to the threshold of irritability
for 50% of the persons subjected to the measured flicker.

12.2.4 Power Frequency Variations

These are defined as the deviations of the system (fundamental) frequency
from its specified value of 50 or 60 Hz. The variations in the frequency arise
from the changes in the load and the response of the generators to meet the
load. Thus the load characteristics (dependence on the frequency) and the
control characteristics of the generators (turbine-governors and automatic
generation control (AGC) system if they are operational) affect the shift in
the frequency.

In modern interconnected power systems, frequency variations are
insignificant most of the time unless governor and load frequency controls
are disabled under a regime of power shortages and a lack of grid discipline.
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Economic incentives or disincentives that ensure balance between available
generation and load may help control over frequency variations under nor-
mal operating conditions. For example, Availability Based Tariff (ABT)
that charges inadvertent tie line flows according to the system frequency is
claimed to be a solution to the problem of large frequency excursions. In
this scheme, a state utility overdrawing from the central generating stations
when the frequency is low, is penalized. On the other hand, economic incen-
tives are provided to increase load (and disincentives to decrease generation)
when the frequency is high.

12.3 Custom Power Devices

The problem of voltage sags can affect sensitive loads. However, there are no
specific standards for different categories of equipment except in the case of
data processing equipment. Computer Business Equipment Manufacturers
Association (CBEMA) has developed the CBEMA curve to describe the
tolerance of main frame computers to the magnitude and duration of voltage
variations on the power systems. Although many modern computers have
different tolerances, the CBEMA curve (see Fig. 12.7) has become a standard
design target for sensitive equipment and also a common format for reporting
power quality variations.

400
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Figure 12.7: CBEMA operating voltage envelope

The vertical axis in Fig. 12.7 represents the voltage magnitude and
the horizontal axis represents the duration (in cycles of 60 Hz operating
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frequency) of the event. The points below the envelope are presumed to cause
the load to drop out due to lack of energy. The points above the envelope
are presumed to cause malfunctions such as insulation failure, overvoltage
trip etc. The CBEMA curve is primarily used in the range of the duration
exceeding 0.1 cycle.

Actual plant equipment has a variety of operational characteristics
during voltage sags. For example, motor contactors and electromechanical
relays will drop out at 50% to 70% voltage if the dip lasts for over one cycle.
Mercury lamps are extinguished around 80% normal voltage and require
time to restrike. Although some adjustable speed drives are designed to ride
through voltage sags, the ride through time can be anywhere from 0.05 s to
0.5 s, depending on the manufacturer and the model [4].

Some of the process industries are very sensitive to voltage sags.
For example, an event of uncompensated voltage sag can result in losses
exceeding a million dollars in a semiconductor plant.

There are standards for the current and voltage harmonics based on
THD. Typically, the voltage THD should be below 5%. The standards on
voltage flicker (mentioned in the previous section) are for Psp < 1. One can
also specify standards for voltage unbalance.

The previous discussion indicates the requirement for compensating
equipment to improve power quality and meet the specified standards. The
major problems relate to voltage magnitude and waveform distortion. Also,
it is essential to provide reactive power compensation to improve power
factor or regulate voltage under dynamic conditions. The operation of load
at unity power factor is beneficial in (a) reduction of losses and improved
voltage profile and (b) better utilization of distribution feeders.

The custom power devices that can be used in distribution systems

are:

1. Solid State (Thyristor Controlled) Transfer Switch (SSTS)
Solid State Circuit Breaker (SSCB)
Solid State Current Limiter (SSCL)
Static Synchronous Compensator (STATCOM)
Dynamic Voltage Restorer (DVR)
Active Filter (AF)
Static Var Compensator (SVC)

®© N gk W

Thyristor Controlled Voltage Regulator (TCVR)
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The items 2 and 3 (SSCB and SSCL) have been discussed in chapter
9. The Solid State Transfer Switch (SSTS) is used to transfer the feed to
a sensitive load from one feeder to another on the detection of voltage sag
or power interruption. SSTS improves reliability by using duplicate supplies
without degradation of power quality.

The distribution STATCOM is similar to a transmission STATCOM
in that it uses a VSC of the required rating. However, the VSC used in a
DSTATCOM is a Type 1 converter with PWM control over the magnitude
of the injected AC voltage while maintaining a constant DC voltage across
the capacitor. Faster power semiconductor devices such as IGBT or IGCT
are used instead of GTO. The rapid switching capability provided by IGBT
(or IGCT) switches enable the use of more sophisticated control schemes
to provide functions of balancing (by injecting negative sequence current),
active filtering (by injecting harmonic currents) and flicker mitigation.

A DSTATCOM can be viewed as a variable current source deter-
mined by the control functions. To increase the dynamic rating in the ca-
pacitive range, a fixed capacitor /filter can be used in parallel with DSTAT-
COM. By connecting an energy storage device such as a Superconducting
Magnetic Energy Storage (SMES) on the DC side through a DC/DC power
conditioner, it is possible to exchange real power with the network for a
limited time (during momentary interruptions or large voltage sags).

The Dynamic Voltage Restorer (DVR) is a series connected device
analogous to a SSSC. The main function of a DVR is to eliminate or reduce
voltage sags seen by sensitive loads such as semiconductor manufacturing
plant or a paper mill. DVR that have been installed so far are modular
with ratings of 2 MVA per module. They have been designed to compensate
three phase voltage sags up to 35% for a duration of time less than half
a second (depending on the requirement). If the voltage sag occurs only
in one phase (caused by SLG faults) then the DVR may be designed to
provide compensation for sags exceeding 50%. The energy storage required
in capacitors is typically in the range of 0.2 to 0.4 MJ per MW of load served.
A DVR is connected in series with the feeder using a transformer. The low
voltage winding is connected to the converter. If the objective of a DVR is
mainly to regulate the voltage at the load bus, it remains for most of the
time in stand-by mode during which the converter is bypassed (no voltage is
injected). Only when a sag is detected, the DVR injects a series voltage of
the required magnitude. It is necessary to protect a DVR against the fault
currents (as in the case of a SSSC).

A DVR with IGBT/IGCT devices can be controlled to act as a series
active filter to isolate the load from voltage harmonics on the source side. It
is also possible to balance the voltage on the load side by injecting negative
and/or zero sequence voltages in addition to harmonic voltages.
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Active Filters

There is a proliferation of power electronic loads in the distribution system,
primarily due to the need for energy efficiency and improved productivity.
However, this leads to generation of harmonic currents which can flow in
the feeder lines and contribute to increased losses and voltage distortion at
the point of common coupling (PCC). Passive filters made up of tuned L-C
filters (at characteristic harmonics) and high pass filters have traditionally
been used to absorb the harmonics generated by large industrial load or high
power electronic equipment (HVDC converter and SVC). These have the
advantage of low cost and high efficiency. However, they have the following
drawbacks:

1. Supply impedance strongly influences the effectiveness of the passive
filters. As the supply impedance reduces, the effectiveness also reduces.

2. They are prone to resonances.

3. Tuned passive filters are sensitive to L-C component tolerances. They
are detuned also by system frequency variations. The detuning reduces
the effectiveness of these filters.

4. Tuned filters are prone to overloading as the ambient harmonics (gen-
erated elsewhere) tend to flow in them. Often, these filters are delib-
erately detuned to prevent their overloading. This is an undesirable
solution as it defeats the very purpose of their installation.

5. The design of passive filters requires extensive studies involving con-
siderable engineering effort. This restricts their application mainly to
high power (nonlinear) loads.

The active filters based on VSC have been developed to solve the
problems associated with passive filters. Although the principles of the ac-
tive filters have been proposed over 30 years ago, the developments in power
semiconductor devices and control technology have made their implementa-
tion practical. For example, active DC filters have been proposed to com-
pensate for the harmonic currents injected by the HVDC converters in the
DC line [36]. However, most of the applications are in the AC systems.

The active filters are classified according to their configuration as
follows.

. Shunt Active Filters
. Series Active Filters

1

2

3. Hybrid Active Filters

4. Unified Power Quality Conditioners (UPQC)
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Figure 12.8: A shunt active filter
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A shunt active filter is shown in Fig. 12.8. This may be used in
isolation or in parallel with a passive filter. In such cases, the shunt active
filter has the capability to damp the harmonic resonance between the existing
passive filter and the supply impedance. This can be explained with reference
to the harmonic equivalent circuit shown in Fig. 12.9.

Considering a single harmonic (of order h), the filter is tuned for
the frequency (hf1). As seen from the load side (represented by a current
source), the passive filter forms with source inductance, a parallel resonance
at the frequency (fres) given by

1 1

=L 12.7
d 2r \/(Lr + Ls)CF (127)

If there is a harmonic current source of frequency fres, in parallel with the
load, it will result in very high harmonic voltages and high harmonic currents
flowing in the line and the filter. Also, if the source voltage has a harmonic
at the resonant frequency, this will also result in high harmonic voltage at
the PCC and high harmonic currents in the system.

If an active filter is connected in parallel with the passive filter, it
can be used to damp the harmonic resonance by injecting a current 7 45 such
that

dt
The above control law has the effect of inserting an equivalent conductance
(only for harmonics - not at fundamental frequency) G g4 which will damp
the harmonic resonance.

tap = —Gapvy, = GarpLg (12.8)

The combination of shunt active and passive filters have been applied
for harmonic compensation of high power cycloconverters used in steel mill
drives.

A series active filter is shown in Fig. 12.10. It is connected in series
with the line through an isolation transformer. It injects a voltage vap
whereas a shunt active filter injects a current i4p. If the nonlinear load
injects voltage harmonics, a series active filter blocks their transfer to the
PCC. On the other hand, harmonic voltages present on the source side are
also prevented from reaching the load bus. Thus, a series active filter acts
as a harmonic isolator in addition to damping resonances. A typical control
law for a series active filter is,

vap = kisp (12.9)

where ¢g; is the harmonic current in the line. This control law ensures
that for all harmonic frequencies, the series active filter appears as a large
resistance (except for the fundamental).



400 FACTS Controllers in Power Transmission and Distribution

A hybrid active filter consists of both an active and a passive filter.
There are two configurations (i) a series active filter with a passive (shunt
connected) filter (ii) a series active filter connected in series with the passive
filter. Both the configurations are shown in Fig. 12.11.

O+
- s

- Load ] ]
MQ % 1 VsC %T AF

(a) A series active filter with shunt pas- (b) An active filter in series with shunt
sive filter passive filter

Figure 12.11: Hybrid filters

The second configuration of an active filter connected in series with a
shunt passive filter is an interesting combination that has already been used
for active DC filters in a HVDC converter stations.

The control law suggested [37] is based on source current detection
and is given by
var = kigp (12.10)

(Note that this control law is same as what is suggested for a pure series
active filter).

For the single phase equivalent circuit of the hybrid filter shown in
Fig. 12.12, we can derive

Zrn 1
Ig), = I, + 1% 12.11
Sh L T ZSh T ZFh Lh A T ZSh T ZFh Sh ( )
—ZsnZ k+Z
Vi, SheFh g tIFh (12.12)

Tkt Zant+ Zen TR T Zon + Zen

If k is selected such that |k| > |Zsy,+ ZFn|, Lsh is significantly reduced. How-
ever, the harmonics in the source voltage (Vsy) appear at the PCC. Thus,
the application of this hybrid filter would depend on the level of harmonics
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Zs lg v

Figure 12.12: Single phase equivalent circuit of the hybrid filter

present on the source side. A study of the characteristics of the hybrid filter
shows that the filtering characteristics of the passive filter are significantly
improved by the active filter and the parallel and series resonance is effec-
tively damped. The cost of the hybrid filter is significantly less compared
to the case when a shunt active filter is used alone. This is due to the fact
that the rating of the active filter required is much smaller, typically 2-3%
of harmonic producing load (with high quality factor of the passive filter,
@ > 35). With ideal filtering characteristics of the hybrid filter (with high
k), we have.

Var = Zrnlph + Vsn (12.13)

IAF:[Lh_IFl (12.14)

where I is the fundamental frequency current flowing in the passive filter
due to the source voltage. The rating of the active filter is the product of
VA F and [ AF-

Unified Power Quality Conditioner
TS, Var \\/L Load

ST ‘ |

1 'AF

VSC1 VSC2
T

Figure 12.13: Unified Power Quality Conditioner (UPQC)

This is a combination of shunt and series active filters which are con-
nected on the DC side (see Fig. 12.13). This configuration is inspired by the
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UPFC discussed in chapter 8. The reference [8] suggest the possibility of a
centralized UPQC at the distribution substation that will provide harmonic
isolation between the subtransmission system and distribution system. The
series branch of UPQC provides this harmonic isolation in addition to volt-
age regulation and imbalance compensation. The shunt branch provides for
harmonic and negative sequence current compensation in addition to DC
link voltage regulation.

Shunt Active Filters for Power Distribution
Systems

Reference [8] also proposes application of shunt active filters in distribution
systems located at appropriate locations. It is mentioned that for a radial
system, the location of a shunt active filter at the end terminal of a primary
feeder is desirable rather than at the beginning terminal. Also, the control
law suggested is (based on voltage detection scheme) given by

- K,
Vi
1+Ts h

Iyp = (12.15)

The proposed control law implies that an active filter is represented by an
inductive impedance (R in series with L).

Remarks

1. We should note the fact that the terminology on custom power devices
is not yet standardized. Although specific term such as DSTATCOM
had the connotation of a device meant for reactive power compensation
and load balancing, the present trend is to include the task of harmonic
compensation also. Similarly, while active filters generally address the
problem of harmonic compensation, they can also be used for functions
originally assigned to DSTATCOM. Thus, there is a convergence of the
functions expected of a multi-purpose power quality compensator. In-
cidentally, different manufactures have also used different terminology.
For example, ABB call DSTATCOM as SVC Light.

2. The need for combining different functions in a device arises from the
constraint to minimize the overall costs.

3. It is possible to use a single control law that ensures achieving the var-
ious objectives for a particular device. This integration of the control
functions comes about from the concept of a generalized definition of
the reactive current or power. Hence we need to examine the concept
of reactive power with non-sinusoidal voltages and currents. This is
done in the next section.
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12.4 Definitions of Reactive Power

As discussed in the previous section, the reactive power control is important
for system operation and improving quality of power supply. The reactive
power is well defined in circuits with sinusoidal voltage and currents. How-
ever the concept of reactive power is not so well defined in circuits with
non-sinusoidal voltages and currents.

In this section, the definitions of reactive power will be reviewed
in the context of reactive power compensation and improvement of power
factor.

12.4.1 Sinusoidal Excitation and Current - Review
of Basic Definitions

i)

v(t) Load

Figure 12.14: A single phase circuit

For simplicity, consider a single phase circuit shown in Fig. 12.14
where a sinusoidal voltage is applied across a linear passive load (An equiv-
alent impedance is shown to represent any general linear, passive 1-port
network). If the voltage v(t) and current i(t) are expressed as

v(t) = V2V cos(wt) (12.16)
i(t) = V2I cos(wt — @) (12.17)
(Note: The current is sinusoidal in steady state).
The voltage and current phasors are related by
V=2I (12.18)
where Z is the impedance with magnitude Z and phase angle ¢.
The instantaneous power p, is given by

p = vi=2VIcoswtcos(wt— ¢)
= VlI[cos ¢ + cos(2wt — ¢)] (12.19)
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The average power P is defined as
1 T
P = T/ vidt = VI cos ¢ (12.20)
0

The reactive power () is defined as

Q=+5>—P? (12.21)

where S = VI is defined as apparent power. Substituting (12.20) in (12.21)
we have

Q= +VIsing (12.22)

The sign is taken to be positive if I lags 1% by angle ¢. The power factor

(PF) is defined as

P P
PF="=——_ (12.23)

S / P2 + QQ
From (12.23) it is obvious that if PF is to be improved to unity, the reactive
power consumed by the load is to be compensated, (by using shunt capacitors
of appropriate size).

The apparent power S is the magnitude of the complex power S
which is defined as R o
S=P+;Q=V-I" (12.24)

Hence, reactive power @ is also defined as the imaginary part of the complex
power [38].

S
Q
/)
P
P=SCos¢
Q=SSin¢

Figure 12.15: Power triangle

The power triangle is shown in Fig 12.15 which shows the relationship
between P,(Q and S.

Remarks:

1. Although P, and S have same dimension, they have different units
that is Watt, Var and VA.
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2. The importance of apparent power (S) is that the rating of an equip-
ment - say a generator or transformer is expressed in terms of Volt
Amperes.

Physical Interpretation of Reactive power

The physical meaning of reactive power is not evident from the definition of
(12.21) or (12.24). The reactive power is not required to be supplied to a
resistive load. It is consumed or generated by reactive load made up of pure
inductors and capacitors. When a sinusoidal voltage source v(t) is connected
across an inductor, the current iy (t) is given by

ir(t) = V2Ip cos(wt — 7/2) = V2I sin(wt) (12.25)

where Ij, = %

The instantaneous power pr,(t) is given by

pr(t) = VI sin(2wt) = Qr sin(2wt) (12.26)

Equation (12.26) shows that @, is the peak value of the alternating
power supplied to an inductor. Note that the instantaneous power is a
sinusoidal quantity of twice the frequency of the supply voltage.

If the voltage v is applied to a capacitor C, the instantaneous power
pc is given by
pc = —VIcsin(2wt) = Q¢ sin(2wt) (12.27)

where 1o = wCV is the rms value of the capacitor current given by

ic(t) = —V2Ic sin(wt) (12.28)

It is to be noted that Q)¢ is negative in general. It can be shown that
if the voltage v(t) defined in Eq. (12.16) is applied to a single port linear
reactive network, the instantaneous power supplied to the network can be
expressed as

pp(t) = Qsin(2wt) (12.29)
where @ is the net reactive power consumed by the network.

The above equation indicates that the reactive power can be defined
as the amplitude (peak value) of the instantaneous power supplied to the
reactive component of the load. However, it is to be noted that the peak
value of the instantaneous power drawn by a load is not equal to the reactive
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power. This follows from the fact that a pure resistor of conductance GG, has
both a dc and a sinusoidal component in the instantaneous power given by

pa(t) = Gv*(t) = GV?[1 + cos(2wt)]
= P[1+ cos(2wt)] (12.30)

Hence the reactive power is not equal to the peak value of the sinu-
soidal component of the total instantaneous power.

It is to be noted that although a pure resistor draws oscillatory power,
it does not consume reactive power. This follows from the fact that a resistor
always consumes (dissipates) energy (at all instants). On the other hand, a
pure reactive component such as an inductor or a capacitor does not dissipate
energy but only stores it. The energy is stored in the magnetic field in the
case of an inductor and in the electric field in the case of a capacitor. In one
half cycle of the alternating supply, the energy is stored and returned in the
other half cycle. It is this continual exchange of energy between the energy
storage element and the source that contributes to the flow of reactive power.
In an inductor, the maximum energy stored is given by

QL

1
Wy = 5Lz?m =LI*= — (12.31)

In general, it can be shown that the reactive power supplied to a load
is equal to w times the peak energy stored in the load.

It is obvious that in an alternating current network, the exchange of
energy between the energy storage components of the load and the source
is inevitable and this does not contribute to the flow of real power which is
consumed by the load. The flow of reactive power not only puts a burden on
the generating capacity (because of limitations of the apparent power) but
also loads the transmission and distribution network and increases losses.
The control of reactive power in the load and the network is essential for
optimum utilization of the facilities.

There can be types of energy storage elements other than inductor
and capacitor. For example, a separately excited DC motor (see Fig. 12.16)
excited by an AC voltage source behaves like a capacitor in which the energy
is stored in the rotor in the form of kinetic energy. This can be shown as
follows.

DC Machine

The voltage equation is given by

v=Kn (12.32)
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1
v(t) Q:
T

Figure 12.16: A separately excited motor

where n is the angular speed of the machine rotor. (K is a constant). As-
suming that

v(t) = V2V cos(wt)

We have
2
n= V2V cos(wt) (12.33)
K
The torque equation is given by
dn .

where T is the electric torque and is proportional to the alternating current
i. Substituting Eq. (12.33) in (12.34) we have,

J .
i(t) = —=5V2Vsin(wt)
= —wCeV2V sin(wt) (12.35)
This shows that the DC machine appears as a capacitor (C¢,) defined by

J

Ceq = 723 (12.36)

It can be shown that peak kinetic energy stored in the rotor is given

vy

by

V= CV? (12.37)

1, 1
WKEZQJnmax:2J< K :ﬁ

The following is an example (although not realistic) of the energy
stored in the form of heat.
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Time-Varying Resistor

Let a voltage v(t) = v/2V cos(wt) be applied across a time-varying resistor
whose conductances is given by

g(t) = —G tan(wt) (12.38)
The current through the resistor is given by
i(t) = g(t)v(t) = —V2V G sin(wt) (12.39)

This shows, the resistor is actually generating reactive power with the in-
stantaneous power given by

p(t) = vi = V%G sin(2wt) = Q sin(2wt) (12.40)

The active power consumed by the resistor is zero. This may appear sur-
prising, but it is worth noting that the conductance changes sign during a
half cycle, as

g(t) <0, 0<wt<g

g(t) >0, g<wt<ﬂ'

12.4.2 Reactive Power in Non-Sinusoidal
Conditions

The definition of reactive power is not simple when non-sinusoidal voltages
and currents are considered. Nonlinear loads such as power electronic con-
verters produce non-sinusoidal currents even when the voltage applied is
sinusoidal. In this condition, the harmonic currents do not contribute to
active (real) power.

The flow of non-sinusoidal currents through system impedances re-
sult in non-sinusoidal voltages. In general, both the voltage and current can
be considered as non-sinusoidal. To simplify analysis, it will be assumed
that the load is linear and thus the current harmonics result from voltage
harmonics.

Definitions of Power in Time and Frequency
Domain

It is worth nothing that definition of active power in time domain (see Eq.
(12.20)) applies even if v(t) and i(t) are non-sinusoidal.
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We will assume that both v(t) and i(t) are periodic in steady state
and have only AC components (no DC components). The active power P,
is defined by

1 T
j —/ vidt (12.41)
T Jo

From Fourier analysis, both v(¢) and i(¢) can be expressed as

v(t) = i Uy = i V2V, cos(nwt + as,) (12.42)
n=1

n=1 =

i(t) = io: in = i V21, cos(nwt + B,) (12.43)
n=1 n=1

Substituting Eqs (12.42) and (12.43) in (12.41), it is possible to express P
as

o0
P=>%"P, (12.44)
n=1
where
P, = V,I,, cos ¢y, (12.45)
On = an — By (12.46)

It is to be noted that P, is the harmonic power due to the harmonic com-
ponent v, and i,,.

It is also possible to define (),, as the reactive power at the nth
harmonic, namely

Qn = Valpsing, (12.47)

The definition of the apparent power (S) and the power factor (PF)
given earlier with sinusoidal excitation and current, can be extended to the
general case of any periodic functions. Thus,

S=VI (12.48)
where
p2- L /T v2dt (12.49)
=7/ _
ot /T 2 dt (12.50)
= T 0 1 .

V and I are rms values of voltage and current respectively. Using Egs.
(12.42) and (12.43),

9] S9]
VE=>VZ o IP=>1I (12.51)
n=1 n=1

The power factor can be expressed as

i

PF = 12.52
- (12552)
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Budeanu Concept of Reactive Power

C. Budeanu, a Romanian engineer defined the reactive power (Qp) in a
manner similar to the definition of P given in (12.44), namely

Qp = i Qn = i Vol sin ¢, (12.53)

n=1 n=1

However, it can be shown that, in general
S? £ P24 Q% (12.54)
Budeanu defined distortion power (Dp) to express the apparent power as
S? = P*+ Q% + D% (12.55)

Using Fourier components, it can be shown that

oo 0

S SO VRI2 4 V2IZ = 2V Vil Ly cos(dm — 6n)]  (12.56)
m=1
m=1

The distortion power is zero only if

Dy =

sy

g il

N = N =

[(VinIn, — Vi) 4 2V Vi Ly I [1 — c08(hm — )]
1

n

Vin Vi

mo_ " 12.

7. "1 (12.57)
and

Om = én (12.58)

Thus, a pure resistor does not have any distortion power. Budeanu’s defini-
tion of reactive power has been adopted by ANSI/IEEE Standard 100-1977.

L.S. Czarnecki [25] has shown the drawbacks of the Budeanu concept.
The first and the foremost drawback is that while Qg is zero, individual
components of (Q,) are non-zero signifying energy exchange (between the
source and the load) taking place at different harmonic frequencies. Thus,
even when a compensatory element (such as a shunt capacitor) may be
chosen to reduce Qg to zero on the source side, the power factor may not
be improved. (The reduction of @ p is accompanied by increase in Dp).

The second objection is regarding the definition of the distortion
power. This power does not provide any information about waveform dis-
tortion. It is possible that in a circuit, there is no waveform distortion (both
current and voltage waveforms are similar) and yet Dp is not zero. On the
other hand, Dp = 0 does not guarantee that the waveform is not distorted.

Thirdly, both @p and Dpg are difficult to instrument. But the major
problem is the uselessness of (Jp as an index of power factor improvement.
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Fryze Definition of Reactive Power

S. Fryze, proposed in 1931, the concept of reactive power as follow:

Qr =+V5? - P? (12.59)

However, this cannot be interpreted as the rate of energy transfer to energy
storage elements. For example, a sinusoidal voltage source supplying energy
to a resistor through a diode results in non-zero Qp. Actually it can be
shown that both P and @Qr in this circuit are equal and given by

V2
P = = —
Qr =55
and the apparent power S is given by
V2

S=VI=——

Yet, Fryze definition of reactive power has been recommended by Interna-
tional Electrotechnical Commission. This is because @ has two merits over
Qp as follows:

1. It represents a measure of uselessly transmitted power and the extent to
which a power system is not utilized. In addition, it is directly related
to the ratings of the compensating equipment which can improve the
source side power factor to unity.

2. QF is defined without reference to the Fourier series representation of

the voltage and current and can be easily measured.

Actually, QF can be defined strictly from time domain quantities.
The load current can be divided in to two orthogonal components as follows:

i =i+ ig (12.60)
where

ip = Gev (12.61)
G, is the effective conductance of the load defined by

G, = % (12.62)
where V' is the rms value of the applied voltage.

P and Qp are defined from
P =V, Qr=VI, (12.63)

where I, and I, are rms values of i, and i,.
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Remarks

1. If a sinusoidal voltage is applied across a nonlinear load, the current in
the circuit consists of harmonics in addition to the reactive component (at
the supply frequency) due to the energy storage elements in the load. It is
obvious that 7, consists of both these wattless components. This observation
can be extended even if the source voltage is not sinusoidal.

2. In general, with nonsinusoidal voltage and currents, the current
iq (which is defined as the difference between i and i,) can have components
that may not be fully compensated by passive L-C networks (passive filters).
Essentially, ¢, contains components that are not required for instantaneous
power transfer and can be compensated by an (active) compensator with no
energy storage.

12.5 Reactive Power Compensation in
Single Phase Circuits

p

+ i

a4 'p

v(t) RPC Load

Figure 12.17: A RPC in a single phase circuit

In the previous section, the instantaneous active current (i,) and
reactive current (i,) are defined. Since, Qp = VI, where I, is the rms value
of i4(t), defined as

1 T
17 = T/o iodt (12.64)

the full compensation of Qp in the load, will result in only active current
(ip) being supplied by the source, (see Fig. 12.17) which results in minimum
losses in the line and unity power factor on the source side. The reactive
power compensator (RPC) can be a shunt active filter or a combination of
passive filter and active filter. While it is possible for a shunt active filter
to fully compensate for iy, the question we would like to pose is whether a
passive filter can do the job on its own. Also, what is the optimal solution
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for the passive filter that will minimize the reactive power supplied by the
source?

The answer to the first question is no; that is a pure passive network
(filter) is inadequate in general to fully compensate for the reactive power
(Qr) in the load. We will answer the second question next. We will consider
two cases: (a) when the passive filter is a capacitor or an inductor (as one
would apply in sinusoidal conditions for reactive power compensation) and
(b) when the passive filter is made up of a one port L-C network connected
across the load. Needless to say that the second case is more general than
the first one.

Case 1: A Capacitor or Inductor Across the Load

Kusters and Moore [43] showed that the instantaneous reactive current i,
in a single phase network can be divided into two orthogonal components in
two ways. That is,

(a) iq = iqc + iqcr (12.65)
(b) lg = igl + lgir (12.66)

where i4. and iy are defined as instantaneous capacitive and inductive reac-
tive currents, defined by

oL [ vidt)

e = L (12.67)
_ T .
ig = W (12.68)

Here, v = 9, v = [vdt and

. 1 (T /dv\?2 _ 1 /T
2__ b 2:_ —\2
V—T/O (dt>dt,V T/O(v)dt

iger and ig, are defined as instantaneous residual reactive currents, capac-
itive and inductive respectively. The rms inductive and capacitive reactive
currents are defined as,

2 1 T -2 2 1 T -2
Iql = T/O qudt, ch = T/O chdt (1269)

Similar definitions also apply for rms residual currents Iy, and Iy... We can
show that,

=I5+ 14, =I,+12, (12.70)
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The above equation shows that 74 and ig, are orthogonal. We say, that two
periodic functions f; and fo are orthogonal if

T
/O A1) fo(D)dt = 0 (12.71)
Note that ¢4 and 4. are also orthogonal.

With sinusoidal voltage and linear load (which results in sinusoidal
current), the residual reactive components of the current are zero and the
inductive and capacitive reactive currents are equal in magnitude but oppo-
site in sign. Complete compensation of an inductive load can be realized by
a shunt capacitor and that of a capacitive load by a shunt inductor. With a
non-sinusoidal voltage and linear loads, the residual reactive current compo-
nents need not be zero. The inductive and capacitive reactive currents may
be unequal, and both positive or opposite in sign. If the capacitive reactive
current in the load is negative, that is fOT vidt < 0, then a shunt capacitor
can compensate for i4.. Similarly if fOT vidt < 0, then a shunt inductor can
be used to compensate for i, in the load. The following result gives the
optimum value of the shunt capacitor or inductor required for the (partial)
compensation of the reactive current in the load.

(0 (0

(a) Shunt capacitor compensation (b) Shunt inductor compensation

Figure 12.18: Shunt reactive compensation

Theorem: The optimum value of the shunt capacitor (Cyp) required is given
by —Ce¢q where Cgq is defined by

1 (T .
Cog = ( / bidt) JV? (12.72)
T Jo
Similarly, the optimum shunt inductor (Lep) required is given by Lgy =
—Leg where L, is given by

Leg = (V)?/ <% /OT m‘dt> (12.73)
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Proof:
Let us consider the first part. If fOT vidt < 0, a shunt capacitor can be used
for compensation as shown in Fig. 12.18. The source current (ig) is given
by

dv

is(t) = i(t) + O (12.74)

where i(t) is the load current. The rms value of the source current is given
by

1 /T 1 (T
2= T/o 2 (t)dt = T/o (i + Co)2dt (12.75)

The value of the shunt capacitor (C) is optimum when it minimizes the rms
value of ig(t). The necessary condition for this is given by

s _ ) _ /T(i + Cé)odt (12.76)
ac Jo '
From the above we get Uy, = —C¢q. It is obvious that C,, results in
cancellation of 44 in the source current and ig(t) will contain only 4,(t) +
iger(t). Hence, Copp = —Cqq is both a necessary and sufficient condition for
the minimization of the rms value of the source current.

If instead of a shunt capacitor, a shunt inductor is connected in
parallel with the load, the source current is given by

1 _
is(t) = i(t) + — /vdt —it)+ 2 (12.77)
L L
We can derive the result L,y = —Le¢q in a similar fashion as above.

Example 12.1

Consider a switched resistor load shown in Fig. 12.19. The switch is made up
of two thyristors connected back to back. The applied voltage is sinusoidal
with rms value of 10 V and frequency = 50 Hz. R = 10 ohms. The switch
is on when

g(Qn—l)gwtgﬂn, n=1,2

The voltage and current waveforms are also shown in Fig. 12.19

(a) Find the power and power factor of the load

(b) What is the maximum power factor achievable by connecting a capac-
itor in parallel with the load. What is the value of the capacitor for
this condition?
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(a) A switched resistive load (b) Voltage and current waveforms
Figure 12.19: Example 12.1
Solution

(a) The voltage v(t) is given by

v(t) = V2.10sinwt, w = 2m.50

The load current i(t) defined over one cycle, is

it) =

The average power

V2sinwt,

0 elsewhere.

m
2

1 T
1

= — 20sin?6 df, 6 = wt
T Jr/2

= 5 Watts

The rms value of the load current is given by

2 1 n .2 1
I“ = — 2sin“ 0d0 = —
T Jr/2 2

P 5.\/§
ower Factor i 10 0.707
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Note that P 5
Gezwzm:005mh0
ip(t) = Gev(t) =0.707sinwt

iq(t) = i(t) —ip(t)
The waveforms of v, 4,1, and 4, are shown in Fig. 12.19(b).

(b) The optimum value of the shunt capacitor connected across the
load is given by

1 (1 (T

Copt = _Ceq = —W T/O vidt

. 1 (T 1 /7 —10

Vo= wV=10w, - / idt = ~ / 10w sin(2wt)dwt = ——~

T Jo T Jr/2 T
1
= —F=101.32uF

Copt 10wm 0132

The instantaneous capacitive reactive current (iq.) is given by

ige(t) = Ced(t) = —? cos wt

The rms value (Ig) = = = 0.3183A4. The rms source current after shunt
capacitor compensation

I, = \/I? — 12, = 0.6314A

The maximum PF achievable is:

P 5

PF = =
VI, 10 x0.6314

=0.792

It is interesting to observe that if the thyristor switch shown in Fig.

12.19(a) is replaced by a (single) diode, the power consumed in the load is

same (;/—;) However, fOT vidt = 0 and it is not possible to improve the power

factor by using a shunt capacitor.

Case 2: A One-Port L-C filter across the Load
Czarnecki [26] showed that i, in a linear load can be expressed as
iq = is + i (12.78)

where 7, is the reactive current caused by the susceptances in the load and
is is termed as the scattered component caused by the variations in the



418 FACTS Controllers in Power Transmission and Distribution

conductances of the load with frequency. If the applied voltage v(t) can be
expressed as

v(t) = i V2V, sin(hwit 4 o) (12.79)
h=1

then i), i; and i, are expressed as

ip(t) = Gev(t) =Ge Z V2V, sin(hwit + o) (12.80)
h=1
is(t) = V2 (Gh— Ge)Visin(hwit + o) (12.81)
h=1
in(t) = V2 Z B Vy, cos(hwit + ay,) (12.82)
h=1

The total load current i(¢) is the sum of iy, 75 and ¢, and is given by

i(t) = V2 E[Gth sin(hwit + ap) + Bp Vi, cos(hwit + ap)] (12.83)
h=1

It can be shown that i), i; and 7, are mutually orthogonal. Also, i, can be
compensated by connecting a one-port L-C filter across the load with the
susceptances (B.p) such that

By, = —Bp, h=1,2,...n, (12.84)

Note that ng is the highest order of the harmonics in the applied voltage.

Example 12.2

A non-sinusoidal voltage v(t) = 10v/2 (sint + &3&) is connected across a

load represented by a series connection of 1 ohm resistor and 1 H inductor.
Compute iy, i, and 1.

Solution

The average power (P) can be expressed on

P = [/1[1 COS qbl + Vg,[g COS gf)g
A . V A . V
here 1y |Z1|Z¢1 13 |ZB|ZZ53

Zi = 1+4j1=v2/45°, Zy=1+j3=3.1623/71.57°
Vi 10 Vs 10

! © 7 |Zs]  3x3.1623

=1.054
Zi] V2
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cosp; = cos4b = 0.707,cos ¢3 = cos 71.57° = 0.3161
10
P = 10x7.07 x0.707 4+ 3 x 1.054 x 0.3161
= 50+ 1.11 = 51.11 Watts
P 102
Ge = 13 V2=VE+VE=10"+ — =1L
G. = 0.460 mho

i) = Gelt) =2 x 46 (sint + Slr;?’t)

The instantaneous load current i(t) is given by
i(t) = V2[Iy sin(t — ¢1) + I3sin(3t — ¢3)]

Substituting the values, we get

2

i(t) = 7.07(sint — cost) + \g(sin 3t — 3 cos 3t)
ir(t) = —V2(5cost + cos3t)
'Ls(t) = (Gl - Ge)vl (t) + (Gg — Ge)'U3(t)

1 1

el 5 =05, Gy= =00

. . 10v2
is(t) = 0.04 x 10v/2sint — 0.36 x sin 3t

= V2x04sint — V2 x 1.2sin 3¢

Czarnecki claimed in [26] that the scattered current cannot be compensated
by any passive one port network and the source current will contain 4 in
addition to i,. The maximum power factor for such a case is given by

Iy

PFmax = 750 . T1o~1/9
2+ 12)12

(12.85)

However, in a recent paper [45] Czarnecki has proved that the power factor
can be made unity (by fully compensating for i,) by using two one-port L-C
networks (one connected in parallel with the load and the other connected
in series with the load). The susceptance By, of the shunt connected com-
pensating reactive network is chosen such that the parallel combination has
constant resistance (1/G.) for all values of h. The value of By, is given by

Bpn = —By, + G, (g—> —1 (12.86)

h

Here, we assume that G, > G, for all h.
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The series one-port L-C network is designed such that its reactance
value (Xgp) at harmonic ‘h’, compensates for the reactive voltage across the
parallel combination of the load and shunt compensating reactive network.

We obtain X, as

1
Xgp=——— 12.87
h Bor + By ( )

The structure of the reactive compensator that fully compensates for the
reactive and scattered power in the load is shown in Fig. 12.20.

n® s i

+

v(t) By ||Lner

Figure 12.20: Structure of RPC for full compensation of linear load

12.6 Reactive Power Compensation in Three
Phase Circuits

12.6.1 Instantaneous Reactive Power (IRP) The-
ory

This was proposed by Akagi et al [27] in 1984. They used Clarke’s transfor-
mation and the a — # components defined from

l Vo ] 2 l 1 _% _% ‘| Ve (12 88)
= - _ﬁ ﬁ Vp .
vg 310 5 5 v
. 1 1 [ lq
ia \F[ 1 -3 -3 ] :
o =4/2 i (12.89)
[ 6 ] 30— ¥ e

The instantaneous power in the three phase circuit is given by

p(t) = va(t)ia(t) + vp(t)in(t) + ve(t)ic(t) (12.90)
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This is also equal to

Plt) = va(t)ia(t) + va(t)ia(t) + vo(t)io(t) (12.91)

where vy and iy are the zero-sequence voltage and current in the circuit
respectively. These are defined as,

v(t) = [0a(t) + vp(t) + ve(t)]

L
V3
io(t) = jgmm T ip(t) + ie(t)]

For a three wire system, (without a neutral wire) ip = 0. Hence the instan-
taneous power, p(t) is given by

p(t) = va(t)ia(t) +va(t)ia(t) (12.92)
Akagi et al [27] defined the ‘instantaneous imaginary (reactive) power’ as
q(t) = ’Uaiﬁ - U@ia (12.93)

Combining Eqs (12.92) and 12.93), we can write,
, -1
[ o ] - [ Vo VB ] lp ] (12.94)
ig —vg  Va q

It was claimed in [27] that the instantaneous reactive power in the
load can be fully compensated by connecting a compensator (with switching
devices) without energy storage in parallel with the load. The ideal compen-
sator does not absorb any power and hence the compensator currents are

given by
ICa | _ Vo Vg 0
-l ] e

Note that ic, and icg are assumed to be currents drawn by the compensator.

Remarks

1. It can be proved that (when ig = 0),

Pi(t) + (1)

io+ip+ii =iy +i3="—5"——3
Vg T3

(12.96)

This shows that the source current magnitudes (and hence the power losses
in the line) can be reduced by compensating for ¢(t).



422 FACTS Controllers in Power Transmission and Distribution

Note that for sinusoidal, balanced voltages, v2 —HJ% = constant. Also,
for a balanced load connected to a balanced, sinusoidal voltage supply, p(t)
and ¢(t) are constants. In general, with unbalanced, nonlinear load supplied
by nonsinusoidal voltages, p(¢) and ¢(t) can both have DC and AC compo-
nents. It was claimed that the AC components in p(t) and ¢(t) represent the
contribution from harmonic and unbalanced currents. However, this is true
only if v2 + v% = constant and ip = 0.

2. The definition of instantaneous reactive power is contradictory
to the concept of reactive power associated with energy storage elements
(inductor and capacitor). Actually, it is more appropriate to use the concept
of instantaneous reactive (and non-active) current.

3. As mentioned in [29], there are the following drawbacks of the
IRP theory.

(i) The theory cannot be easily extended to the four wire systems
when 79 and vg are non-zero.

(ii) The single phase situation cannot be treated as a special case of
the theory.

(iii) There is no generalization to systems with more than three
phases.

An extension of IRP theory to three phase, four wire systems has
been proposed in [31] by introducing p-g-r theory. They define p-g-r com-
ponents of the currents and voltages given by

fp Vo Vo vg fO
]. VoapVs VoaBVa
fo | = ” 0 -5 N fa (12.97)
o 0
fr B Vagp - 1;0;)5 - va; fﬁ

where f represents current (i) or voltage (v) and
Voag = \/V3 + V2 —I—U%, Vag = /U2 —I—U%

The instantaneous (real) power is given by
P = Vplp = Voaglp (12.98)

Both v, and v, are zero. The instantaneous reactive power has two compo-
nents (g, and g,) given by

Qg = —Vplyr, qr = Upiq (12.99)

4. The «a,f components defined by Eqs. (12.88) and (12.89) are
consistent with the definitions of d — ¢ components used in this book given
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by
f 2| cos@ cos(0—27) cos(0+ 2 Jfa
[ fj ] - \/g [ sin 6 sing - %3 sin EG + %)) ;Zl; (12.100)

where f can be current (i) or voltage (v). The o — (3 components are defined
by letting # = 0 in Eq. (12.100). In defining d — ¢ components above, we
have assumed that d-axis leads g-axis.

It can be shown that the definition of ¢(¢) given in [27] (Eq. (12.93))
is consistent with the definitions of vg and ig given in Egs. (12.88) and
(12.89). However, in [27] both vg and ig are defined as the negative of what
is defined here.

12.6.2 A General Theory for Reactive
Compensation

Here, we remove the restrictions that apply to IRP theory proposed in [27].
We will be using untransformed quantities that are applicable in all situa-
tions — single phase or multi-phase. Also, some of the confusion prevailing in
the literature will be clarified. The presentation is based on the ideas given
in the papers [29] and [41].

O, 1
@ o 12| m-phase
. m — wire
distribution
system

()

Figure 12.21: A m-phase, m-wire system

m

Consider a load supplied by a m-phase, m-wire system (see Fig.

12.21). The three phase, 4 wire system becomes a special case. We assume

that all the voltages are measured with respect to a reference bus (typically

ground). The total instantaneous power transmitted to the load is a scalar
px(t), given by

pe(t) = v(t)Ti(t) (12.101)

where both v(t) and i(t) are m-dimensional vectors and the superscript T
denotes transposition. We define a vector i,(t), proportional to v(t) as

in(t) = G(t)u(t) (12.102)
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where 0
px(l
G(t) = 12.103
() = P (12.109
It is easy to show that px(t) = v(t)Ti,(t). The current vector iy(t) is defined
as the instantaneous active current. The difference in the two currents (i(t)
and iy(t)) is defined as the instantaneous non-active (or reactive) current
given by

ig(t) = i(t) — ip(t) (12.104)

The current i4(t) does not contribute to the transfer of power and essentially
relates to the oscillation of the energy between phases. Hence, it should be
possible to compensate for this current by a compensator without energy
storage. After this compensation, the instantaneous power is unaffected.
The collective source current magnitude is reduced from Iy to Iy, where Iy,
and Iy, are defined as

21T_2 21T_2
B=g [k 13,= o [0k

where
i) = (" -4),  1ip(B)F = (G - ip)

The collective source current magnitude can be reduced further if
there are variations in the instantaneous power. However, this requires
compensation with energy storage. The minimum collective source current
magnitude required is one that supplies the average total power (Pyx) for a
specified voltage vector, at minimum losses in the line (and maximum col-
lective PF). The source currents resulting after (a) compensation without
energy storage and (b) the compensation with energy storage are termed as
instantaneous active current defined by

tact(t) = Gu(t) (12.105)
where
Ps 1 /T
Vga b T/O pZ() 5
2 l T 2 2 _ T
Vs o= lw()|%dt,  |v(t)]" =v"v
T Jo

The currents supplied by the compensator with energy storage are
given by

icp(t) = ip(t) = iact(t)
= [G(t) - Glu(®) (12.106)
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It is claimed in the previous literature that the compensator has to provide
for the AC component in the total instantaneous power and i¢g(t) is wrongly

computed as () |
. _ p=(t) — Py v
e = Y

Note that the correct computation of i¢cg(t) from Eq. (12.106) gives

foplt) = [r%t i H o

Note that the two expressions are different unless |v(¢)| is a constant (in
which case it is same as Vy).

Remarks

1. For the general case of m wires presented above, it is possible to define
the instantaneous imaginary (reactive) power as

q(t) = [o(®)] - [iq(t)]

For three phase systems without zero sequence components, the currents
and voltages can be represented in a plane (of a — 3 quantities). Here, ¢(t)
can be associated with a cross product of the current and voltage vectors
(g = v x i) [28]. The sign of ¢(t) can be associated with the direction of
the vector perpendicular to the plane of the voltage and current vectors.
However, for the general case, this sign interpretation is not possible.

In any case, as mentioned earlier, the concept of instantaneous reac-
tive power is not consistent with reactive power defined for energy storage
elements. In general, we can say that a load may draw non-active currents
which include reactive currents (associated with linear L-C networks) and
currents that do not contribute to the flow of instantaneous power to the

load.

2. For a single phase system, i, defined in Eq. (12.61) is same as the active
current defined in (12.105) for the general case. Hence, i,4(t) for the single
phase systems requires a compensator with energy storage.

3. The presence of the zero sequence current does not affect the analysis
presented here. If zero sequence voltage is not zero, then there is zero se-
quence power that contributes to px(t). Only if the zero sequence power is
zero, then ¢g contributes only to non-active currents.

4. Tt is mentioned in [31] that negative sequence components of the load
voltages result in AC component in |v(¢)|. This is not always true. In [42] a
counter example is given which shows that even with unbalanced voltages,
|v(t)| can be a constant.
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12.6.3 Application to a 3 Phase, 4 Wire System

Figure 12.22: A 3-phase, 4-wire system

Here we consider the practical case of three phase, four wire system
(with m = 4). Figure 12.22 shows the load supplied by a three phase, four
wire supply. The compensator (based on VSC) is connected in parallel (not
shown in the Fig.). The configuration of the VSC can be a two level four leg
type or other types that enable it to inject zero sequence current components.

The total instantaneous power (px(t)) is given by

px (t) = Vgl + Vplp + Vele + Unin
= Ugnie + Vpnip + Venle (12.107)
where vg,, = vq — vp,. Similar definition applies to vy, and ve,. Eq. (12.107)

is derived by noting that i, 4+ ¢, + ic + i, = 0.

The desired source current, ig(t), can be assumed to be i,(t) which
is defined by

_ px(t)
(v2, + o3, +v2,

) [Van Von Ven]t (12.108)

The currents injected by the compensator without energy source are given
by

io(t) = in(t) — is(t) = i(t) — is(t) (12.109)
With an ideal compensator with negligible losses, the instantaneous power

supplied on the AC and DC side of the compensator are equal. Thus, we
have the constraint

UaniCa + UlmiCb + 'UcniCc = 'Udcidc (12110)

Since, the LHS of the above equation is zero (as the compensator is supplying
iy with zero instantaneous power), we derive ig. = 0 as vg. is non-zero.
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Remarks

1. According to the modified IRP theory [44], we can express the desired
compensator currents in terms of a0 components of the voltage (van, Vpn
and v.,) and currents. The desired source currents are,

. px(t
i5(0a8) = W ; [vo va vs]"
[0

where

iS(Oaﬁ) = [iso 1Sa isﬁ]T, U(Q)aﬁ = 1)(2) + Ui + U%

The desired compensator currents in a0 components are obtained
as

iC(0a8) = 0aB — LS(0as)

2. If it is desired to compensate for the variations in the instanta-
neous power, we have to design a compensator with energy storage. We
can use a common compensator to inject both i, and i,, where the latter is
defined by

i = [G(t) — Glv

Note that the computation of G involves averaging and filtering and
cannot be performed on an instantaneous basis. Further, as the compensator
now modifies the instantaneous power in the line, ig. # 0 (although the
average value of i4. is zero in steady state). Since finite capacitor is used,
the variation in 44, introduces ripples in the capacitor voltage (v4.) depending
on the magnitude of the injected currents i,,.

The injected AC voltages by the compensator are related to the DC
(capacitor voltage) and the switching functions. These are given by

leca ecv ece]” = [Sa(t) Sp(t) Se(t)]” vac (12.111)

where ec is the injected voltage vector. S,,Sp, and S. are the switching
functions that are determined by the control (modulation) strategy. If the
compensator is assumed to be ideal (lossless), then

ide = Sa(t)ica + Sp(t)icy + Se(t)ice (12.112)

Generally, the capacitor voltage is regulated. The shunt connected
compensator functions like a controlled current source by controlling the
injected currents by PWM techniques.
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12.6.4 Reactive Power Compensation by Series
Connected Compensators

The reactive power compensation considered in the previous subsections
assumed that the load can be represented as a (variable) current source that
draws power from a specified voltage source. The reactive compensator is
assumed to be connected in parallel with the load. There are loads (including
arc furnaces) that cannot be modelled as controllable current sources. For
example, in an arc furnace, the arc resistance is not only nonlinear, but also
varies over a wide range. In general, the load may be modelled as variable
impedances or voltage sources in series with impedances that are comparable
to the source impedances. In such cases, it is convenient to assume the load
current as specified and analyze the quality of the voltage across the load.
The general theory presented in section 12.6.2 can be extended to these
cases.

PCC
Zs 7 PCC v (t)
| s vl
(0 e
+ v(t) + Vp (® VC(t)
vS(t) Load VS(t) Load
(a) Without compensator (b) With series compensator (no energy storage)

Figure 12.23: A circuit with series compensator

Consider the circuit shown in Fig. 12.23 (only single phase represen-
tation is shown). We can express the voltage vector (corresponding to the
PCC) as a sum of two components.

(1) = vp(t) + v,(t) (12.113)

where,

up(t) = R(t)i(t), R(t) = pz(f) (12.114)

It is possible to compensate for v,(t) at PCC by connecting a com-
pensator in series with the load. This compensator does not require any en-
ergy storage since v,(t) does not affect the total instantaneous active power
(ps(t)). We can prove that

p(t) =T (t) -up(t), T (t)vy(t) =0 (12.115)
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If R(t) is not a constant and has periodically varying components,
it is possible to further compensate for the variations of the instantaneous
power, px(t). The total average power (Py) can be met by the voltage vector

vo(t) defined by

P
va(t) = Ri(t),R = [—22 (12.116)
b

2 1 T . 2 . 2 T .
=7 | liOFdt, i) = -

To compensate for the variations in px(t), we require a compensator
with energy storage that can inject a voltage, (v, — vg) in addition to vg(t).

The advantages of a series compensator are to (a) improve the power
quality for loads connected to PCC and (b) to improve the utilization of
power for the load that is compensated. A compensated load can draw more
power for a given supply.

The series reactive compensator can also be used to compensate for
the voltage variations in the supply caused by voltage sags or harmonics.
If the compensator requires active power in steady state for satisfactory
performance, this has to be arranged by connecting an energy source. For
example, a shunt connected rectifier can supply power on the DC side of the
VSC based compensator.
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Chapter 13

Load Compensation and
Distribution STATCOM

13.1 Introduction

Large fluctuating loads such as arc furnaces, steel rolling mills, electric trac-
tion cause current unbalance and large variations in the reactive power de-
mand. The load compensation by shunt connected compensators that are
fast acting, helps to maintain unity power factor while balancing the load.
The improvement of power factor reduces the line current for a given load
demand and enables better utilization of the distribution system. It also
helps to reduce the line losses.

The unbalanced load currents with large reactive components results
in voltage fluctuations and unbalance due to the source (system) impedances.
A shunt compensator also helps to reduce voltage fluctuations at the point of
common coupling (PCC). If the source voltages are unbalanced and varying,
it is also possible for a shunt compensator to achieve this [14]. However, the
effectiveness of the voltage regulation, in this case, is a function of the system
impedance. As discussed in the previous chapter, fast voltage regulation also
helps to improve voltage flicker.

The first power electronics based static shunt compensator applied
for load compensation was SVC using thyristor-controlled reactor in parallel
with fixed or thristor-switched capacitors. The emerging technology of high
power voltage source converters using pulse width modulation (PWM) is
replacing thyristor-based controllers. The application of VSC also permits
multi-function (or composite) compensation that includes active filtering to
prevent the flow of harmonic currents on the source side.

In this chapter, we will consider load compensation using both SVC
and Distribution STATCOM. We consider both three phase, three wire and
four wire systems and discuss various control algorithms that are applicable.
Finally, we present a case study of composite compensation using DSTAT-
COM.
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13.2 Three Phase Three Wire Systems

In a three wire system, the sum of the phase currents is zero, implying that
there is no zero-sequence current flowing in the system. The load may be
connected in delta or star (with floating neutral). To simplify the analysis,
we will assume the source voltage to be balanced and sinusoidal. We will
also assume that the source impedances are symmetric. There is no loss of
generality in assuming the mutual impedances between the phases are zero.

PCC
Is v L

Load

Figure 13.1: Single phase equivalent circuit

Linear Loads

If we assume that the loads are linear (although time-varying), the load
currents are sinusoidal in steady state as the supply voltages are sinusoidal.
However, the load currents may be unbalanced with the presence of nega-
tive sequence components. Fig. 13.1 shows the equivalent system with the
unbalanced load and the shunt compensator.

In Fig. 13.1, the source current Ig is given by
Is =1 — I¢ (13.1)

With an ideal compensator, the current /- supplied by the compensator
is equal to the sum of the negative sequence component and the (positive
sequence) reactive current drawn by the load. This ensures that the source
current contains only the active component of the positive sequence current
drawn by the load. This also results in the load voltage (V) becoming
balanced.

Incidentally, it was shown by Steinmetz that a delta-connected reac-
tive network (see Fig. 13.2) can work as an ideal compensator. This concept
can be used to design a SVC whose susceptances depend on the sequence
components of the load current.
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Va Vb Ve
IC a{\ IC il Ce
C
bab Boe
Boa

Figure 13.2: A delta connected reactive compensator

Neglecting the source impedance Zg we get V= Vg. Thus, V is
a positive sequence voltage independent of the load. If we assume V, as
reference, we can write

Vo=V, Vo=h*V, V.=hV (13.2)

where, h is the operator defined by

— 4 4¥2 13.
5 ti% (13.3)

The compensator currents injected are given by

Ica = —(I%—15)=—jlBG(1—h*) —BS(h—1)]V  (13.4)
Iy = —(If—1%)=—j[B(h* —h)— BG(1—h*)V  (13.5)
Ioe = —(I5—1IL) =—j[BS(h—1) = BE.(h” = h)]V  (13.6)

The symmetrical components of the phase currents are defined (using power
invariant transformation) by

1

Iy = —U,+1,+ 1. 13.7

0 \/g( b ) ( )
1

I = %(Ia—Fth—i—hZIC) (13.8)
1

Iy = —(Iy+ h%I, + hl. 13.9

2 \/g( b ) ( )
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Note that the power-invariant transformation implies that
Vol + Vol + VeI = Vil + VoI + Vol (13.10)

The symmetrical components of the delta connected reactive compensator
are given by

Icp = 0
Ien = —jV3(BS, + B, + BS,)V
Ics = jV3(h*BS, + Bf, + hBS,)V

Since load compensation requires
ICQ = ILQ, Im[[gl] = Im[ILl] (13.11)

we can derive the desired compensator susceptances as follows

BS = 3[ ———[Im(IF) + Im(1%) — V3Re(11)] (13.12)
BY = ; \/_V[Im(ll) 2Im(IL)] (13.13)
B¢ = ; \[ [Im(IF) + Im(I¥) + V3Re(I1)] (13.14)

(Note that the superscript C refers to compensator). It is possible to express
the quantities on the R.H.S of the Eqgs. (13.12) to (13.14) in terms of the
phase variables. The final result is

BS, - SL[Im(IL)—i—Im(th) m(h2IY)] (13.15)
BY = 3V[Im(hlb)+1m(h2IL) Im(I5)] (13.16)
BY = 3V[Im(h21L)+Im(IL)—Im(h[b )] (13.17)

Thus, we have two sets of expressions for the susceptances of the
reactive compensator — one in terms of the symmetrical components, the
other in terms of phase variables of the load currents. The latter can also
be expressed in terms of load reactive powers. Egs. (13.15) to (13.17) can
be recast as

Bf, = 3V2 [(Qra + Qry — QL] (13.18)
Bf. = 3V2 [Qry + Qre — QLd) (13.19)
B, = 3V2 [QLe + QLa — Qrb] (13.20)
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where Qry, = Im[V,,(Irm)*], m=a,bor c.

Qa, Qp and Q. can be computed as the average values (over a period)
of the products of currents and phase shifted voltages. For example, @}, is

obtained as )
TN .
Q(z == T /T'Ua (wt — 5) Za(wt)dt

Since, vpe = V3vq(wt — 5), we get

1
0= —— | peigdt
@ \/§T/T b

Similarly,

1 1
= —F— UCU,Z. dt, c = / Ua cht
@ V3T /T vt @ V3T Jr ™

(Note that the subscript L is dropped for convenience) Although the inte-
gration is over one period of the fundamental frequency, it is not strictly
essential to reset the electronic integrator (used as part of the SVC control
system) every cycle and it is possible to get continuous signals representing
the desired susceptances. The integrator time constant can even be reduced
to speed up the compensator response.

Compensation Using DSTATCOM

The equations (13.18) to (13.20) essentially define the delta connected sus-
ceptances in a SVC, that are required to compensate for the unbalance and
the reactive power drawn by a three phase, 3 wire connected linear load.
If a distribution STATCOM is used for compensation instead of a SVC, it
is more appropriate to define the currents injected by the DSTATCOM. It
is mentioned in [15] that a compensator with switching devices (such as a
DSTATCOM) without energy storage can compensate for the instantaneous
reactive power (q) defined as

q = Valg — Vgla (13.21)

It is worthwhile examining the conditions under which the above statement
holds good. In the previous chapter (section 12.6.2) we presented a general
theory for reactive compensation applicable for a m-phase (m-wire) system
of which 3 phase - 3 wire system is a special case. However, let us first con-
sider a balanced linear load connected across a constant (sinusoidal) voltage
balanced supply with the instantaneous voltages defined by

2 2 2

Vg = \/;V coswot, vy = \/;V cos <w0t — ;) ,
2 2

Ve = \/;V cos (wot + ;)
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As the load is balanced and linear, the currents are also balanced
and sinusoidal defined by

2 2 2

lg = \/g[cos(wot — @), ip= \/%Icos (wot — ?W — qﬁ) ,
2 2

1, = \/;Icos (w0t+ ?TF — gf))

For this special case, it can be shown that,

Py = Vglq + Uptp + Vcte = VIcos ¢ = Ps
(O] = 02+ 0F + 2=V = Vs

Hence, the instantaneous active current i, (t) and i,(t) (defined as px(t) /v(t)])
are identical given by

(1) = inet(t) = Go(t) = <€§) o(®) (13.22)

This clearly shows that i,(t) defined by
iq(t) = i(t) —ip(t) (13.23)
can be compensated by a switching converter without energy storage as

vli, =0 (13.24)

Remarks

1. From Eq. (13.23), it can be shown that i, is obtained as

‘ 2/q)\ . : 2/7q\ . 2
iga = 3\ sinwot, igp = 3y )sin wot—?
2/ q) . L
e = 3\ sin [ wo 3

where ¢ = V' Isin ¢ is the reactive power. It is to be noted that ¢ is also the
‘instantaneous reactive power’ (IRP) defined by Eq. (13.21).

The important conclusion from this result is that reactive power
compensation can be achieved without energy storage elements (such as ca-
pacitors or inductors). A VSC based compensator can do the job.

2. The concept of IRP is valid only for three phase, three wire
systems. For these systems, the zero sequence components in the currents
are zero. To define instantaneous powers, we will use d — ¢ components
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(defined with respect to a synchronously rotating reference frame), defined
as follows.

fa = \/? [fac059+fbcos (9— %) + fecos (9—1— 2%)} (13.25)

fq \/7 [fa sin @ + f; sin <9 — ?> + fesin (9 + 23 )} (13.26)

where f can be voltage or current vector. # = wyt if the network frequency
is wg. (Note that the definition of d-q components is according to the con-
vention used in reference [16] that d-axis leads g-axis).

From Egs (13.25) and (13.26), we obtain
(fa—ife) = \[{fae Pt fre 05 4 fue O]
= \/g [fa + e T 4 fce_]%} e 90
= Fye (13.27)
where F is sometimes described as ‘space vector’.

We can also define o« — 8 components with respect to a stationary
reference frame. These are defined from Eqgs. (13.25) and (13.26), letting

0 = 0. Thus, we get
fa = \/§ {fa - 1fb - 1fc] (13.28)

fe = \/;[_L_fb ff} (13.29)

Substituting from the above equations, we can express F as

Fo=(fa—13fp) (13.30)

(Note that if we assume g-axis leading d-axis, the definition of fg would
involve a reversal of sign and Fy = f, + jf3).

Since d-q components are defined as instantaneous quantities, we can
define instantaneous complex power as

p+7q = (va— jvg)(ia — jiq)” (13.31)
Substituting from Eqgs. (13.27) and (13.30), we get
p+ig = (va—jus)(ia +jig)e ™" - e’
= (va = jup)(ia + jip)
= (Uaia + Uﬁiﬂ) + j(vai/g — ’Uﬁia) (13.32)
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Equating real and imaginary parts, we get the expression for IRP(q) defined
in Eq. (13.21).

Many references (including [15]) define ig (or vg) according to the

following equation
fs= \ﬁ [ffb ff] (13.33)

However g is still defined according to Eq. (13.21). The two equations are
inconsistent. If f3 is defined according to Eq. (13.33) instead of Eq. (13.29),
the expression for g will be negative of what is defined in Eq. (13.21). For
the balanced, linear load supplied by positive sequence voltage supply, we
get

Vo = Vcoswpt, wvg= —Vsinwgpt
ia = [Icos(wot —¢), ig= —1Isin(wot— @)

(Note that both wg and ig are defined according to Eq. (13.29)). The
expression for ¢ (according to Eq. (13.21)) results in

q=VIsing¢

3. Since the zero sequence component (ig) of the load current is
always zero in a 3 wire system, we can express the total instantaneous power

(px)
P = Vgl + 'Uﬁiﬁ (1334)

Note that ig is defined as

1
io = 7§[z'a + iy + i) (13.35)

Since we are using power-invariant transformation, py, is given by the general
expression
Py = ’Uaia + 'Ugig + ’U()i()

Using a — (3 coordinates instead of phase (a,b and c) coordinates, we

can define
= bx Vo i = q
Prtog v | 02+

—vs 1 (13.36)

Vo

Note that using a-3-0 transformation, we can define i, and i, as two-
dimensional vectors. This is valid even if vg # 0. The compensator injects
a current vector i, (as defined above) and the source current now contains
only ip. If py and (v? —H}%) are constants, the compensation is complete and
the source currents have minimum rms values.
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If (v + v%) remains constant even in the presence of unbalanced
(negative sequence) and harmonic currents in the (nonlinear) load, the in-
stantaneous powers p and ¢ contain time-varying (periodic) components in
addition to constant components. The expression for i, is unaltered in this
case also. However, the minimum source current is now expressed as

. P o
faet(t) = V—% l Zﬁ ] (13.37)
b

where
Py = —1 / px(t)dt Ve = —1 / (v2 + vg)dt = v2 + v}
T 0 ’ P T 0 « B a B

The compensation of the current [i,(t) — i4c¢(t)] requires energy storage el-
ements. If a STATCOM is used for compensation, the DC capacitor must
absorb and provide the required energy as px(t) varies over a period (of
supply frequency).

The compensator currents can be expressed in terms of phase coor-
dinates using the relationships given below.

_— \F . _\F 1 V3
1C0a = 3ZC’a7 Cyr = 3 21004 9 cp
- \F 1. +\/§.

1Ce = 3 2ZCo< 9 cp

icpg and icg are defined from

l ica ] = ip(t) — daer(t) + ig(t) (13.38)
cp

Expressions for Current and Power Components
Using Phase Coordinates

In reference [8], the expressions for the instantaneous current (and power)
components are given using phase coordinates (a,b and c) without transfor-
mation. This is based on the application of linear vector spaces.

In a three dimensional vector space, there are three independent
orthogonal vectors that span the space. We call these as basis vectors if
their lengths are unity. Note that a vector V' has length unity if

V,V)=vlv =1
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The inner product of two vectors U and V is defined as

(U7 V) = Z U;Vv;

Two vectors are said to be orthogonal if their inner product is zero.

For a specified set of three phase voltages, we can define three or-
thogonal vectors as follows

1
VOT = %[1 1 1], 00:73(1)@4-@1,4-1)0)
vi = VvI-V{, VI=u v v
1
VT = —[vp — Ve Ve — Vg Vg — Vp)

! V3
A current vector I defined by
I =Tig iy i
can be expressed as a linear combination of the three vectors as follows.
I = agVh+ apVy + gV (13.39)

where,

P4
Vol' P T T VP

po = I'Vo, p=1"V,, q=1",

&0

For a three wire system, pg is always zero. Hence I can be expressed as

I=1,+1, (13.40)
where
IZ = [ipa iph iPC]7 IqT = [iqa Ugb iqt:]
and » ¢
I, =—=V,, I,=—=V
S 1 7 N | AT
It can be shown that |V,|? defined by
2 1
’VED‘Q = 5(02 + Ul? + Ug) - g(vavb + Vpve + Vevy)
= vi + v%

Similarly, |Vg|? = v2 + v%.

The concept of orthogonal decomposition of vectors can be extended
to electrical networks with m phases (and m wires). This is presented in the
next section.



13. Load Compensation and Distribution STATCOM 443

1
Vi 0>
V) O—-Ep——

A
[ )
R m - phase
. m - wire
. network
[ ]

e

4
Figure 13.3: A m-phase, m-wire network

13.3 Three Phase Four Wire Systems

The analysis of a three phase, four wire systems can be considered as a
special case of m-phase, m-wire system (see Fig. 13.3). We can define the
current and voltage vectors for this system as

IT = iy dg i3 ... fip)
vT = [v1 v V3 ... V)
with the constraint .
> ik =0 (13.41)
k=1

Note that all the voltages are expressed with reference to a bus ‘v’ (not
necessarily ground bus).

There is a general result which is useful in defining instantaneous
power in a m-phase, m-wire system. This is given below.

Lemma: Given two m-dimensional vectors, V and I, we can express
V=V,+W, I=1,+1 (13.42)
where

Vo = E, Iy=

Vg —=
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The scalar product (V,I) can be expressed as
(V7 I) = (Vp’ Ip) + (VOv IO)
The proof is straightforward as we can show

VIT = (V) + V) + Do)
VIL+ Vil as VL, =V Ij=0

In a m-wire system, Iy = 0 due to the constraint expressed by Eq. (13.41).
Hence the total instantaneous power ps: can be expressed as

ps(t) =V, () L,t) =V, T (13.43)

In reference [17], Vj is termed as a vector of common mode (or ho-
mopolar) voltages. It is obvious that these voltages do not contribute to the
total instantaneous power as the power is affected only by the differences in
the voltages. (The choice of the reference bus has no effect). Reference [17]
also refers to \;—% as the voltage of a virtual star point (of a symmetrical load
of m unit resistances connected in star). Note that this is only a physical
explanation of the voltage \;—% The actual load can have any configuration.
The voltages V), can be viewed as the terminal voltages with reference to the
virtual star point (see Fig. 13.4).

L @ (m

fololNNe

Vo _(vgtvot+---+vpy)

Im m
©)

Figure 13.4: Representation of applied voltages

It is obvious that the vector V), can be expressed as a linear combi-
nation of (m — 1) independent m dimensional vectors as V,/ Vg = 0.
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Remarks

1. It is to be noted that vy is not to be confused with zero sequence voltage
defined for a 3 phase, 3 wire system (Although for m = 3, the two are
identical).

2. In 3 phase, 3-wire systems, it is obvious that V), can be expressed as a
linear combination of two independent vectors. In reference [15] these are
chosen using o — 3 components.

3. The concept of IRP cannot be extended to systems with m > 3.

@
[ —

PEL DHD VOO

Figure 13.5: A three-phase, four wire system with shunt compensator

The application of this general theory to three phase, 4-wire systems
(see Fig. 13.5) gives the following results.

(Um‘ + Vpr + Ver + Unr)
4

Vi = [1111] (13.44)

where Vj,. (j = a,b,c or n) indicates the voltage of terminal j with respect
to a reference bus r. The vector V,, can be expressed in terms of three
independent orthogonal vectors (V, V, and V.) as follows.

Vp =0 Ve + v, Vy + 0.V, (13.45)

where
Uﬂv = (V7 Vac)avy = (‘/7 Vy)avz = (Va‘/z)

Vi, Vy and V vectors are each of unit length. They are defined as [17]

yro— Ng _% _\/Lé 01 (13.46)



446 FACTS Controllers in Power Transmission and Distribution

1 1

v = {0 N 0] (13.47)
11 1 3

VZT _ L/ﬁ 7= 75 _ Z] (13.48)

If the neutral terminal is selected as reference, then v,,, = 0. In this case, v,
vy and v, are expressed in terms of vy, Vb, and ve, by the following vector
equation

v 1 =3

X

2

vy :\/; 0 \/?3 B3y, (13.49)
22 2v2  2V2 Ven

By comparing this equation to the definition of «, 8 and zero components,
we get,

1
Vo = Vay Uy = UG, V= GUn (13.50)

Note that we have used the symbol vy, (instead of vg) to denote the usual
zero-sequence voltage component defined for three phase systems. This is
done to avoid the clash with the symbol vy we have used to denote common
mode voltage. Also note that vg is defined in some of the literature as
negative of the expression used here.

It is also possible to express the current vector I7 = [iq ip Qe inin
terms of three orthogonal independent vectors V;,V, and V. as follows

I =i, Ve 4,V +i.V, (13.51)

where i, = (I, V), i, = (I,Vy) and i, = (I, V5).

Equation (13.51) follows from the fact that
ia+ip +ic+in=0 (13.52)

When Eq. (13.52) is substituted in (13.51) we can express i, iy and i, in
terms of i, 7, and i, as

. 1 1 .
. I =35 —3 iq
2
iy | = \/; 0 ¥ 3 || (13.53)

In comparison with i, i3 and i), (zero sequence component), we get,

iy = ity = —ig, i, = 2ip (13.54)



18. Load Compensation and Distribution STATCOM 447

The desired compensator currents that are to be injected are ob-
tained as

iCm = ix - in
ioy = iy—igy (13.55)
Z.Cz = iz - iSz

The desired source currents are obtained as

1S Vg
; px(t)
iss (Ux + Uy + Uz) vy

where px(t) = ITVp = UV + IyUy + 1,0,

The compensator currents (icq, icp and ic.) are obtained after trans-
formation from x,y and z components and are given by

1 L .
7 2v2 7
J IV IR S 13.57
wy | = 3 2 2 22 Cy (13.57)
1 V3 1 )
1Cc -5 —% N 1Cz

Remarks

1. The major difference with the modified IRP theory is that
v2
v + vi + 02 =02 + ’U% + Zh (13.58)

Note that L.H.S # v} +v2 + v% unless vy, = 0.

2. In reference [18], the original IRP theory is modified to define a new
reactive current component (i,) and modify i,. The current i, is modified
to

ps(t)
=T 13.59
P ”UOaﬁ‘Q “0af ( )
where
P = UgaﬂiOaﬁ = Ugaﬂip,
YWas = [0 Va vgl, iGas = [i0 ia ig]

The current component %, is defined as

Z.'r‘ - (ZO - ip()) ”anﬁ‘ (1360)

‘”aﬁ‘
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where i is the zero sequence current, |v,g| is defined as /v2 + U%. Similarly

[voas] = (V& + v2 + v%)l/ 2. Note that i, represents the reactive current
component in the zero sequence current.

There is no need to define multiple components of the instantaneous
reactive current. The basic definition of iy = i — 14, is valid for all cases. The
major problem arises from the desire to extend the concept of IRP (¢q) to
four wire systems and this is not feasible.

13.4 A Case Study

S R L 't Unbalanced
&
@_/\/\/\/_‘ﬂm_m Non-linear
e
i S Load

L J@g .
T

Figure 13.6: System diagram

A distribution system supplying an unbalanced and nonlinear load
is taken up for study. The system diagram is shown in Fig. 13.6 which
shows the source impedance (R and Lg). A STATCOM of suitable rating is
connected in parallel with the load. In general, the STATCOM is connected
through a step-up transformer. The load consists of a linear unbalanced load
and a nonlinear rectifier load. It is assumed that the supply voltage is sinu-
soidal positive sequence voltage. However, the flow of load currents through
the system impedance causes the voltage at PCC (V) to be unbalanced and
contain harmonics. The source and the load data are given below.

8

Source: Vs = 415 V, f = 50 Hz, L, = 40 mH, %=
Load: Unbalanced R-L load: R, = 50 €, L, = 200 mH Ry = 75 €0,
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Ly =225 mH, R.=25Q, L. =175 mH

Nonlinear load: Three phase diode rectifier with Ry = 125 Q, Ly =
30 mH (on DC side).

The objectives of the compensator are:

1) The source currents should be sinusoidal and contain only positive
sequence components

2) The power factor or the voltage magnitude at PCC should be

controlled.
ica | o TT ke | T T
LmW T T
(T

_(goor (000

LfE Lfg LfE

LA
BE5555

Figure 13.7: Configuration of DSTATCOM

Since Vg is assumed to be positive sequence and sinusoidal, the PCC
voltage would also be sinusoidal and contain only positive sequence compo-
nents, if the first objective is met. To achieve this objective, the compensator
should be able to inject negative, zero sequence fundamental frequency com-
ponents in addition to harmonic currents of all sequences. The configuration
of DSTATCOM chosen is shown in Fig. 13.7. It contains three single phase
full bridge converters connected to a common DC bus. The DC bus voltage
is held by the capacitor Cg.. Since there is no energy source connected to
the DC bus, the average power exchanged by the DSTATCOM is zero if the
switches are ideal and losses in the reactors and capacitor are zero. However,
in practice, the losses are to be supplied by the active power drawn from the
AC system. To stabilize the capacitor voltage in steady state, a DC bus
voltage control is necessary. It is to be noted that as the power supplied to
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the load varies over the time period (of fundamental (supply) frequency),
the capacitor will charge and discharge resulting in a voltage ripple. This
is required to minimize the rms current supplied from the source to achieve
unity factor at PCC.

As discussed in the previous section, the reference for the source
current vector is first computed and the desired compensator currents are
obtained as the difference between the load and the source (reference) cur-
rents. To inject the desired currents, DSTATCOM must have a high band-
width closed loop current control loop. We will discuss the current control
scheme later. The determination of reference source current vector is based
on two approaches

1) Based on Synchronous Reference Frame (SRF)
2) Based on computation of I, ()

The data for the STATCOM selected are: V. = 400 V, Cy. = 5000
pE, Rg. = 6000 Q, Ly = 25 mH.

13.5 Synchronous Reference Frame Based
Extraction of Reference Currents

The block diagram of the control scheme to generate the reference values of
the compensator currents is shown in Fig. 13.8. The desired source currents
(in d-q components) are obtained as

i5q = iLd +icd (13.61)

i5, = Kqirg + uicg (13.62)

where i1 and iz, are the average values of the d- and q- axis components
of the load current, icq is the output of the DC voltage controller and icq
is the output of the AC voltage controller (if the bus voltage (V%) is to be
regulated). w is a logical variable equal to (a) zero if PF is to be regulated
and (b) one if bus voltage is to regulated. K, =1 in the latter case. When
PF is to be controlled, K, is determined by the required power factor as
follows.

Ky = gi (13.63)

where Q5 is the reference reactive power supplied by the source (at PCC)
and @y, is the average reactive power (at fundamental frequency) defined by

Qr = |ViliLg (13.64)
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Figure 13.8: Block diagram of the control scheme using SRF
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For unity power factor, Qg = 0 and K; = 0. The average values of irq
and i, are obtained as the outputs of two identical low pass filters and are

defined as -
[ tLd ] = G(s) l tLd 1 (13.65)
iLg iLg

where G(s) is chosen as the transfer function of a 2nd order Butterworth
low pass filter (with a corner frequency of 30 Hz). The d-q components are
computed from the following relations

ird | | coswt —sinwt 1L (13.66)
irg | | sinwt coswt i '
where the @ — 3 components are obtained as

iLa :\F I
irg 310 —¥2

1La
‘| L (13.67)
2 2

iLc

|
‘él\.’)l»—l

The reference vector of source currents is given by

0%, 5 1 0 -

ity | = \ﬁ -1 -2 Jo (13.68)
¥ 3 1 3 Lsp

tse 2 7

where the o — 3 currents are given by

[ 150 ] _ [ coswt sinwt ] [ 1G4 ] (13.69)

53 —sinwt coswt 5y

Note that w is the supply frequency expressed in radians/sec. The
unit vectors sinwt and coswt are obtained from Phase-Locked Loop (PLL)
which is locked to the PCC voltage.

Results of the Case Study

The DC voltage regulator is designed as a proportional controller with a
gain of 0.6. The AC voltage controller is designed as a PI controller with
K, = —0.2 and K; = —40 (Note that a positive error requires i*sq to be
reduced. This implies that icq should be reduced when the error, (V,* — V;)
is positive).

For the case of (a) power factor correction with K, = 0.0, the steady
state wave forms of the (i) load currents (ii) compensator currents (iii) source
currents and (iv) PCC voltages are shown in Fig. 13.9. The PCC voltage
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(viq) and source current (is,) are shown in Fig. 13.10 with and without
compensation. Note that the source current not only becomes sinusoidal,
but also remains in phase with the PCC voltage after compensation. Fig.
13.11 shows the zero sequence component in the source current before and
after compensation.

iI (amps)

i C(amps)

i_(amps)

s

v, (volts)

t

—400

t (sec)

Figure 13.9: Current and PCC voltage waveforms

The Total Harmonic Distortion (THD) in the load current is in the
range of 15 to 17% for the three phases. (Note that the load is unbalanced).
After compensation, the THD in source currents is reduced to about 2.3%.
The THD in voltages reduces from 1.6% to 0.6%.

If AC voltage regulator is included, and V;* = 415 V, the variation
of |V4| is shown in Fig. 13.12 as the compensator is switched on at ¢ = 0.2
s. The settling time is less than 0.1 s. The ripple in the voltage magnitude
is negligible.

13.6 Instantaneous Active and Reactive
Current Based Extraction of
Reference Currents

In this method, the vector of reference source currents is expressed as

i% = Gu; + Bu! (13.70)
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Figure 13.11: Zero sequence component of the source current
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where G and B are defined as

R @

G==-=2 = 13.71
EAEE (13.71)

where P¢ and Q% are the average power and reactive power (reference values)
supplied by the source and are expressed as

Pi =Py +APs, Q5=r"P; (13.72)

The value of r determines the reactive power to be supplied by the source.

A Pg is the output of the DC voltage controller. Py, and VE2 are defined from
the following equations.

1 T 1 (T .
J / pss(t)dt = ~ / (wTip)dt (13.73)
T Jo T Jo

1 T
Ve = f/ (vi, + vi, + vi.)dt (13.74)
0
The voltage vector v

. 1s a unit vector that is orthogonal to v; and thus
satisfies

viv] =0 (13.75)
in addition to the constraint

> uf, =0, m=a,bandc (13.76)
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The above equation implies that the zero sequence component of v{ is zero.
vl that satisfies both Eq. (13.75) and (13.76) is obtained as

0 1 —1 Vta
vl=—| -1 0 1 Vb 13.77
t \/g . o 0 ( )

Vtc

Note that the length of the vector v{ is unity.

We can have two options for the choice of the reactive power or the
ratio r.

1) Reactive power or power factor control. Here the reference value
of 7 is specified as

r* = tan ¢g (13.78)
For unity power factor control, r* = 0.

2) PCC Voltage control. Here, r* is obtained as the output of the
integral controller used for regulating the PCC voltage. Thus,

r = L - ) (18.79)

S

Fig. 13.13 shows the block diagram of the controller for determining
the reference current vector (for the source and the compensator). Both
cases (a) reactive power control and (b) PCC voltage control are considered.

Results of the Case Study

The results were found to be comparable or even slightly better than that
presented in the previous control scheme using SRF. For case (a), the PCC
voltage (vy,) and the source current (ig,) with and without compensation
are shown in Fig. 13.14. The compensator is started at ¢ = 0.2 s and the
variation of the DC voltage (V) is shown in Fig. 13.15. It is observed that
Ve settles down in about 100 ms (5 cycles). The average steady state value
of V4. =400.5 V.

For case (b) with PCC voltage control, the variation of PCC voltage
magnitude (with V;* = 415 V) is shown in Fig. 13.16. (Note that the
compensator is started at 0.2 s). The overshoot for this case is less than
what was observed for the case with SRF control scheme. The DC voltage
also settles down within 0.1 s (see Fig. 13.17).
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Figure 13.13: Block diagram of the control scheme based on the extraction
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Figure 13.14: PCC voltage and source current
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Figure 13.15: DC bus voltage (power factor control)
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Discussion

In this control scheme, there is no need for PLL and thus simpler to imple-
ment. The average values of power (Pr) and Vi are obtained as the outputs
of the low pass filters as shown in Fig. 13.13. It is also possible to use moving
average filter that computes the average over a period (corresponding to the
supply frequency).

The results obtained from both control schemes are excellent. The
modulation used is sine PWM using a triangular carrier wave of frequency
5 kHz.

13.7 Application of DSTATCOM for
Reactive Power Compensation
and Voltage Regulation

Initial application of DSTATCOM (using GTO devices) was primarily for
the control of (fundamental frequency) reactive power control and voltage
regulation. SVCs have been applied for this purpose earlier. A DSTATCOM
has obvious advantages over a SVC as discussed in chapter 6. A major
advantage relates to the improved speed of response, capacity for transient
overload (up to one second) in addition to the improved performance at
reduced voltages.

Reference [2] describes a case study on a + 12 MVAR STATCOM
connected at a 12.5 kV, 150 MW substation of Commonwealth Edison of
Chicago, U.S.A. The benefits achieved are

1. Limiting voltage swells caused by capacitor switching
2. Reduction of voltage sags due to common feeder faults

3. Controlling the voltage fluctuations caused by customer load varia-
tions. It was found that voltage fluctuations were reduced from 2.5%
to 0.2% with DSTATCOM. This reduces voltage flicker substantially.

4. Based on the control algorithm, the frequency of mechanical switching
operations (involving load tap changing (LTC) transformers and me-
chanically switched capacitors) is reduced that is beneficial for main-
tenance.

5. Increase in the maximum loadability of the system (in particular, in-
crease in the induction motor load that can remain stable through a
major disturbance, such as a loss of primary infeed).
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The controller of DSTATCOM suggested in [2] has three levels given
below

1. Fast voltage regulator
2. Fast current limiter and overload management control

3. Slow reset control

The voltage regulator has a response time of few cycles. The second
level of control allows the inherent short-term overload capability of DSTAT-
COM to be utilized for better performance while protecting the equipment.
The third level of control involving slow reset ensures that the DSTATCOM
does not remain near limits over an extended period of time. The objec-
tive is to ensure that the DSTATCOM remains ready to respond quickly
to subsequent disturbances. The reset control acts on the voltage reference
(within limits) and works with a delay (of typically 2 minutes). The output
of DSTATCOM is ramped back to lie within a specified deadband of £+ 1.2
MVAR, at a rate of 0.5 MVAR per minute. The control is coordinated with
existing mechanically switched devices.

The voltage flicker can be reduced by 50% from applying a DSTAT-
COM in comparison with a SVC [19]. The controller design of a DSTATCOM
based on analytical model is presented in [13] and the predictions on the per-
formance are validated by experimental results. In reference [20] a unified
control to mitigate voltage sag and flicker is presented, based on Kalman
filter.

13.8 Current Control Techniques for PWM
Converters

Compensators based on voltage source pulse-width modulated (VS-PWM)
converters use a control structure comprising an internal current feedback
loop [10]. The basic block diagram of current controlled PWM (CC-PWM)
converter is shown in Fig. 13.18. The design of current controller has to
consider the following aspects or constraints.

1. Modulation that involves hard switching or soft switching (using RDCL
(Resonant DC Link) converter). There are constraints on the switching
instants for the latter case. Further, modulation generates high order
voltage harmonics located around switching frequency which should
be high enough.
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Figure 13.18: Basic block diagram of CC-PWM converter

. Current ripple and switching frequency. Modulation produces cur-

rent ripple that depends on the average AC voltage, DC voltage and
switching frequency. If switching frequency remains constant, the rip-
ple varies with the AC voltage. On the other hand, for constant ripple
magnitude, the modulation frequency has to vary. The power losses
put a limitation on the average switching frequency. Filtering require-
ments may also enforce a constant switching frequency.

. Phase interference effect: While phase voltage can be controlled in-

dependently, phase currents are determined often by all the phase
voltages. Thus a phase interference occurs that must be taken into
account.

. DC link voltage limit: A voltage reserve is required to force an AC

side current according to its reference value.

The basic requirements of current control are listed below:

. No phase and amplitude errors over a wide output frequency range.
. High dynamic response

. Limited or constant switching frequency to guarantee safe operation

of the power semiconductor devices
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4. Low harmonic content
5. Good DC link voltage utilization.
A criterion for the evaluation of the performance of the current con-
trol is based on the RMS value of the error vector, defined by
1/2

1 T
RMS = [T/ (% + €% +e2)dt
0

The current control (CC) techniques can be classified into two main groups,
linear and nonlinear controllers [10]. There are four types of linear con-
trollers, namely

(a) Stationary (PI) controller also called the ramp comparison current con-
troller, uses 3 PI controllers to produce voltage commands for a three
phase sinusoidal PWM. In this scheme, comparison with the triangular
carrier signal generates the control signals (switching functions) S,, S
and S..

(b) Synchronous vector controller (PI). Here two PI controllers are used
to drive the errors in the d-q components (of currents) to zero.

(c) State feedback controller working in stationary (/) or synchronously
rotating (reference frame) coordinates. The feedback gain matrix is
usually based on the pole assignment technique to guarantee sufficient
damping.

(d) Predictive and deadbeat controllers: This technique predicts at the
beginning of each sampling period, the current error vector on the basis
of the present error and the AC side parameters. The voltage vector to
be generated by PWM during the next sampling period is determined
to minimize the forecast error. The prediction controller that aims at
reducing the error to zero is often called a deadbeat controller.

Nonlinear control methods include hysteresis, delta modulation and
on-line optimized controllers [10]. For hard switched converters, hysteresis
current controllers are simple to implement. The switching signals, S, Sp
and S, are produced directly when the error exceeds an assigned tolerance
band. The advantages of hysteresis CC are simplicity, robustness, no track-
ing errors and good dynamics limited only by the switching speed. However,
the converter switching frequency is not constant and the operation can
be affected by the limit cycle which may complicate the protection of the
converter.
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13.9 Application of Composite
Compensation

As installation of DSTATCOMs is expensive a composite compensation
scheme involving not only reactive power compensation/voltage regulation
(at fundamental frequency) but also active filtering becomes important [12].
High power IGBT devices that can operate up to 2 kHz switching frequency
are already used in VSC based HVDC converters (rated below 300 MW).
It is anticipated that faster devices will be available at reasonable costs to
apply composite shunt compensation in distribution systems.
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Chapter 14

Dynamic Voltage Restorer and
Unified Power Quality Conditioner

14.1 Introduction

In the previous chapter, the load compensation techniques using shunt com-
pensators were considered. The major objectives are to increase the capacity
utilization of distribution feeders (by minimizing the rms values of the line
currents for a specified power demand), reduce the losses and improve power
quality at the load bus. The major assumption was to neglect the variations
in the source voltages. This essentially implies that the dynamics of the
source voltage is much slower than the load dynamics.

When the fast variations in the source voltage cannot be ignored,
these can affect the performance of critical loads such as (a) semiconductor
fabrication plants (b) paper mills (c) food processing plants and (d) automo-
tive assembly plants. The most common disturbances in the source voltages
are the voltage sags or swells that can be due to (i) disturbances arising in
the transmission system, (ii) adjacent feeder faults and (iii) fuse or breaker
operation. Voltage sags of even 10% lasting for 5-10 cycles can result in
costly damage in critical loads. The voltage sags can arise due to symmet-
rical or unsymmetrical faults. In the latter case, negative and zero sequence
components are also present.

Uncompensated nonlinear loads in the distribution system can cause
harmonic components in the supply voltages. To mitigate the problems
caused by poor quality of power supply, series connected compensators are
used. These are called as Dynamic Voltage Restorer (DVR) in the liter-
ature as their primary application is to compensate for voltage sags and
swells. Their configuration is similar to that of SSSC, discussed in chapter
7. However, the control techniques are different. Also, a DVR is expected to
respond fast (less than 1/4 cycle) and thus employs PWM converters using
IGBT or IGCT devices.

The first DVR entered commercial service on the Duke Power System
in U.S.A. in August 1996. It has a rating of 2 MVA with 660 kJ of energy
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storage and is capable of compensating 50% voltage sag for a period of 0.5
second (30 cycles). It was installed to protect a highly automated yarn
manufacturing and rug weaving facility. Since then, several DVRs have
been installed to protect microprocessor fabrication plants, paper mills etc.
Typically, DVRs are made of modular design with a module rating of 2 MVA
or 5 MVA. They have been installed in substations of voltage rating from 11
kV to 69 kV.

A DVR has to supply energy to the load during the voltage sags. If
a DVR has to supply active power over longer periods, it is convenient to
provide a shunt converter that is connected to the DVR on the DC side. As
a matter of fact one could envisage a combination of DSTATCOM and DVR
connected on the DC side to compensate for both load and supply voltage
variations. The combined compensator is termed as Unified Power Quality
Conditioner (UPQC) which has a configuration similar to UPFC discussed
in chapter 8. However, the control objectives are different.

In this chapter, both series connected DVR and UPQC are described.
Their operation and control methods are explained. The performance of a
DVR and a UPQC are illustrated with the help of case studies.

14.2 Dynamic Voltage Restoration

In this section, we discuss the application of DVR for fundamental frequency
voltage (magnitude) restoration. The configuration of a DVR is shown in
Fig. 14.1. The voltage source converter is typically one or more converters
connected in series to provide the required voltage rating. The DVR can
inject a (fundamental frequency) voltage in each phase of required magnitude
and phase. The DVR has two operating modes

1. Standby (also termed as short circuit operation (SCO) mode) where
the voltage injected has zero magnitude.

2. Boost (when the DVR injects a required voltage of appropriate mag-

nitude and phase to restore the prefault load bus voltage).

The power circuit of DVR shown in Fig. 14.1 has four components listed
below.

1. Voltage Source Converter (VSC)

This could be a 3 phase - 3 wire VSC or 3 phase - 4 wire VSC. The latter
permits the injection of zero-sequence voltages. Either a conventional two
level converter (Graetz bridge) or a three level converter is used.
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Figure 14.1: Dynamic Voltage Restorer

2. Boost or Injection Transformers

Three single phase transformers are connected in series with the distribution
feeder to couple the VSC (at the lower voltage level) to the higher distri-
bution voltage level. The three single transformers can be connected with
star/open star winding or delta/open star winding. The latter does not per-
mit the injection of the zero sequence voltage. The choice of the injection
transformer winding depends on the connections of the step down trans-
former that feeds the load. If a A —Y connected transformer (as shown in
Fig. 14.1) is used, there is no need to compensate the zero sequence volt-
ages. However if Y — Y connection with neutral grounding is used, the zero
sequence voltage may have to be compensated.

It is essential to avoid the saturation in the injection transformers.

3. Passive Filters

The passive filters can be placed either on the high voltage side or the con-
verter side of the boost transformers. The advantages of the converter side
filters are (a) the components are rated at lower voltage and (b) higher order
harmonic currents (due to the VSC) do not flow through the transformer
windings. The disadvantages are that the filter inductor causes voltage drop
and phase (angle) shift in the (fundamental component of) voltage injected.
This can affect the control scheme of DVR. The location of the filter on
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the high voltage side overcomes the drawbacks (the leakage reactance of the
transformer can be used as a filter inductor), but results in higher ratings of
the transformers as high frequency currents can flow through the windings.

4. Energy Storage

This is required to provide active power to the load during deep voltage sags.
Lead-acid batteries, flywheel or SMES can be used for energy storage.

It is also possible to provide the required power on the DC side of
the VSC by an auxiliary bridge converter that is fed from an auxiliary AC

supply [5].

Control Strategy [5]

There are three basic control strategies as follows.

1. Pre-Sag Compensation

The supply voltage is continuously tracked and the load voltage is compen-
sated to the pre-sag condition. This method results in (nearly) undisturbed
load voltage, but generally requires higher rating of the DVR.

Before a sag occur, Vg = Vi, = V,. The voltage sag results in drop in
the magnitude of the supply voltage to Vg;. The phase angle of the supply
also may shift (see Fig. 14.2). The DVR injects a voltage V1 such that
the load voltage (Vi = Vg1 + V1) remains at V, (both in magnitude and
phase). It is claimed that some loads are sensitive to phase jumps and it is
necessary to compensate for both the phase jumps and the voltage sags.

Vg =V| =V,

c1
Vs1

I

Figure 14.2: Phasor diagram showing injected voltage by DVR

2. In-phase Compensation

The voltage injected by the DVR is always in phase with the supply voltage
regardless of the load current and the pre-sag voltage (V). This control
strategy results in the minimum value of the injected voltage (magnitude).
However, the phase of the load voltage is disturbed. For loads which are
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not sensitive to the phase jumps, this control strategy results in optimum
utilization of the voltage rating of the DVR.

The power requirements for the DVR are not zero for this strategy.

3. Minimum Energy Compensation

Neglecting losses, the power requirements of the DVR are zero if the injected
voltage (Vi) is in quadrature with the load current. To raise the voltage at
the load bus, the voltage injected by the DVR is capacitive and V7, leads
Vs1 (see Fig. 14.3). Fig. 14.3 also shows the in-phase compensation for
comparison. It is to be noted that the current phasor is determined by the
load bus voltage phasor and the power factor of the load.

Vv chf Injected voltagein
C v quadrature with the
0 current

v—>Vc3/ v__ - voltageinjectedin

N S1 3 phase with Vg

Figure 14.3: Alternate DVR control strategy

Implementation of the minimum energy compensation requires the
measurement of the load current phasor in addition to the supply voltage.

When Vi is in quadrature with the load current, DVR supplies only
reactive power. However, full load voltage compensation is not possible
unless the supply voltage is above a minimum value that depends on the
load power factor.

When the magnitude of V¢ is not constrained, the minimum value
of Vg that still allows full compensation is
VIR — Y, cos b (14.1)
where ¢ is the power factor angle and V,, is the required magnitude of the
load bus voltage.
If the magnitude of the injected voltage is limited (V/2**), the mini-
mum supply voltage that allows full compensation is given by

VIR = [V — 2V, V™ sin ¢ + (VE™)?]1/?2 (14.2)
The expressions (14.1) and (14.2) follow from the phasor diagrams shown in

Fig. 14.4. Note that at the minimum source voltage, the current is in phase
with Vg for the case (a).
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Figure 14.4: Phasor diagrams determining V" with quadrature injection

If the source voltage magnitude is less than Vg“in, the DVR has to
supply non-zero energy to provide full compensation. But it is possible
to devise a strategy that results in minimum energy requirement for full
compensation [4].

Control and Protection

The control and protection of a DVR designed to compensate voltage sags
must consider the following functional requirements.

1. When the supply voltage is normal, the DVR operates in a standby
mode with zero voltage injection. However if the energy storage device
(say batteries) is to be charged, then the DVR can operate in a self-
charging control mode.

2. When a voltage sag/swell occurs, the DVR needs to inject three single
phase voltages in synchronism with the supply in a very short time.
Each phase of the injected voltage can be controlled independently in
magnitude and phase. However, zero sequence voltage can be elimi-
nated in situations where it has no effect.

The DVR draws active power from the energy source and supplies this
along with the reactive power (required) to the load.

3. If there is a fault on the downstream of the DVR, the converter is by-
passed temporarily using thyristor switches to protect the DVR against
overcurrents. The threshold is determined by the current ratings of the

DVR.

The controller is generally an open loop type as shown in Fig. 14.5.
The three phase supply voltages are measured and transformed into d-q com-
ponents through a — 8 components. The transformation to d-q components
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Figure 14.5: Open loop controller for DVR

requires a PLL with inputs from the supply voltage. The d-q components
of the supply voltage are subtracted from the reference values of the (de-
sired) load bus voltage d-q components to give the required values of the
injected voltage (d-q components). These are transformed to the required
three phase injected voltages.

The overall design of DVR must consider the following parameters:

Ratings of the load and power factor

Voltage rating of the distribution line

Maximum single phase sag (in percentage)

Maximum three phase sag (in percentage)

Duration of the voltage sag (in milliseconds)

The voltage time area (this is an indication of the energy requirements)

Recovery time for the DC link voltage to 100%

®© N ot W=

Overcurrent capability without going into bypass mode.

Typically, a DVR may be designed to protect a sensitive load against
35% of three phase voltage sag or 50% of the single phase sag. The duration
of the sag could be 200 ms. The DVR can compensate higher voltage sags
lasting for shorter durations or allow longer durations (up to 500 ms) for
smaller voltage sags. The response time could be as small as 1 ms.

14.3 Series Active Filtering

The series connected power (quality) conditioner can be designed as an active
filter to provide harmonic isolation between the source and the load. The
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harmonics in the source voltage can be compensated by series connected VSC
and the load bus voltage will contain only fundamental frequency balanced
voltages. If the load has linear characteristics, then the line currents will
be balanced (contain only positive sequence components) and sinusoidal.
The series converter can also compensate for the unbalance in the supply
without having to supply active power in steady state. Note that, here,
we are referring to steady state compensation against source harmonics and
unbalance. In the previous section, we dealt with transient compensation of
the voltage sags.

Control Strategies for Active Filtering

Fig. 14.6 shows a single phase equivalent circuit for harmonics, representing
a distribution feeder supplying a load. The load is assumed to be nonlinear
with Iy as the harmonic current. Zpj, represents the harmonic impedance of
the shunt passive filter. Vi, and Zpy, represent Thevenin (harmonic) voltage
and impedance on the supply side. V¢, is the harmonic voltage injected in
series.

+
VThC\D Ve V|| Zen (D)

Figure 14.6: Harmonic equivalent circuit for series active filtering

Reference [7] suggests three control methods for the series active
filter. These are,

1. Current detection method. Here V¢, is controlled according to the
equation
Vo = —Klgp, (14.3)

2. Voltage detection method. Here Vi, is controlled as

Ven = —Vay, (14.4)

3. Combined method when V(, is obtained as

Ven = —Klgp — Vsn (14.5)
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K is a real number that represents a proportional gain of the controller.

The equivalent circuits of the system taking into account the three
control strategies listed above, are shown in Fig. 14.7. From these circuits
we can easily obtain the expressions for the load voltage harmonic (V) and
the source current harmonic (Igy). These are given below.

sh  ZTh K VLh Isn ViR O

vThCr\D Va Zeh CD 'Ln Zeh C@ 'Lh

(a) Current detecting method (b) Voltage detecting
method

K V

Ish Lh

Zkh CQ 'Lh

(c) Combined method

Figure 14.7: Equivalent circuits for three control methods

1. Current detection method

Zrh (Zrh + K)Zpy,
Vi, = — I 14.6
L i+ Zen + K" Zpp + Zep + K2 (14.6)
1 A
Igy = Virn + I 14.7
Sh= g T KV e e T K (14.7)

2. Voltage detection method

Vin = 0 (14.8)
Isp, = Ipn (14.9)
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3. Combined method

—KZpy,
V = — 7] 14.10
Lh ZFh"’K Lh ( )
Zrh
I = — 7 14.11
Sh Zon L I ( )

It is to be noted that the subscript ‘A’ represents not only a harmonic
(of order h) but also any frequency component including low frequency com-
ponents corresponding to voltage flicker.

In method 1, both Vy;, and Ig; are minimized if K > |Zry + Zpp)|.
However, for low frequencies, it is difficult to satisfy this condition as the
filter exhibits a high capacitive impedance at fundamental or lower frequency.
Thus, while the source current is unaffected by the harmonic currents in the
load, the load bus voltage is affected by the low frequency components in
the source voltage (such as voltage flicker).

In method 2, the load voltage remains sinusoidal, but the source
current harmonics are not attenuated. Actually, the passive filter in this
case, fails to filter the load current harmonics as the source appears as a
short circuit.

The combined method eliminates the disadvantages of the first two
methods. Not only the source voltage disturbances have no effect on the
load bus voltage, the source current harmonics are eliminated if K > |Zpy|.
This is easy to arrange for harmonic frequencies of 5 fy and above, where f
is the fundamental (supply) frequency.

Remarks

1. If the source currents are balanced and sinusoidal, the series active
filter that compensates for harmonic voltages (from the source side)
does not have to supply or draw active power in steady state if losses
in the converter are neglected.

Similar comments also apply if the series active filter has to compen-
sate for the negative sequence voltages (at fundamental frequency).
However, the converter draws an oscillating power of frequency 2 fy. If
the DC capacitor is finite, this results in a voltage ripple across the
DC capacitor.

2. If the series active filter has to compensate for the zero sequence volt-
ages, the instantaneous power exchanged by the converter remains zero
(as the zero sequence current in the line is zero).
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3. Only voltage variations at the fundamental frequency caused by flicker
requires a variable power exchange by the converter which can cause
large excursions in the capacitor voltage as the frequency of the distur-
bances is variable and low. Hence, the compensation of low frequency
flicker in the source voltage requires an energy source for satisfactory
operation of the series active filter.

4. Note that, in the absence of standardized terminology, we can label the
series active filter also as a DVR or series power quality conditioner
(SPQC) that compensates not only for the harmonic voltages but also
for the unbalance and flicker in the source voltages.

14.4 A Case Study on DVR

@_/\/\/S\/_‘{W I ( QVQCQ )+ I Load
oal

C fJ E}}S %C
d T_

Figure 14.8: System diagram

A DVR is connected in series with the linear load to compensate for
the harmonics and unbalance in the source voltages and improve the power
factor on the source side (at PCC). The system diagram is shown in Fig. 14.8
which represents a 3 phase 50 Hz, 415 V distribution system. The source
inductance is 40 mH and Ry = 1.57 ohms. A Y connected balanced R-L
load is considered with R = 50 ohms, L = 200 mH. The harmonic distortion
in the source voltage is simulated by adding 20% of the 5th harmonic and
14% of the 7th harmonic. The unbalance in the source voltage is simulated
by adding 10% negative sequence and 10% of the zero sequence voltage to
the positive sequence (fundamental frequency voltage).
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Control Scheme

The major objective of the control strategy is to ensure that the load bus
voltages remain balanced and sinusoidal (positive sequence). Since the load
is assumed to be balanced and linear, the load currents will also remain
balanced (positive sequence) and sinusoidal. An additional objective is to
ensure that the source current remains in phase with the fundamental fre-
quency component of the PCC voltage. This requires that the reactive power
of the load is met by the DVR. It is also possible to arrange that DVR, sup-
plies a specified fraction of the reactive power required by the load.

Lt L

’
C C
f f
L L¢
— \
c -+
dc R g

]

[—

T UaT

@ 3
2

Figure 14.9: Configuration of DVR

The DVR configuration chosen is shown in Fig. 14.9. Here, three
single phase full bridge converters are connected to a common DC bus. The
sine PWM technique is used to control the DVR. The DC bus voltage is held
by the capacitor Cy.. Since no energy source is connected, the net real power
exchanged by the DVR is zero in steady state, if the losses are neglected.
However, to stabilize the operating point, a DC bus voltage control loop is
necessary.

The phasor diagram (see Fig. 14.10) shows the current phasor I in
phase with the voltage phasor Vp (PCC voltage). The source and the load
bus voltage phasors are also shown here. ¢ is the power factor angle of the
load. The voltage injected by the DVR (V) ensures that the current Ig is
in phase with Vp.

From the phasor diagram, the d-q components of the load bus voltage
are given by

Via = Vp+Veoy (14.12)
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Figure 14.10: Phasor diagram for the system
Vig = —Viqtang (14.13)

The Synchronous Reference Frame (SRF) approach is used to generate the
reference voltages for the DVR.

Fig. 14.11 shows the control scheme using SRF. The PCC voltage
Vpa, Vpp and Vp. are transformed into d-q components using the following

equations.
i T [ VPa |
Vpa \/5[ 1 _% _%
=4/= V- Ve (14.14)
I Vps ] 310 5 5 | _ Ve |
[ Vpa ] | coswpt  —sinwpt 11 Vea ]
Vpg | [ sinwpt coswot Vps (14.15)

where wq is the operating system frequency. In the synchronously rotating
reference frame, the positive sequence, fundamental frequency components
are transformed into DC quantities. The negative sequence components and
harmonic components (irrespective of the sequence) are transformed into
oscillating quantities of frequency (f4q) given by

fag = fabe F 1 (14.16)

where fupc is the frequency of the positive or negative sequence components
in the phase coordinates. The sign associated with the second term in the
R.H.S. of Eq. (14.16) is negative for positive sequence components and posi-
tive for negative sequence components. Note that zero sequence components
in the phase coordinates do not contribute to d-q components.
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Figure 14.11: Block diagram of the DVR controller

The synchronously rotating reference frame is synchronized with the
source current (Ig) using a PLL. Therefore, the components Vpg and Vp,
are the active and reactive components of the PCC voltage.

The DC components in Vpg and Vp, are extracted by using a low
pass filter. Thus,

Vpa Vpa
VPd | _ 14.17
] =em]| (1417)
where Vpg and ‘_/pq are the DC components. From Eq. (14.12) we derive

the reference for the active component of the load voltage (V},) as

Vig= Vpg + Veoa

(14.18)
where Vg is obtained as the output of the DC voltage controller (with a

proportional gain K),). A second order Butterworth low pass filter is used in
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the feedback path of the DC voltage controller to filter out high frequency
ripple in the DC voltage signal.

In steady state, Vp, = 0 and Vi, = —Vp4tan ¢. These two conditions
can be met by arranging
K
Vig=—1Vp (14.19)
s

K, is chosen to optimize the controller response.

From the reference values of V', and V}', we can obtain the desired
load voltages in phase coordinates from the following equations.

[ Via ] _ [ coswol  sinwot | l Via ] (14.20)

Vis —sinwgt  coswot | | Vi,
1% 1 01
2 1%
Ve | = \/; 1 B VE“; ] (14.21)
il Vgl

Finally, the reference voltages for the DVR are given by
VC*'a = Vika — Vpa
Voo = Vi — Ve
Vee = Vie—Vpe (14.22)

Digital Simulation and Results

The DVR parameters are chosen as,
Cge = 5000 pF, R4. = 6000 2, Vi =400 V
Ly=96mH, Cy =42 puF, K, =—-40, K, =7

The carrier frequency is assumed to be 5 kHz. The cut-off frequency
for both low pass filters is chosen as 30 Hz. The simulation is performed
using MATLAB/SIMULINK for the system shown in Fig. 14.8.

Fig. 14.12 shows the waveforms of vy, v¢ and ig before and after the
DVR is switched on at t = 0.2 s. It is observed that the load voltages and
consequently the source currents become balanced and sinusoidal after DVR
is switched on. Fig. 14.12 also shows the DC bus voltage (Vg.). The DC
voltage control loop stabilizes within 5 cycles and the average steady state
value of V. is 400.2 V.

The computation of the harmonic voltages in load bus voltages showed
that both 5th and 7th harmonics are reduced below 0.5% after the DVR is
switched on.
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Figure 14.12: Voltage and current waveforms

The fundamental frequency component of the PCC voltage Vp,1 and
the source current s, are shown in Fig. 14.13. It is observed that Vp,; and
15, Temain in phase after the DVR is switched on. Fig. 14.14 shows the zero
sequence component of the load bus voltage in phase a before and after the
DVR is connected.

The results from the system simulation demonstrate the effective-
ness of the DVR in providing balanced, sinusoidal voltages at the load bus,
even though the supply voltages are unbalanced and contain appreciable
harmonics. The improvement of power factor at the PCC is also achieved
by a simple control scheme that drives the source current in phase with the
fundamental frequency component of the PCC voltage.

It is to be noted that the DVR will not be able to compensate for
the harmonics in the load current produced by nonlinear loads. This would
require shunt connected DSTATCOM. When both load compensation and
harmonic isolation (from the source) are required, then Unified Power Qual-
ity Conditioner (UPQC), to be described in the next section, is the appropri-
ate device for improvement of power quality. UPQC also helps in regulating
the load bus voltage in the presence of large variations (sag or swell) in the
supply voltages. The DVR with capacitor on the DC side has the limitations
of having to inject only reactive voltage in steady state. This may not be
able to compensate fully large variations in the PCC voltage.
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Figure 14.13: Fundamental PCC voltage and source current
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Figure 14.14: Zero sequence load bus voltage
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14.5 Unified Power Quality Conditioner

It was shown in the previous chapter that a shunt connected DSTATCOM
can balance the source currents and eliminate the harmonics in them in the
presence of unbalanced nonlinear loads. By injecting reactive current of de-
sired magnitude, the power factor (or displacement factor) on the source
side can be controlled. Instead of controlling the power factor, it is possible
to control the load bus voltage magnitude (within limits determined by the
source impedance). It was shown in the previous sections that a series con-
nected DVR can balance the voltages at the load bus in addition to isolation
of the harmonics from the source side.

The provision of both DSTATCOM and DVR can control the power
quality of the source current and the load bus voltage. In addition, if the
DVR and STATCOM are connected on the DC side, the DC bus voltage can
be regulated by the shunt connected DSTATCOM while the DVR supplies
the required energy to the load in case of the transient disturbances in source
voltage. The configuration of such a device (termed as Unified Power Quality
Conditioner (UPQC)) is shown in Fig. 14.15. This is a versatile device
similar to a UPFC. However, the control objectives of a UPQC are quite
different from that of a UPFC.

Source

00, / =
S

oo

L
VSC1 VSC2
T

Figure 14.15: A Unified Power Quality Conditioner

Control Objectives of UPQC

The shunt connected converter has the following control objectives

1. To balance the source currents by injecting negative and zero sequence
components required by the load

2. The compensate for the harmonics in the load current by injecting the
required harmonic currents.
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3. To control the power factor by injecting the required reactive current
(at fundamental frequency)

4. To regulate the DC bus voltage.
The series connected converter has the following control objectives

1. To balance the voltages at the load bus by injecting negative and zero
sequence voltages to compensate for those present in the source.

2. To isolate the load bus from harmonics present in the source voltages,
by injecting the harmonic voltages

3. To regulate the magnitude of the load bus voltage by injecting the
required active and reactive components (at fundamental frequency)
depending on the power factor on the source side

4. To control the power factor at the input port of the UPQC (where the
source is connected. Note that the power factor at the output port of
the UPQC (connected to the load) is controlled by the shunt converter.

Operation of UPQC

Figure 14.16: Equivalent circuit of ideal UPFC

The operation of a UPQC can be explained from the analysis of the
idealized equivalent circuit shown in Fig. 14.16. Here, the series converter is
represented by a voltage source V¢ and the shunt converter is represented by
a current source Io. Note that all the currents and voltages are 3 dimensional
vectors with phase coordinates. Unlike in the case of a UPFC (discussed in
chapter 8), the voltages and currents may contain negative and zero sequence
components in addition to harmonics. Neglecting losses in the converters,
we get the relation

Vi, Ic)+ (Vo,Is) =0 (14.23)

where (X,Y’) denote the inner product of two vectors, defined by

T
(X,Y) = % /O XH(r)Y (r)dr. (14.24)
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Let the load current Iy, and the source voltage Vg be decomposed into two
components given by

Ip=1"+1 (14.25)
Vo = Vgl + V& (14.26)

where Iip contains only positive sequence, fundamental frequency compo-
nents. Similar comments apply to V;p . I7 and V¢ contain rest of the load
current and the source voltage including harmonics. Iip is not unique and
depends on the power factor at the load bus. However, the following relation
applies for Iip )

P = (Vp,Ip) = (Vp, I;7) (14.27)

This implies that (I}, V7) = 0. Thus, the fundamental frequency, positive
sequence component in I does not contribute to the active power in the

load.

To meet the control objectives, the desired load voltages and source
currents must contain only positive sequence, fundamental frequency com-
ponents and

Pp, = Vi T%| cos ¢y = |VgPTE| cos ps (14.28)

where V;* and Ig are the reference quantities for the load bus voltage and
the source current respectively. ¢; is the power factor angle at the load bus
while ¢ is the power factor angle at the source bus (input port of UPQC).
Note that V7 (t) and I§(t) are sinusoidal and balanced.

If the reference current (%) of the shunt converter and the reference
voltage (V) of the series converter are chosen as

=15, Vi=-Vit+ViP (14.29)
with the constraint
(VAP I =0 (14.30)
we have,
I5=1", V=V + Vv (14.31)

Note that the constraint (14.30) implies that Vclvp is the reactive voltage in
quadrature with the desired source current, 5. It is easy to derive that

(Ve Is) = 0= (16, Vi) (14.32)

The above equation shows that for the operating conditions assumed, a
UPQC can be viewed as a combination of a DVR and a STATCOM with
no active power flow through the DC link. However, if the magnitude of V}
is to be controlled, it may not be feasible to achieve this by injecting only
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reactive voltage. The situation gets complicated if Vgp is not constant, but
changes due to system disturbances or faults. To ensure the regulation of
the load bus voltage it may be necessary to inject variable active voltage (in
phase with the source current). If we express

Vo =Vi+ AV, Io =15+ Ale (14.33)
we get,
Is =T — Alo, Vi = Vg’ + VP + AVg (14.34)
Substituting Eq. (14.34) in (14.23), we get

<IS, AVC) + <VL, Afc> =0 (14.35)
In deriving the above, we assume that
(Is, V&) =0=(VL,I5) (14.36)

This implies that both AV and Alg are perturbations involving positive
sequence, fundamental frequency quantities (say, resulting from symmetric
voltage sags).

Equation (14.35) expresses the power balance on the DC side of the
shunt and series converter. The perturbation in Vi is initiated to ensure
that

V& 4+ AVe + V| = |Vi| = constant. (14.37)

Thus, the objective of the voltage regulation at the load bus may require
exchange of power between the shunt and series converters.

Remarks

1. The unbalance and harmonics in the source voltage can arise due to
uncompensated nonlinear and unbalanced loads in the upstream of the

UPQC.

2. The injection of capacitive reactive voltage by the series converter has
the advantage of raising the source voltage magnitude.

14.6 A Case Study on UPQC

The system considered is the same as in section 14.4 on DVR. However,
instead of a balanced R — L load, the load is assumed to consist of a 3 phase
half bridge diode rectifier in parallel with a Y connected unbalanced R — L
impedances. The configuration of the shunt converter is the same as that
used for the case study on the DSTATCOM in chapter 13.
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The control scheme for the shunt compensator is shown in Fig. 14.17.
The controller ensures that a fraction (K) of the reactive current (at the
fundamental frequency) required by the load is met by the source. If the
desired power factor is unity, then K, = 0.0. The shunt compensator regu-
lates the DC bus voltage in addition to compensating for the harmonics and
unbalance in the load.

Ve
+
v DC Voltage
dc — » LPF
Controller
i P
I Ld Ld
La ab-c > LPF
i >
L 's
i dq | > LPF ! > Ky I
Lc >

sin(wt)  cos(wt)

(a) Computation of reference source currents (d and q components)

X
|
Sa =3
N » |
g ———»| dq S\ e
i* A
Sb * o
) Cb
k3
R — ab-c 'sc ’ *
Sq 'Cc

i i i i
sin(wt)  cos(wt) La Lb Lc
(b) Generation of reference compensator currents

Figure 14.17: Shunt compensator control scheme
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The control scheme for the series compensator is shown in Fig. 14.18.
The controller ensures the displacement factor at the source bus by modi-
fying vpq (not shown here). In addition, the voltage magnitude at the load
bus is regulated and the unbalance, harmonics in the source voltages are
compensated.

Fig. 14.19 shows the waveforms of the currents and voltages in the
network. It is observed that the UPQC results in sinusoidal, balanced source
currents and the load voltages.

Vv —_— Vv V*
VPa > ab-c Pd LPE Pd ] Ld
X
Ll
oo ¥ .
\' v v
d-q Pq Pq b
Vo LPF IV S
>
T I \ 4 \ 4
sin(wt)  cos(wt) Vlf
\ v 2 + v 2
Pq Pd

(a) Computation of reference source voltages (d and q components)

*

v

La < v
v* d-q - > ca
Ld —» i _

Lb ~— > v

- Chb

> +
* b v|_ - *
v > ab-C ¢ v
Lq . Cc

sin(wt)  cos(wt) Yo Vpb YPe

(b) Generation of reference compensator voltages

Figure 14.18: Series compensator control scheme

At 0.6 sec, a voltage sag of 20% for a duration of 0.4 sec is simulated
by reducing the (fundamental frequency) positive sequence component of the
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Figure 14.19: Current and voltage waveforms

source voltage from 1.0 pu to 0.8 pu. The line to line voltage magnitudes
at the input and output ports of the UPQC are shown in Fig. 14.20. The
UPQC is started at 0.2 sec. The reduction in the source voltage at 0.6 sec has
no effect on the load bus voltage magnitude. The active and reactive powers
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Figure 14.20: Magnitude of PCC and load bus voltages
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Figure 14.21: Variation of active powers

supplied by the source (Ps,Qg), drawn by the load (Pr,Qr), supplied by
the series compensator (Pse, Qse) and the shunt compensator (Psp, Qsp) are
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Figure 14.22: Variation of reactive powers

shown in Fig. 14.21 and 14.22. Since Vp_ is assumed to be zero, the series
compensator and the source do not supply any reactive power (except during
a transient). It is interesting to observe that the variations in the reactive
powers during the voltage sag are small. The maintenance of the desired
voltage magnitude at the load bus requires positive power output from the
series compensator which is supplied by the shunt compensator through the
DC link. The voltage sag results in increase in the power exchange between
the series and shunt compensators. However, the load power and reactive
powers drawn are unaltered by the voltage sag.
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Appendix A

Modelling of Synchronous
Generator

In this Appendix, we consider the modelling of a synchronous machine (sta-
tor and rotor circuits) and the mechanical mass-spring system made up of the
generator rotor, turbines and the rotating excitor masses and the connecting
elastic shafts.

A.1 Synchronous Machine Model

la

ﬁ; "

g-axis

d-axis

Figure A.1: Synchronous machine

The synchronous machine considered is shown in Fig. A.1. This
shows three phase armature windings (a,b and c¢) on the stator and four
windings on the rotor including the field winding ‘f>. The amortisseur (or
damper) circuits in the salient pole machine or the eddy current effects in
the solid rotor are represented by a set of coils. Three damper coils, ‘h’ in
the d-axis and g,k in the g-axis are shown in Fig. A.l. Generally, three
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damper windings are the most detailed model of the rotor electrical circuits
that represent both transient and subtransient effects in the machine. If
subtransient effects are not important, one damper winding in the g-axis
may be adequate.

Modelling of the Stator

Three representations of the stator circuits are considered here depending
on the requirement

1. Transient simulation using three phase model
2. Transient simulation using d-q coordinates

3. Stability simulation neglecting stator transients

1. Three Phase Equivalent Circuit of the Stator

The synchronous machine equations are, in general, nonlinear and time vary-
ing. The solution of synchronous machine equations along with the station-
ary network equations requires a suitable interface technique.

el
)
| I
D
)
| I

Vb \Y

Figure A.2: Equivalent circuit of stator

If the stator of a synchronous machine can be represented by an
equivalent circuit, this will simplify considerably, the problem of interfacing
the machine and the network. Ramshaw and Padiyar [3] presented such a
model where the stator of a synchronous generator is represented by constant
(substransient) inductances [L”] in parallel with current sources I, which are
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dependent on the rotor flux linkages (see Fig. A.2). The inductances matrix
[L%] is naturally a constant matrix if Lj = L; (there is no subtransient
saliency). However, if L} # Ly, the matrix can still be made constant
by introducing a dummy coil on the rotor along the g-axis. The mutually
coupled stator inductances can be included as part of the external network

in the same manner as any other mutually coupled three phase branch.

The current source I is given by
Iy=1[I, 1 I.]' = I,C + 1,8 (A1)

where

ct o= \/g |:COS(9 cos (6’ — 2%) cos (9 + 2%)] (A.2)

2 2m 27
t A | : _TY g )
Sto= \/; {smﬁ sin (6 3 > sin (0 + 3 )] (A.3)
Iy = —(Civy + Coy) (A.4)
I = —(Cs¢g + Caty + Csebc) (A.5)
0 = wot+4 (A.6)
O — T#ThZTanTh o TdhTf — Tindes

- 2 ?
rg(zpn — T%),)
LgkTg — LgkLqg
" 2\’
l'd(l'gxk - xgk)

xly(x ey — :):?ch)
C — TqgTk — mqk:z:gk’ Cy—
Ty (TgTp — x?;k;)
1 [(x] —xy)

Cs =

x. is the self reactance of the dummy coil which can be chosen as z - 9. is
the flux linkage of the dummy coil. [L”] is defined by

Lo
3

(5] = +

—_ = =
—_ = =
—_ = =

where L is the zero sequence inductance and L/ is the d-axis subtransient
inductance.

wp is the operating speed of the rotor (corresponding to a two pole
machine). ¢ is the rotor angle measured with respect to a synchronously
rotating reference frame.



498 FACTS Controllers in Power Transmission and Distribution

Figure A.3: Equivalent circuit using d — ¢ coordinates

2. Equivalent Circuit Using d — ¢ Coordinates

If the network (connected to the stator) is represented using d—q coordinates
it is adequate to model the stator also using d — ¢ coordinates (with respect
to a rotating reference frame fixed to the rotor). The single phase equivalent
circuit of the stator is shown in Fig. A.3.

In this single phase circuit, I, is are all complex variables defined
by
) — _a j9 2 — (i, s j9
{5 (Id ].Iq)e '07 s (Zd ]lq)e s (A.8)
Vs = (vg — Jug)€’
The complex equation for the equivalent circuit in Fig. A.3 is given by

d - A A
Lg%(fs —15) — Rais = U (A.9)

Substituting Eq. (A.8) in (A.9) and separating the real and imaginary parts,
we get

d .
—% — 0g — Ryia = v (A.10)
d .
—%wwd—Raiq:vq (A.11)
where,
g = _Lg(ld - Z.d)7 wq = _Lg(Iq - iq)
6 = ﬁ =wp + d—6
T odt U

3. Equivalent Circuit in d — ¢ Coordinates,
Neglecting Stator Transients

For transient stability simulation, it is usual to neglect stator transients
and the variations in §. What this implies is that the derivative terms in
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Figure A.4: Equivalent circuit neglecting transients

Eqs. (A.10) and (A.11) are neglected and 6 is assumed to be equal to wp
(the rated speed). With these approximations, it is possible to derive an
equivalent circuit shown in Fig. A.4 where the complex voltage source E”
is defined as

E" =FEj - jE) (A.12)

where
Elj =21, (A.13)
E) = —ajI, (A.14)

If subtransient phenomenon is not considered, then only one damper winding
in the g-axis is adequate. In this case, the equivalent circuit is shown in Fig.
A.5. Here, By and E;, are defined by

X e
Ej= "YWy, —2Clpe, Eb="Yy; (A.15)
Ly Ly
1 [(zy — =,
Ci=— () (A.16)
Ty T
o Ry
————

+ i i ig
E\_-E\ f\/ d B
=)

Figure A.5: A simplified equivalent circuit (with one damper winding)
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Rotor Electrical Equations

The equations for the rotor flux linkages can be written in the state space
form as

Yr = [AR]YR + [Br)Ur (A.17)
where

VR = [0f Y g Yk e’ Ur = [ig iqg Epa]’ (A.18)

The nonzero elements of the [Agr] and [Br| matrices are given below,

R R
Ap(1,1) = _fo’;, Ap(1,2) = fofg
R R
AR(2,1) = _M7 AR(2,2):—M
2 2
wpRxp wpRyT gy
AR(373) = _7927 AR(374) = 795]2
Ty — Ty, Tglp — Ty,
Ap(a,3) = BfCoe gy vl
2 2
TgTp — Ty, TgTp — Ty,
1
AR(5.5) = —
Cc
R — R
Bp(l1) — “PRlty = tain) o g oot
TfTp — ‘Tfh Zgf
wpRp(Tfran — ppay
Br(2.1) — (zy L r)
Tpry — Tfp
wpR (xpxeg — TokT ok
BR(372) — g( a9 5 qr>g )
TgTp — Ty,
R _
BR(47 2) — (A)B k(ngqk fgkxqg>
TgTp — Ty,
BR(57 2) = xc(xg - xg)/Tc

In these expressions, x ¢, x5, x4 and xj represent the self reactances of the
windings ‘f’, ‘h’, ‘g’ and ‘k’ respectively. The reactance x;; represents the
mutual reactance between the windings ¢ and j. Without loss of generality,
we can assume Tgr = Tgp and Tgg = Tgr = Tgr. However, xy, # xgr in
general.

T, is the time constant of the dummy coil in the g-axis given by T, =
w‘B”jRC. T. can be arbitrarily chosen for the required accuracy. For stability
studies T, can be chosen not smaller than 10 ms for adequate accuracy. For
transient simulation, T, = 0.1 ms gives accurate results. (Note that 7. = 0.0
for exact results).
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A.2 Modelling of Turbine Generator
Mechanical Systems

A.2.1 General

The rotor of a Turbine Generator (T-G) unit is a complex mechanical sys-
tem made up of several rotors of different sizes, each with mechanical shaft
sections and couplings. Turbine sections contain a number of discs which
may be integral or attached to the rotor. The length of the rotor system
may extend over 50 m and weigh several hundred tons. The system also
has a number of smaller components including turbine blades, rotor coils,
retaining rings, blowers and pumps.

While an exact analysis of the rotor system may require an advanced
continuum model, for the study of torsional interactions, lumped multimass
model is adequate [4]. Here, each major rotor element (generator, various
turbine stages and rotating exciter) is considered to be a rigid mass con-
nected to adjacent elements by shafts that are modelled as massless springs.
This lumped multimass model has natural resonant frequencies below the
system (electrical) frequency. The torsional mode oscillations, induced by
a transient (such as a sudden change in the air gap torque caused by net-
work switching) are lightly damped even when torsional interaction with
the transmission network is neglected. The total damping forces are due to
(A) Steam pressure on turbine blades (B) bearing friction and windage on
shaft elements (C) hysteritic damping in the rotor steel and (D) electrical
damping due to generator, exciter and the transmission network. The first
component is dependent on the generator loading while the last component
can be negative. The hysteritic damping arises due to the energy dissipated
in the material subjected to alternating stress.

A.2.2 State Equations

The state equations for the mechanical system can be expressed either based
on (a) coupled multimass model or (b) decoupled modal model. Both ap-
proaches will be illustrated by taking an example of a four mass system made
up of High Pressure (HP), Intermediate Pressure (IP), Low Pressure (LP)
turbines and the generator rotor. (see Fig. A.6). There are four masses and
three shafts sections. The number of state variable is eight and defined by,

X =10 Sm Tra Scp Tin Sip Tur Sup)



502

FACTS Controllers in Power Transmission and Distribution

1

1

1

1

HP P Lp GEN
< HI / T / T /
— — —>
! X !
P \
Shp Sip Sip Sm
- 1Ppe e 18 o

—|D

Figure A.6: A four mass system

\_‘Dm

T;; is the torque in the shaft connecting rotor masses ¢ and j. S; is the per
unit slip of the rotor mass defined by

The state equations are given below.

2H,

dSm

dt

2Hpp

2H;p

dSrp

dSrp
dt

g wimws
wB
s
B
ar B

dTrq
dt

—(Drc + Drp + Dr1)Srp + DrgSm
+Dr.Stp + T — Trg + FrpTm

dt

dt

—(Dup+ Dur)Sup + DurSrp — Ty

+FgpTy,

=wpKra(SLp — Sm)

=wpKiL(Sip — Scp)

=wpKur(Sup — Sip)

= —(Dm+Drg)Sm +Tra + DrgScp — Te

—(Dgr+ Dip+ Di1)Sip + DurSup
+DiSep + Tuar — Trr + FrpTy,

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)
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where Dpr, Dy, and Dpg are mutual damping terms associated with shaft
sections connecting HP-IP, IP-LP and LP-GEN respectively. T;, is the net
mechanical torque produced by the prime mover. Fgyp, Frp and Frp are
the fractions of the mechanical torque (or power) produced by HP, IP and
LP turbines respectively. H; is the inertia constant of rotor mass i. It is
assumed that initial slip (Sy,,) is zero.

Egs. (A.19) to (A.26) can be expressed in the compact form as
X = [Am] X + (Bt | T + [Bma] Te (A.27)

where A,, is a matrix of order 2m x 2m where m is the number of masses,
B,,1 and B2 are column vectors of order 2m.

State Equations Using Modal Quantities

As mentioned earlier, it is possible to transform the system equations into
decoupled form using modal inertias, spring constants and damping param-
eters. These equations for the four mass system shown in Fig. A.6 are
given below. To simplify the notation, the modal quantities are denoted by
subscripts.

do
Do ops) (A.28)
dsS,
2H0d—to = —DySo + (Trn — T2) (A.29)
do
dTl = wpS) (A.30)
2H1% =-D1S1 — K161 + (TT}l — Te) (A.31)
do
d—f = wpSs (A.32)
2H2E = —D9Sy — Kodo + (Tm — Te) (A33)
do
2H3% = —D3S3 — K303 + (Tm — Te) (A35)
Sm = So+ 51+ 59+ S3 (A.36)
6 =0g + 01 + 0o + I3 (A.37)

where Hy, H1, Ho and H3 are modal inertias corresponding to modes zero,
one, two and three respectively. The frequency of mode zero is zero and
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the mode three has the highest frequency. Dy, D1, Dy and D3 are modal
dampings. T, T2 and T3 are defined by

T) = ¢ FT,,, T2 = ¢4 F Ty, TS = ¢4 FT,, (A.38)

F' = [Fyp Fip Frp 0]

q1, g2 and g3 are columns of [Q] matrix (eigenvectors of the matrix [M ~!][K]
corresponding to the torsional modes 1,2 and 3). [M] and [K] are defined
below

2Hyp O 0 0
1o 2Hip 0 0
M=o 0 2Hip 0
0 0 0 2H,,
Kuyr  —Knur 0 0
K] = —Kpr (Kpr+ Ki) —Kig 0
0 -Krr, (K +Krg) —Kia
0 0 —Kra Kia

The eigenvectors of [M]~![K] are chosen such that their last elements (cor-
responding to generator rotor angle) are all equal to unity.

It is to be noted that

Dy = Dy =Dgp+Dip+Drp+ Dy
Hy = Hr=Hgp+ Hip+Hrp+ Hy,

The modal dampings are normally obtained directly from test results
or assumed.

A.3 Relationship between Park and Kron
Transformation

It is to be noted that the three phase, transient model of the synchronous
machine described in section A.l, is derived from first principles without
utilizing Park’s transformation. However, the application of Park’s transfor-
mation that involves a rotating reference frame fixed to the machine rotor,
results in the equivalent circuit of the stator shown in Fig. A.3 or A.4 de-
pending on whether stator transients are considered or neglected. The zero
sequence component in the armature windings has no effect on the electro-
magnetic torque produced.
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Figure A.7: Phasor diagram showing relationship between D — @ and d — ¢
components

For the stationary network, it is convenient to utilize a synchronously
rotating reference frame with a constant speed. In power system literature,
the associated transformation is termed as Kron’s transformation. (In some
papers by power electronics specialists, this is also (mistakenly) labelled as
Park’s transformation). The relationship between the d-q (Park’s compo-
nents) and D-Q (Kron’s components) is given by

(fo+ifp) = (fo+ifa)e’ (A.39)

where f can be a voltage or current (dynamic) phasor. (Note that lower
case letters refer to Park’s components while the upper case letters refer
to Kron’s components). Typically, the reference phasor is considered to be
along Q-axis. The machine g-axis leads Q-axis by ¢ (rotor angle). See Fig.
A.7. Typically, the infinite bus voltage Ej is assumed to be along the Q-axis.

If there are no synchronous generators to be represented (as in a
distribution system) there is no need for Park’s components. Often, Kron’s
components are labelled using lower case d-q letters, when there is no con-
fusion.
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Appendix B

Pulse Width Modulation for
Voltage Source Converters

There is a large body of literature on Pulse Width Modulation (PWM) tech-
niques for different applications [1,2]. Here, we consider only three widely
used techniques for high power applications — Selected Harmonic Elimination
(SHE), Sinusoidal PWM (SPWM) and Space Vector Modulation (SVM). Ac-
tually, PWM methods are often categorized as open loop (feedforward) and
closed loop schemes. The first category is further subdivided into carrier-
based PWM, carrierless PWM, overmodulation and optimized feedforward
schemes. The closed loop or feedback PWM control schemes are classified
into nonoptimal methods involving hysteresis or space vector current control,
optimization in real-time involving predictive current control or trajectory
tracking control etc. [1].

B.1 Introduction

We consider PWM techniques applied to a three phase, two level VSC shown
in Fig. B.1. In the absence of modulation, the waveform of phase voltage e,
referred to (i) midpoint (V) of the DC capacitor and (ii) supply neutral are
shown in Fig. B.2. The line-to-line voltage (e,p) waveform is shown in Fig.
B.3. The VSC without modulation is termed as a square wave or six-step
converter. The peak value of the fundamental frequency component of the
phase voltage (E7) is given by

E, = % <V7d> = 1/2(0.90) (%) (B.1)

where (%

) is the level of the square wave shown in Fig. B.2. 0.90 is the
rms value of the fundamental frequency component of a square wave whose

level is 1.0.

Generally, we wish to regulate the DC capacitor voltage (Vy.) and yet
control the output AC voltage magnitude (in addition to its phase). Since
the maximum value of the phase voltage injected is limited by V. we can
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Figure B.1: A three phase, two level (Graetz bridge) VSC

only control the width of the voltage pulses generated by switching between
complementary devices (1 and 4 for phase a). Note that we can reverse
the voltage polarity by switching off device 1 and switching on 4 (or vice
versa). For simplicity, we ignore the dead time (blanking time) between the
switching of devices 1 and 4 (and similarly in other two legs).

Vdc
e 2
aN ot
Vo
2
0.67V,
’—‘ dc
ea 0.33Vyc
- 0-33\/dc ot
- 0.6V \—‘

Figure B.2: Waveform of e,y and e,
The objectives of PWM can be stated as follows.

1. To control the output AC voltage for a constant DC voltage.

2. To minimize the harmonics in the load subject to the constraints on
the switching losses, generation of noise etc.

The characteristics of the load may vary. However, typically the load
behaves as a low pass filter. Hence, if we reduce the lower order harmonics
in the output AC voltage, it is advantageous in minimizing load current
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Ve

ot

Figure B.3: Waveform of e,

harmonics. Thus shifting the frequency spectrum of the injected voltage to
the higher level is beneficial in improving the performance of the PWM-VSC.

The frequency ratio

P=7 (B.2)
where F' is the modulation frequency and f is the fundamental output fre-
quency is an important parameter. p is also called as the pulse number.
Higher the value of p, broader the spectrum of harmonics that can be elim-
inated. The switching frequency (F') is dependent on the devices used. The
maximum switching frequency for GTO thyristors is only around 100 Hz.
This is why PWM is not used in GTO based VSC employed in high power
FACTS controllers. Multi-pulse or multilevel converters which require only
one switching (on and off) in a cycle are used with GTO devices. On the
other hand, IGBT devices can be operated up to 10 kHz. However, switching
losses increase with frequency and are a limiting factor in the choice of F.

For p > 20, the modulating (carrier) wave and the reference (out-
put) voltage need not be synchronized. It is not necessary that p be an
integer. For comparing various modulation schemes, the modulation index
(m) is normalized by taking the ratio of actual fundamental component of
the modulated output voltage to that of the unmodulated output voltage,
that is,

_ Emodl
_ B.
=045V, (B.3)

where E,,,q1 is the rms value of the fundamental component of the modu-
lated output voltage.

B.2 Selective Harmonic Elimination (SHE)

By reversing the phase voltages a few times during each half cycle, it is
possible to eliminate low order harmonics selectively. However, the high
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order harmonics may increase in magnitudes, but the current harmonics are
not significantly affected due to the low pass filter characteristics of the load.

e |
aN !
0 o 0 T, T—0f T—0Op T
(a) 4 voltage reversals in a half cycle
aN

(b) 6 voltage reversals in a half cycle

Figure B.4: Waveforms of e,y with voltage reversals

Fig. B.4 shows the waveforms of the phase voltage (e,n) with four
and six reversals within one half cycle. The voltage reversals are effected at
chosen instants such that the notches (caused by the voltage reversals) are
placed symmetrically about the centre line of each half cycle. If there are
‘p’ switching (voltage reversals) in a quarter cycle, the rms value of the nth
harmonic voltage is given by

« s /2
E, = ii-é-@ —/ 1sinn@ d9+/ sin nf d@...i/ sinn@ d6
\/5 ™ 2 0 a1 ap

0.45
= +—Vg[2(cosnaj — cosnag + cosnag — - --) — 1] (B.4)
n

where oy, a9, -, ap are switching angles within each quarter cycle. There
are p degrees of freedom and are used to cancel (p—1) harmonic components
in the voltage and control the fundamental voltage. For example, if there
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are 3 switchings at «1,ae and a3, we can eliminate the fifth and seventh
harmonics in addition to controlling the fundamental voltage. We get 3
transcendental equations given by

m = 2[cosa) —cosag + cosaz] — 1 (B.5)
0 = 2[cosba; — cosbag + cosbag] — 1 (B.6)
0 = 2[cosTa; — cosTag + cosTag] — 1 (B.7)

Note that although the phase voltage contain triplen harmonics, the
line to line voltages are free from them. Hence a three phase six-step (square
wave) converter has only harmonics of the order

h=6k+t1, k=1,2,3,-- (B.8)

Example

If there are two voltage reversals in a quarter cycle, the values of «,
and ay are 16.2° and 22.0° such that the 5th and 7th voltage harmonics are
zero. The modulation index (m) is given by

m=1—2(cosa; — cosag) = 0.934 (B.9)

B.3 Sinusoidal PWM

The sinusoidal PWM technique is widely used for industrial converters. The
method is also known as suboscillation method and uses a triangular carrier
wave of frequency F' to generate a sinusoidal reference voltage of frequency
f. Actually, the modulated output voltage of the converter approximates a
staircase shape in which each step is the average value over each cycle of the
carrier wave.

The sine PWM technique can be compared to the SHE PWM dis-
cussed in the previous section. Here, the instants of voltage reversals are
determined by the intersections between a reference sinusoidal voltage of
peak value m and a triangular voltage of amplitude 1. Fig. B.5 shows the
operation of sine PWM for p = ? = 9 with m = 0.5. The modulation is
said to be in the linear range, if 0 < m < 1. The same carrier wave can be
used for all three phases with reference voltages in each phase-phase shifted
from each other by 120° (for generating balanced output voltages). The
fundamental frequency voltage e (t) is given by

e1(t) = msin(27 ft) (B.10)
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Figure B.5: Sinusoidal PWM

The harmonics are present in the output and have frequencies given by
fh=MFXNf (B.11)

where M and N are integers. The harmonics are significant only around
the frequency = MF. In general, the harmonics are determined by the
frequency spectrum of the reference wave and that due to the modulation.
With a sinusoidal reference wave, all harmonics are generated by the PWM
process.

The reference wave can be divided into p intervals with each interval
representing one cycle of the carrier wave. In each interval, the reference
wave can be sampled by representing it as a constant value which is the
mean of the reference wave within the interval. Thus, the reference wave is
represented by a staircase waveform shown in Fig. B.6.

Two sampled waveforms with identical mean values have approxi-
mately the same fundamental component and low order harmonics. Thus,
the waveforms shown in Fig. B.7(a) and (b) (which represent one stair and
a notched waveform generated by the triangular wave shown in (c)) have
the same mean value (L). This shows that sine PWM results in the out-
put voltage equivalent to a voltage having a staircase waveform. As the
pulse number p is increased, the staircase waveform approximates closely
the reference sine wave.

Note that the reference wave is not necessarily sinusoidal in general.
For active filtering applications, the reference wave includes low order har-
monics. However, the method of obtaining instants of voltage reversal by
comparing the reference wave with triangular wave is unaltered. In this case,
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Figure B.6: Staircase waveform (after sampling)
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Figure B.7: Equivalence of a stair and a notched waveform (a) A stair(step)
(b) Notched waveform (c¢) Triangular waveform
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f represents the fundamental frequency of the reference wave.

Quasine Modulation [3]

The maximum value of the fundamental voltage (E7) with sine PWM is
0.5 Vge (for m = 1). The maximum value of the fundamental voltage for
square wave (six-step) converter is %Vdc. Thus, the maximum value of the
normalized modulation index (m) for sine PWM is given by

Mimax = % = 0.785 (B.12)

The value of m can be increased by adding triplen harmonics to the refer-
ence wave without affecting the output line to line voltages. This technique
follows from the fact that in three phase converters, line to line voltages have
no zero sequence components. In symmetrical three phase converters, the
triplen harmonics present in the phase voltages are of zero sequence.

0.9 B

0.6 J
f(6)
0.5 : : J

041 B

0.3 q

0 I I I I I I I I
0 20 40 60 80 100 120 140 160 180

Figure B.8: Quasine waveform

The basic concept in the addition of triplen harmonics is to make
the reference wave flat topped and come closer to a rectangular (or square)
wave which has maximum value of the fundamental component. The maxi-
mum fundamental voltage is obtained if the reference wave has the quasine
waveform shown in Fig. B.8. (over half cycle). It is defined by,

F(6) = 2sin(6+30°)—1, 0<6<60°



B. Pulse Width Modulation for Voltage Source Converters 515

1, 60<6<120°
= 2sin(f—30°)—1, 120° <6 < 180°

The quasine waveform can be expressed in Fourier series as,

f(0) = by sinf + bz sin360 + bgsinf + . ..

where 5 ) )
bi=—7=, b3=_—, byg=_——
1 \/37 3 27‘(" 9 607
In general,
4 3
ey 3 o § LU LGB

where k is an integer.
It can be shown that
f(0) — f(6 —120°) = 2sin(0 + 30°) (B.13)

This indicates that the line to line reference voltages are sinusoidal and
unaltered by the injection of triplen harmonics to the phase reference wave.

The maximum (normalized) modulation index is given by

7T
Mmax = —= = 0.907 B.14
>3 (B.14)

Remark

It is not necessary to use a quasine waveform to maximize the fundamental
component of the output voltage. Another waveform with injected third
harmonic which is one sixth of the fundamental also gives same results.
This waveform is defined by

f(0) = by sinf + %1 sin 36 (B.15)

where by is same as before, equal to \% = 1.155.

B.4 Space Vector Modulation (SVM)

Consider one leg of the converter shown in Fig. B.9(a). Although there
are two switches connected in series across the terminals ‘p’ and ‘n’, their
operation is complementary. Neglecting dead time, when one of the switches
is on, the other is off. Hence it is possible to get an equivalent circuit (see Fig.
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(a) A converter leg (b) Equivalent circuit

Figure B.9: Converter leg and its equivalent circuit

B.9(b)) in which there is only one switch connecting phase ‘a’ to terminal
‘p’ or ‘n’. Thus, there are a total of 3 switches for a Graetz bridge (voltage
source) converter with 23 possible switching states. Table B.1 shows the
phase voltages referred to the terminal ‘n’ for each switching state. For
each leg, we denote the switching state as 1 if the phase is connected to the
terminal ‘p’ and 0 if the phase is connected to the terminal ‘n’.

Note that V,, = Von + Vgc. Similarly, Vi, = Vin + Vgc and V,, =
Von + e

Neglecting zero sequence component, three phase voltages can be
represented by the complex space vector defined by

V= \/g [Va(t) + Vo(D)e T + Ve()el 7 | (B.16)
Since

Vo = 2 [ - 310 - o)

Vo= 2 [“fvz(t) " “fvc(w]
we get

V=V,—jVs (B.17)
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Table B.1:

S. No. Sa Sb Sc Van V;m V;:n
1 1 0] 0 | Vg 0 0
2 1 110 | Vge | Vge | O
3 0 110 0 Vie | O
4 0 1 1 0 Vie | Ve
5 0|0 1 0 0 | Vg
6 1101 | Vge| 0| Vg
7 T 1| 1| Vae | Vae | Vae
8 0| 010 0 0 0

We can also express V as

V = (Vg — jV,)e*t = |V]ed@t=9) (B.18)

where V; and V; are components with reference to a synchronously rotating
reference frame. For positive sequence, sinusoidal phase voltages, V; and
Vy are constants. In this case, the space vector has a constant magnitude
(V) and a phase angle which is linearly increasing with time. Note that

V=,/VZ+V2and ¢ = tan! {Z.

Note that a voltage space vector is defined for any set of voltages
not necessarily sinusoidal. For the phase voltages given in Table B.1, the
space vector has only eight discrete values, each corresponding to a particular
switching state. These are defined below.

Vi = R/0, Via=R/60°, V3= R/120°
Vi = R/180°, Vs = R/240°, Vi= R/300°,
Vi = V=0

where R = \/ngc. The first six vectors form a hexagon as shown in Fig.
B.10(a). The vectors V7 and V3 correspond to the origin in the complex
plane. It is interesting to note that 177 is zero although the phase voltages
are not zero. However, the phase voltages contain only zero sequence compo-
nents and these do not contribute to the space vector. There are six sectors
in the hexagon, each bounded by the two adjacent space vectors.

The objective in space vector modulation is to generate the desired
space vector (that may lie within any of the six sectors) by switching be-
tween the two adjacent vectors (that define a sector) and the zero vector
represented by V7 or Vg or both. For a specified switching cycle, there is an
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(a) Converter output voltage space vectors
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Figure B.10: Voltage space vectors

average value of V.. ¢ that is approximated by switching the three vectors for
the predetermined times within the cycle.

For the reference space vector Vie ¢ lying in sector I, we can determine
the switching times from the following equation

_ 1 Te . 1 T, Ti+T> Tec .
Vief = i/o Vrefdt = f; /0 Vidt —i—/ Vodt + Vodi

T1 T1+T2
(B.19)
where T, is the period of the switching cycle, T} and T3 are the switching
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times of the vectors Vi and Vs respectively.
Since V; and Vj are constants and Vi = 0, we get,
‘71T1 + %TQ = ‘A/;ﬂech (B20)

Using rectangular coordinates, we can express the above equation as

2 1 \/5 cos 60°
T \/;Vdc l 0 + Tr: §Vdc l sin 60° ]

2 cosf
T, - \/;Vdc 7 [ <in 0 1 (B.21)

where ¢ is defined in Fig. B.10(b) which also shows how T} and T3 are
related to V,.r. 7 is defined from

Vel

r= (B.22)
\/%Vdc
T} and Ty are computed from Eq. (B.21). These are obtained as
sin(60° — 6)

T, = g it S A B.2

1 T TN 60 (B-23)
sin 0

Ty = T - B.24
2 "rte sin 60° ( )

The time (77) in a switching cycle corresponding to the vector Vi is given
by
Ty =T, — T — Ty (B.25)

Similar calculations apply to sectors II to VI also. Note that vector Vi can be
used in place of V5. The choice is based on the requirement to minimize the
average number of switchings per cycle. Fig. B.11 shows the voltages V,u,
Vpn and Vy normalized by dividing by Vg./2. This also shows the optimum
pulse pattern of space vector modulation over two switching cycles. Ty is the
switching time of vector Vi or Vs. Although the figure refers to the sector I,
it can also apply to other sectors if 77 and 75 are replaced by appropriate
variables (say T» and T3 in sector II).

For sector I, we get the average values of V,n,V,ny and Voy (in a
switching cycle) as

_ 2 Vie .
Viy = _.T.Td-sm(9+60°) (B.26)

V3
_ Vie .
Vin = 2r- 7‘1 -sin(0 — 30°)
Ven = —Van (B.27)
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Figure B.11: Optimum pulse pattern of SVM

The maximum value of r is obtained when 6 = 30° and when |V,..¢| is given
by

o /2 Ve
max |Vyer| = cos 30° - \/;Vdc = % (B.28)

This is the maximum (rms) value of the line to line (sinusoidal) voltage

injected by the converter. Note that the maximum magnitude of Vie 7 is also
the radius of the circle inscribed in the hexagon shown in Fig. B.10. Since

the square wave converter generates a space vector of magnitude @Vdc, we
obtain the maximum value of the normalized modulation index as

_ T T
Mmax = =
TUV6-V2 2.3

This is also the same as that produced by quasine modulation or the injection
of triplens in the reference wave.

= 0.907 (B.29)

Constraints on Ideal Switching

The analysis has neglected the dead time (7y) that is introduced between
the switching off one device and switching on the complementary device in
the same leg. This is required to prevent both devices in a leg conducting
simultaneously and thereby short circuiting the DC bus (This condition is
called as shoot-through). The dead time provides a safety zone which allows
for device dependent effects such as charge storage.
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The minimum pulse width has to be greater than 7T; to prevent shoot
through. This constraint (termed as lock-out) puts a limit on the maximum
voltage that can be achieved. The dead time requirements increase as the
device switching speeds decrease (as power levels of switches increase). The
increase in the output voltage can be achieved only by elimination of the
pulses having widths below the permissible level. This process is termed
as dropout. The pulse dropout effect needs to be considered especially for
multilevel converters using PWM.

The effect of the dead time is also to add an effective resistance in se-
ries with the reference voltage. It is possible to compensate for the dead time
effect by the current or voltage feedback methods. In the latter method, the
detected output phase voltage is compared with the voltage reference signal
and the error signal alters the reference modulating wave to compensate the
error.
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Appendix C

Per Unit System for STATCOM

It is convenient to express the parameters of a STATCOM in per unit (ex-
pressed on a base of STATCOM ratings) as they tend to lie in a narrow range
even if the ratings vary widely. The MVA or MVAR rating of a STATCOM
is expressed as +Sp and the voltage rating (line to line) of the high voltage
winding of the step-down or coupling transformer is expressed as Vg in kV.
We select Sp as the base MVA and Vp as base voltage. The base current
(Ip) and base impedance (Zpg) are defined by

Sp VB
Ip=— /g = —
B VB ; B IB

(C.1)
Note that I = /31, where I,, is the nominal rating of the line current.
However, the expression for Zp gives the same result if we use line to neutral
voltage and line current. The advantages of the choice given in (C.1) are
explained in [1].

The base values of inductance (L) and capacitance (Cp) are selected

o 7 1
B
Lp==2, Cp=
B wB B (ZBL«JB)

(C.2)

where wp is the base frequency (nominal frequency) in radians/sec.

To select the base values on the DC side, we redraw the equivalent
circuit of a STATCOM shown in Fig. 6.10(a). This is shown in Fig. C.1.
which shows two ideal transformers. The first transformer represents the
coupling transformer while the second is a fictitious transformer with fixed
or variable turns ratio depending on whether k is fixed or variable. Alter-
nately, we can consider a fixed turns ratio (ky;;) and the secondary voltage
as variable (mVy.) where m is the modulation index (normalized) where
0 < m < 1. The phase angle of the secondary voltage is also a variable.

If we select Vy.p as
Ny Vp <N2 6) T

Vap=— —=|-— -] —=V; C.3
BTNk N, p) V6 © (C.3)
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Figure C.1: Equivalent circuit of a STATCOM showing AC quantities

we can simplify the equivalent circuit to that shown in Fig. C.2. with
parameters expressed in per unit. Note that we can express Eq. (C.3) also
as

T

V6

where (nVp) is the nominal AC voltage across a 3 phase Graetz bridge.

(n = % . g). Thus, Eq. (C.4) is independent of the pulse number.

Vacs = (nVp) (C.4)

R L
WWA——T66

| +
vie @ Vg [0+

O

Figure C.2: Equivalent circuit in per unit quantities

The DC capacitor (C') can be referred to the AC side from the trans-
formation,

C
k2
where C. is the equivalent capacitor on the AC side.

C. = (C.5)

An Example

The first prototype STATCOM installation in USA is at 161 kV Sullivan

substation of the Tennessee Valley Authority (TVA). It has the following
data.

Nominal DC voltage : 6.6 kV.
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Energy stored in the DC capacitor: 65 kJ.

The nominal converter output voltage is

Vo= YOy 078 %66 =515 kv (C.6)
s

The value of the DC capacitor (C) is

65 x 2 x 103

The equivalent capacitance (C.) is given by

C
L = = 4931pF .
Ce = gy = 4931 (C.8)

This value corresponds to a voltage of 5.15 kV.

At 161 kV, the equivalent capacitor is

C
Cl = ———(5.15)% ~ 5.0uF C.9
The rating of the STATCOM is £100 MVA. The base impedance (Zp) =
2
g—g = (11%10)2 = 259.2 ohms. The capacitor susceptance (in per unit) is given
by

be = wpClZp = 377 x 5 x 1079 x 259.2 =~ 0.49p.u.

This shows the DC capacitor rating is about 50% of the STATCOM
rating. However, it is to be noted that the current in the ideal DC capacitor
is zero in steady state (except for a small ripple).

Reference

1. K.R. Padiyar, Power System Dynamics - Stability and Con-
trol,(Second Edition), BS Publications, Hyderabad, 2002.
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Appendix D

Abbreviations
AC Alternating Current
AVR Automatic Voltage Regulator
AF Active Filter
CA Constant Angle (control)
CC Constant Current (control)
CSC Convertible Static Compensator
CPD Custom Power Device
CSI Current Source Inverter
DSTATCOM Distribution STATCOM
DC Direct Current
DVR Dynamic Voltage Restorer
FACTS Flexible AC Transmission System
FCL Fault Current Limiter
GPU Gate Pulse Unit
GTO Gate Turn-Off (Thyristor)
GUPFC Generalized UPFC
HP High Pressure (Turbine)
HVDC High Voltage Direct Current
Hz Hertz
IGBT Insulated Gate Bipolar Transistor
IGE Induction Generator Effect
IGCT Integrated Gate Commutated Thyristor
IPFC Interline Power Flow Controller
IP Intermediate Pressure (turbine)
IPC Interphase Power Controller
KCL Kirchhoff’s Current Law
KVL Kirchhoff’s Voltage Law
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LPF
LP
LCC
MCT
MOV
PLL
POD
PSDC
PSS
PST
PWM
PQ
rad
rms

S

SC
SCR
SMC
SPST
SR
SSDC
SSO
SSR
SSSC
STATCOM
STATCON
SvVC
SVR
TCBR
TCPAR
TCR
TCPST
TCSC
TCVL
TSC
TSR
TSSC
T-G
TI
UPFC
UPQC
VSC
VSI

Low Pass Filter

Low Pressure (turbine)

Line Commutated Converter
Metal-oxide semiconductor Controlled Thyristor
Metal Oxide Varistor

Phase-Locked Loop

Power Oscillation Damping

Power Swing Damping Controller
Power System Stabilizer

Phase Shifting Transformer

Pulse Width Modulation

Power Quality

radian

root mean square

second

Synchronous Condenser

Short Circuit Ratio

Supplementary Modulation Controller
Static PST

Susceptance Regulator
Subsynchronous Damping Controller
Subsynchronous Oscillation
Subsynchronous Resonance

Static Synchronous Series Compensator
Static (Synchronous) Compensator
Static Condenser
Static Var Compensator
Synchronous Voltage Reversal
Thyristor Controlled Braking Resistor
Thyristor Controlled Phase Angle Regulator
Thyristor Controlled Reactor
Thyristor Controlled PST

Thyristor Controlled Series Capacitor
Thyristor Controlled Voltage Limiter
Thyristor Switched Capacitor
Thyristor Switched Reactor

Thyristor Switched Series Capacitor
Turbine Generator

Torsional Interaction

Unified Power Flow Controller
Unified Power Quality Conditioner
Voltage Source Converter

Voltage Source Inverter
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Active Filters (AF), 397
Applications, see FACTS Controller

Capacitive reactive current, 413

Chain cell converter, 204-209

Constant Angle (CA) control, 120,
309

Constant Current (CC) control, 120,
309

Control of power flow in AC lines,
4

Convertible Static Compensator (CSC),
265

Custom Power Device (CPD), 17,
394

Damping torque, 132, 168
Definitions of Reactive Power, 403
Discrete control for stability im-
provement, 349
Distribution STATCOM, see DSTAT-
COM
DSTATCOM
Compensation using, 437
Case study, 448
Application, 460
DVR
Case study, 477
Control strategy for voltage sags,
470
Series active filtering, 473
Dynamic Voltage Restorer, see DVR

Eigenvalue analysis, 130
Energy Function, 352

FACTS Controller

Applications, 14-17
Combined series-series
IPFC, 263
Combined shunt-series
SPST, 157
UPFC, 243
Equivalent circuit, 13
Series connected
DVR, 467
GCSC, 125
SSSC, 217
TCSC, 110
Shunt connected
DSTATCOM, 433
STATCOM, 173
SVC, 51
Variable impedance type, 8
VSC based, 10
Fault Current Limiter (FCL), 293

Gain supervisor, 72

GCSC, 125,147

General theory for reactive com-
pensation, 423

Generalized UPFC (GUFC), 244

Graetz bridge, 177, 516

GTO Controlled Series Capacitor,
see GCSC

Harmonics
Filters, 85
Interactions, 84
Performance indices, 86
Resonance, 209
Total Harmonic Distortion (THD),
87
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Impulsive transients, 16, 385
Inductive reactive current, 413
Instantaneous Reactive Power (IRP)
theory, 420
Interharmonics, 17, 388

Interline Power Flow Controller (IPFC),

263
Interphase Power Controller (IPC)
Applications, 285
Initial concept, 274
IPC as FCL, 284
Power characteristics, 278
Retrofitting of PST, 282
Interruption, 386

Kinetic energy, 351, 358

Load compensation
Four wire systems, 443
Using DSTATCOM, 437
Using SVC, 435

Metal Oxide Varistor, 95, 119
Modal inertia, 323

Network analogy, 328
NGH SSR damping, 286
Notch filter, 68, 82

Oscillatory transients, 16, 385
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Multi-pulse, 188
Three level, diode clamped, 201
Two level, six pulse, 11, 177,
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Type 1 converter, 186
Type 2 converter, 186
Voltage swells, 17, 387
Voltage unbalance, 17, 387

Waiting mode, 111
Waveform distortion, 387



	Preface

	Contents

	Chapter 1: Introduction

	1.1 General
	1.2 Basics of Power Transmission Networks

	1.3 Control of Power Flow in AC Transmission Line

	1.4 Flexible AC Transmission System Controllers

	1.5 Application of FACTS Controllers in Distribution Systems


	Chapter 2: AC Transmission Line and Reactive Power Compensation

	2.1 Analysis of Uncompensated AC Line
	2.2 Passive Reactive Power Compensation
	2.3 Compensation by a Series Capacitor Connected at the Midpoint of the Line

	2.4 Shunt Compensation Connected at the Midpoint of the Line

	2.5 Comparison between Series and Shunt Capacitor
	2.6 Compensation by STATCOM and SSSC
	2.7 Some Representative Examples

	Chapter 3: Static Var Compensator

	3.1 Analysis of SVC
	3.2 Configuration of SVC

	3.3 SVC Controller
	3.4 Voltage Regulator Design-Some Issues

	3.5 Harmonics and Filtering
	3.6 Protection Aspects
	3.7 Modelling of SVC
	3.8 Applications of SVC

	Chapter 4: Thyristor and GTO Controlled Series Capacitor

	4.1 Introduction
	4.2 Basic Concepts of Controlled Series Compensation
	4.3 Operation of TCSC
	4.4 Analysis of TCSC
	4.5 Control of TCSC
	4.6 Modelling of TCSC for Stability Studies

	4.7 GTO Thyristor Controlled Series Capacitor (GCSC)

	4.8 Mitigation of Subsynchronous Resonance with TCSC and GCSC

	4.9 Applications of TCSC

	Chapter 5: Static Phase Shifting Transformer

	5.1 General
	5.2 Basic Principle of a PST
	5.3 Configurations of SPST

	5.4 Improvement of Transient Stability Using SPST
	5.5 Damping of Low Frequency Power Oscillations
	5.6 Applications of SPST

	Chapter 6: Static Synchronous Compensator (STATCOM)

	6.1 Introduction
	6.2 Principle of Operation of STATCOM
	6.3 A Simplified Analysis of a Three Phase Six Pulse STATCOM

	6.4 Analysis of a Six Pulse VSC Using Switching Functions
	6.5 Multi-pulse Converters
	6.6 Control of Type 2 Converters
	6.7 Control of Type 1 Converter
	6.8 Multilevel Voltage Source Converters
	6.9 Harmonic Transfer and Resonance in VSC
	6.10 Applications of STATCOM

	Chapter 7: Static Synchronous Series Compensator

	7.1 Introduction
	7.2 Operation of SSSC and the Control of Power Flow
	7.3 Modelling and Control of SSSC
	7.4 SSSC with an Energy Source
	7.5 Analysis of SSR with a SSSC
	7.6 Applications of SSSC

	Chapter 8: Unified Power Flow Controller and other Multi-Converter Devices

	8.1 Introduction
	8.2 Operation of a UPFC
	8.3 Control of UPFC
	8.4 Protection of UPFC
	8.5 Interline Power Flow Controller
	8.6 Convertible Static Compensator
	8.7 Modelling of UPFC, IPFC and other Multi-Converter FACTS

	8.8 SSR Characteristics of UPFC
	8.9 Applications of UPFC

	Chapter 9: Interphase Power Controller and other FACTS Devices

	9.1 Interphase Power Controller (IPC)
	9.2 NGH SSR Damping Scheme
	9.3 Thyristor Controlled Braking Resistor (TCBR)

	9.4 Fault Current Limiter (FCL)
	9.5 Thyristor Controlled Voltage Limiter (TCVL)

	Chapter 10: Power Oscillation Damping
 
	10.1 Introduction
	10.2 Basic Issues in the Damping of Low Frequency Oscillations in Large Power Systems
	10.3 System Modelling for Small Signal Stability
	10.4 Design of Damping Controllers
	10.5 Modal Transformation of Swing Equations
	10.6 Damping of Power Oscillations Using Series FACTS Controllers
	10.7 Damping of Power Oscillations Using Shunt FACTS Controllers

	10.8 A Case Study of Damping Controllers in UPFC

	Chapter 11: Improvement of Transient Stability

	11.1 Introduction
	11.2 Transient Stability of a Two Machine System
	11.3 Extension to Multimachine Power Systems
	11.4 Potential Energy Function for SVC, SSSC and UPFC
	11.5 A New Control Algorithm for Improving Transient Stability and Damping of Oscillations
	11.6 Case Studies of Discrete Control for Stability Improvement

	Chapter 12: Power Quality and Introduction to Custom Power Devices

	12.1 General
	12.2 Electromagnetic Phenomena and Power Quality
	12.3 Custom Power Devices
	12.4 Definitions of Reactive Power

	12.5 Reactive Power Compensation in Single Phase Circuits
	12.6 Reactive Power Compensation in Three Phase Circuits

	Chapter 13: Load Compensation and Distribution STATCOM
	13.1 Introduction
	13.2 Three Phase Three Wire Systems
	13.3 Three Phase Four Wire Systems
	13.4 A Case Study
	13.5 Synchronous Reference Frame Based Extraction of Reference Currents
	13.6 Instantaneous Active and Reactive Current Based Extraction of Reference Currents
	13.7 Application of DSTATCOM for Reactive Power Compensation and Voltage Regulation
	13.8 Current Control Techniques for PWM Converters
	13.9 Application of Composite Compensation


	Chapter 14: Dynamic Voltage Restorer and Unified Power Quality Conditioner

	14.1 Introduction
	14.2 Dynamic Voltage Restoration
	14.3 Series Active Filtering
	14.4 A Case Study on DVR
	14.5 Unified Power Quality Conditioner

	14.6 A Case Study on UPQC

	Appendix A: Modelling of Synchronous Generator

	A.1 Synchronous Machine Model
	A.2 Modelling of Turbine Generator Mechanical Systems
	A.3 Relationship between Park and Kron Transformation

	Appendix B: Pulse Width Modulation for Voltage Source Converters
	B.1 Introduction
	B.2 Selective Harmonic Elimination (SHE)
	B.3 Sinusoidal PWM
	B.4 Space Vector Modulation (SVM)

	Appendix C: Per Unit System for STATCOM
	Appendix D: Abbreviations
	Index



