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Preface to the First Edition

In the wide and longitudinal transmission circuits, long transmission lines are com-
mon features for transporting electrical power from generating stations to the load
centers and there 220 and 400 kV lines are most common. Stability of these transmis-
sion systems is thus a major concern and it has been observed that there were black-
outs because of small signal oscillations in the power systems. The utility companies
encounter the problem of voltage stability and small signal stability, particularly dur-
ing heavy loading periods. If this problem is not resolved properly, it may cause
instability. Damping of these oscillations can be enhanced by eliminating the non-
linear loads in the distribution system. Installation of HVDC line between two
regional EHV grids in addition to EHV AC link can eliminate the problem of
low-frequency oscillations provided the line power flows in AC and DC links are
carefully monitored during heavy loading periods. This book is aimed at exploring
the issue of this small signal stability problem in Single Machine Infinite Bus (SMIB)
power systems and in multimachine power systems and its mitigation applying
power system controllers.

Traditional and efficient ways to mitigate these problems are to derive additional
signals for the generator excitation systems and compensate the fluctuations of
power flow through the transmission networks. Power System Stabilizer (PSS)
and Flexible Alternating Current Transmission System (FACTS) devices have
remarkable capability to perform these tasks. The objective of this book is to present
a detailed study, simulation and analysis of the small signal stability problem, and its
mitigation applying PSS and FACTS (SVC, STATCOM, and TCSC) controllers.
The simulation results have been presented employing eigenvalue and time domain
analysis in MATLAB.

The book started with fundamental discussions on small signal stability problems
and their common features. Basic models of the synchronous machine are over-
viewed. The small signal models of different power system components relevant
to the text and their installation in power system are described. The modeling of
FACTS controllers, and their installation in an SMIB power system and in multima-
chine systems, is the major thrust area of this book. The effectiveness and perfor-
mance of the FACTS controllers (SVC, TCSC, and STATCOM) are investigated
and compared; in particular superiority of these FACTS controllers over traditional
PSS has been shown in face of commonly occurring power system disturbances. The
methods of designing optimal FACTS controllers and finding their best location in a
multimachine power system are also important aspects of this book.

This book does not claim to be a detailed study of general electric power system,
power system dynamics, synchronous machine, and all types of problems related to
the small signal oscillations.
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Preface to the First Edition

The salient features of this book are:

(i) Easy understanding of power system small signal stability problem and its dif-
ferent ways of mitigation. (ii) Detailed derivation of multimachine two-axis model
for evaluation of system matrix and eigenvalue. (iii) Model of supplementary damp-
ing controllers for PSS and advanced FACTS devices. (iv) Multimachine model with
PSS in order to mitigate small signal stability problem. (v) A new and simple method
of finding optimal location of PSS in a multimachine power system. (vi) Multima-
chine small signal model with FACTS controllers (SVC, TCSC, and VSC-based
FACTS device (STATCOM)). (vii) Knowledge of design and application of optimal
FACTS controllers applying soft computation techniques (Genetic Algorithm, Par-
ticle Swarm Optimization) and H ., optimization method. (viii) Chapterwise illustra-
tions/solved problems and exercises.

The book has been written utilizing the long experience of the authors in teaching
Control System and Electrical Engineering. The contents of this book will be useful
for all levels of students (UG, PG) and professors of Electrical Engineering for the
study and analysis of power system small signal stability problem and its control in
particular will be a ready reference for post graduate and doctoral students in Elec-
trical and allied branches of Engineering. This book will also be a good resource for
the practicing engineers, research scholars, or fellows of power system.

Debasish Mondal
Abhijit Chakrabarti
Aparajita Sengupta



Preface to the Second Edition

Since the publication of the first edition of this book authors have received many
emails and letters regarding the effective use of the contents of this book from the
post graduate students, researchers, and research scholars, who are working in
the area of power system stability. Numerous requests have been received from
the readers for the full text of this book and the simulation programming for different
case studies presented in illustrations. With the aid of all these information authors
have decided to revise this book. The most specific changes in this second edition are
the following:

e The simulation program for different case study and illustrations in different
chapters

e The method of design of H., FACTS controller based on heuristic optimization
in Chapter 8

e The addition of new Chapter 9, which is on the impact of the distributed energy
resources

e The addition of new Appendix C, which contains main simulation program for
multimachine case study

Since many of the readers of this book are the under graduate and post graduate
students of Electrical Engineering and its allied fields, authors have included simu-
lation programs in different chapters with the existing mathematical derivations and
example case study. Therefore, students and beginners of this field can follow and
validate results for different case studies. This book will aid in boosting their con-
fidence by solving the exercises given in the book.

The popularity of the application of heuristic optimization methods and the
design of robust controller is growing day by day in different fields and thus authors
included this part additionally in a new section in Chapter 8 and its reference research
article is also included.

It is purely down to the fact that the growing research and impact of renewable
energy resources become relevant for the audience doing research and working in the
area of power system stability. In view of this, the authors have considered the inclu-
sion of a new Chapter 9, which describes briefly different distribution energy
resources (DERs) and the method of study of its impact on power system stability.

The most salient feature of this new edition is the introduction of Appendix C,
where MATLAB-based simulation program is provided for the multimachine case
study which is the most sought-after area for research scholars and PG students.
Based on this there is a good chance for the students, audience, and practice engi-
neers to develop and design their own simulation programs for new study cases
and test systems.

Xix



XX Preface to the Second Edition

Besides that, some essential references in few chapters have been updated. The
authors have checked minutely the spelling and grammatical errors and also cor-
rected typo errors in equations and equation numbers in the text.

Debasish Mondal
Abhijit Chakrabarti
Aparajita Sengupta



CHAPTER

Concepts of Small-Signal
Stability

INTRODUCTION

Small-signal (or small disturbance) stability is the ability of the power system to
maintain synchronism under small disturbances such as small variations in loads
and generations. Physically power system stability can be broadly classified into
two main categories — angle stability or rotor angle stability and voltage stability [1].

Angle stability or rotor angle stability can be defined as “the ability of intercon-
nected synchronous machines of a power system to remain in synchronism.” This
stability problem involves the study of electromechanical oscillations inherent in
power systems. A fundamental issue here is the manner in which the power output
of synchronous machines varies as their rotors oscillate.

Voltage stability can be broadly defined as “the ability of a system to maintain
steady acceptable voltages at all buses following a system contingency or distur-
bance.” A system enters into a state of voltage instability when a disturbance,
increase in load demand, or change in system condition causes a progressive and
uncontrollable drop in voltage. The main factor causing instability is the inability
of the power system to meet the demand for active and reactive power flow through
the transmission network. A power system, at a given operating state, is small dis-
turbance voltage stable if, following any small disturbance, voltages near the loads
do not change or remain close to the predisturbance values. The concept of small
disturbance voltage stability is related to the steady-state stability and can be ana-
lyzed using the small-signal (linearized) model of the system.

The category of angle stability can be considered in terms of two main
subcategories:

1. Steady-state/dynamic: This form of instability results from the inability to
maintain synchronism and/or dampen out system transients and oscillations
caused by small system changes, such as continual changes in load and/or
generation.

2. Transient: This form of instability results from the inability to maintain
synchronism after large disturbances such as system faults and/or equipment
outages.

The aim of transient stability studies being to determine if the machines in a sys-
tem will return to a steady synchronized state following a large disturbance.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00001-9
Copyright © 2020 Elsevier Inc. All rights reserved.
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CHAPTER 1 Concepts of Small-Signal Stability

The literature of this book will focus in particular on the steady-state/dynamic
stability subcategory and on the techniques that can be used to analyze and control
the dynamic stability of a power system following a small disturbance.

SWING EQUATION

This equation bears the dynamics of oscillations of rotor of a synchronous generator.
Consider a generating unit consisting of a three-phase synchronous generator and
prime mover, as shown in Figure 1.1.

The motion of the synchronous generator’s rotor is determined by Newton’s sec-
ond law, which is given as [2]

Jom (1) =Tin () — Te(t) =Ta(2) (L.1)

where J is the total moment of inertia of the rotating masses (prime mover and gen-
erator) (kg mz), oy, 18 the rotor angular acceleration (rad/sz), T, is the mechanical tor-
que supplied by the prime mover minus the retarding torque due to mechanical losses
(e.g., friction) (N m), T is the electrical torque, accounting for the total three-phase
power output and losses (N m), and T is the net accelerating torque (N m).

The machine and electrical torques, T, and T., are positive for generator
operation.

The rotor angular acceleration is given by

don  d*0n(1)

m(7) dr dr? (12)
do,,
w =_1 1.3
n() =" (13)
Speed
control Excitation
system system
Generator
ip
Steam /
valve \ 000
Steam Turbine /\
FIGURE 1.1

Generating unit.



1.2 Swing Equation 3

where wy, is the rotor angular velocity (rad/s) and 6, is the rotor angular position
with respect to a stationary axis (rad).

In steady-state conditions, the mechanical torque equals the electrical torque and
the accelerating torque is zero. There is no acceleration and the rotor speed is con-
stant at the synchronous velocity. When the mechanical torque is more than the elec-
trical torque, then the acceleration torque is positive and the speed of the rotor
increases. When the mechanical torque is less than the electrical torque, then the
acceleration torque is negative and the speed of the rotor decreases. Since we are
interested in the rotor speed relative to the synchronous speed, it is convenient to
measure the rotor angular position with respect to a synchronously rotating axis
instead of a stationary one.

We therefore define

O (1) = Omsynt + Om (1) (1.4)

where W,y is the synchronous angular velocity of the rotor (rad/s) and Jy, is the
rotor angular position with respect to a synchronously rotating reference.

To understand the concept of the synchronously rotating reference axis, consider
the diagram in Figure 1.2. In this example, the rotor is rotating at half the synchro-
nous speed, Wmgyn/2, such that in the time it takes for the reference axis to rotate 45°,
the rotor only rotates 22.5° and the rotor angular position with reference to the rotat-
ing axis changes from —45° to —67.5°.

Using Equations (1.2) and (1.4) in Equation (1.1), we have

COu(0) _ Pon()
a2 7 de

Jom (1) =T =Tn(t) —Te(t) =T4(2) (L.5)
Being that we are analyzing a power system, we are interested in values of power
more than we are in values of torque. It is therefore more convenient to work with
expressions of power. Furthermore, it is convenient to consider this power in per unit
rather than actual units.

Rotating
reference axis

Rotor

Rotor position

position

FIGURE 1.2
Synchronously rotating reference axis.
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CHAPTER 1 Concepts of Small-Signal Stability

Power is equal to the angular velocity times the torque and per-unit power can be
obtained by dividing by S,4q, SO that
Jom (1) onTn(t) — onTe(t)  Pu(t)—Pe(1)

- = :P u t _P u t 16
Srated dtz Srated Srated mp ( ) ep ( ) ( )

P mpy is the mechanical power supplied by the prime mover minus mechanical losses
(per unit), Py, is the electrical power output of generator plus electrical losses
(per unit), and S,4q 1S the generator volt-ampere rating.

We here define a constant value known as the normalized inertia constant, or
“H” constant:

__stored kinetic energy at synchronous speed

generator volt-ampere rating
1702
7mesyn
= (J/VA or per-unit seconds)
Srated

Equation (1.6) becomes

(1) A%, (t
2Hw%15(yj dtz( ):PmPU(Z) _PE:pu(t) :Papu(t) (17)

where P, is the accelerating power.
We define per-unit rotor angular velocity as

opa(t) =2 (18)

Wmsyn

Equation (1.7) becomes

2Hwpy (1) 61 (2)
Omeyn AP

= Puu (1) — Pepu 1) = Papa (1) (19)

When a synchronous generator has P poles, the synchronous electrical angular
velocity, wgyn, known more correctly as the synchronous electrical radian frequency,
can be related to the synchronous mechanical angular velocity by the following
relationship:

P
Wsyn :Ewmsyn (110)

To understand how this relationship arises, consider that the number of mechanical
radians in one full revolution of the rotor is 2. If, for instance, a generator has four
poles (two pairs) and there are 2x electrical radians between poles in a pair, then the
electrical waveform will go through 2 x 2n=4n electrical radians within the same
revolution of the rotor. In general, the number of electrical radians in one revolution
is the number of mechanical radians times the number of pole pairs (the number of
poles divided by two).



1.3 Nature of Oscillations 5

The relationship shown in Equation (1.10) also holds for the electrical angular
acceleration o(?), the electrical radian frequency w,.(¢), and the electrical power angle
o(¢) values:

(1) =5 om0
or(0) = 50n(0)
(1) =% om (1) (1.11)
From Equation (1.8), we have
o 2nl)_onl0)_oi() )

®msyn %wsyn Wsyn
Therefore, Equation (1.9) can be written in electrical terms rather than mechanical:

2H d*s(t

Iynwpu(t)Tg):Pmpu(I)_Pepu(t):Papu(t) (113)
Equation (1.13) represents the equation of motion of synchronous machine. It is
commonly referred to as the “swing equation” because it represents swing in rotor
angle ¢ during disturbances and it is the fundamental equation in determining
rotor dynamics in transient stability studies.

The swing equation is nonlinear because P.p,(?) is a nonlinear function of rotor
angle ¢ and because of the wy,,(f) term. The rotor speed, however, does not vary a
great deal from the synchronous speed during transients, and a value of wy ()~
1.0 is often used in hand calculations. Defining M = ——, the equation in the preced-
ing text becomes

Weyn

d*s(t)
dr
It is often desirable to include a component of damping torque, not accounted for in
the calculation of T, separately. This is accomplished by introducing a term propor-
tional to speed deviation in the preceding equation. The equation of motion consid-

ering damping torque has been shown later in Equation (1.22).

M =Tp—T. (1.14)

NATURE OF OSCILLATIONS

Oscillations in the power system have the following properties:

1. Oscillations are due to natural modes of the system and therefore cannot be
completely eliminated.
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2. With increase in complexity of the power system, the frequency and damping of
oscillations may increase and new ones may be added.

3. Automatic voltage regulator (AVR) control is the primary source of introducing
negative damping torque in the power system. With increase in the number of
controls, negative damping may further increase.

4. Inter-area oscillations are associated with weak transmission lines and larger line
loadings.

5. Inter-area oscillations may involve with more than one utility or area. These
oscillations are also called tie-line oscillations.

Damping of the system is to be enhanced to control these oscillations.

MODES OF OSCILLATIONS AND ITS STUDY PROCEDURE

The disturbance is considered to be small, and therefore, the equations that describe
the resulting response of the system can be linearized. The electromechanical oscil-
lations are of two types [3]:

(i) Local mode oscillations, which are associated with the swing of units at a
generating station with respect to the rest of the power systems. Typical
range of frequency of oscillations is 1-3 Hz. The term local is used because the
oscillations are localized at one station or a small part of the power system.

(ii) Inter-area mode oscillations, which are associated with the swing of many
machines in one part of the system against the machines in other parts or areas.
Typical range of frequency of these types of oscillations is less than 1 Hz. They
are caused by two or more groups of closely coupled machines being
interconnected by weak ties.

There are two methods of analysis that are available in literature to study the afore-
mentioned electromechanical oscillations:

(a) A linearized single-machine infinite-bus system case that investigates only local
oscillations.

(b) A multimachine linearized analysis that computes the eigenvalues and also finds
those machines that contribute to a particular eigenvalue; both local and inter-
area modes can be studied in such framework.

The modes of oscillation referred to earlier are electromechanical in nature. There
are another two types of oscillation modes that are also analyzed for a synchronous
machine — (i) control mode or exciter mode and (ii) torsional oscillation mode.

Control modes are associated with generator or the exciter units and other control
equipments. Poorly tuned exciters, speed governors, HVDC converters, and static
Var compensators are the usual causes of instability of these modes. The frequency
of the control mode is close to 3 Hz.

Torsional oscillation modes are associated with the turbine-generator shaft rota-
tional system. Instability of these types of modes is generally caused by interaction
among control equipments and interaction between exciter control, speed governors,
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HVDC controls, and series-compensated line, etc. The frequency of this mode of
oscillation is usually in the range of 10-50 Hz.

Voltage stability or dynamic voltage stability is analyzed by monitoring the eigen-
values of the linearized power system with progressive loading. Instability occurs
when a pair of complex conjugate eigenvalue crosses the right half of s-plane. This is
referred to as dynamic voltage instability. Mathematically, this phenomenon is called
Hopf bifurcation. As real power is related to rotor angle instability, similarly reactive
power is central to voltage instability analyses. Deficit or excess reactive power leads
to voltage instability either locally or globally, and any increase in loading may lead to
voltage collapse. The analysis of voltage stability normally requires simulation of the
power system modeled by nonlinear differential algebraic equations.

Since small-signal stability is based on a linearized model of the system around
its equilibrium operating points, formulation of the problem is very important. The
formulation of the state equations for small-signal stability analysis involves the
development of linearized equations about an operating point and elimination of
all variables other than the state variables. The small-signal models of different
power system components are described in Chapter 3, and they are used in successive
chapters for small-signal stability analysis.

SYNCHRONIZING TORQUE AND DAMPING TORQUE

The nature of the system response to small disturbances depends on a number of fac-
tors such as the initial conditions, the transmission system strength, and the type of
generator excitation control and largely on the value of electrical torque. In electrical
power systems, the change in electrical torque of a synchronous machine following a
perturbation due to disturbance can be resolved into two components [4]:

AT. =T, Ad + TpAw (1.15)

Here, T;Ad and TpAw are, respectively, the component of electrical torque change in
phase with the rotor angle deviation (Ad) and speed deviation (Aw). T,A0 and TpAw
are referred to as the synchronizing torque component and damping torque compo-
nent; T and T are, respectively, denoted as the synchronizing torque coefficient and
damping torque coefficient.

System stability depends on the existence of both components of torque for the
synchronous machines. A lack of sufficient synchronizing torque results in instabil-
ity through an aperodic drift in rotor angle. On the other hand, lack of sufficient
damping torque results in oscillatory instability.

For a generator connected radially to a large power system and continuously act-
ing as AVR, the instability happens because of insufficient damping torque, whereas
in the absence of AVR, the instability is due to lack of sufficient synchronizing tor-
que. Figure 1.3a shows the synchronous machine stable operation in the presence or
in the absence of AVR. Instability is normally through oscillations of increasing
amplitude. Figure 1.3b and c illustrates the nature of small-signal instability response
of generators acting with and without an AVR, respectively.
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AT

]
\

t
() ATy AS

Aw y
T AS

ATp

(b)

A Ao AS

AT,

A

(©
FIGURE 1.3

(a) Stable operation with or without AVR: positive synchronizing torque (7s) and positive
damping torque (Tp). (b) Oscillatory instability with AVR: positive synchronizing torque (Tg)
and negative damping torque (7p). (c) Aperiodic drift without AVR: negative synchronizing
torque (Ts) and positive torque (7p).

SMALL-SIGNAL OSCILLATIONS IN A SYNCHRONOUS
GENERATOR CONNECTED TO AN INFINITE BUS

A synchronous generator connected to an infinite-bus bar of voltage V}, £ 0° through
a reactance X, is given in Figure 1.4. Here, armature and line resistances are
neglected for the purpose of analysis. The generator is represented by the classical
model, in which the voltage E’ behind the transient reactance X; remains constant at
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E'£0° V,/—8°

FIGURE 1.4

Single-machine infinite-bus system.

the predisturbance value. Let E’ lead the bus voltage by angle ~°, which keeps
changing as the machine undergoes small oscillations following the disturbance.
If we take E’ as the reference phasor, then [5]

CE20°—Vys—0° E'20°—Vys—0°
](X:1 +Xe) ]XT
where Xt=X/+X.. The complex power behind X is given by
E'Vysino . E'(E' —Vycos0)
Xr / Xt
Since all resistances are neglected, the air gap power is equal to the terminal power
and, in per unit, equal to the air gap torque. We have
_ E'Vysino
=,

For small increments, linearizing equation (1.18) around the operating condition
represented by d =9, results in

(1.16)

S=ET = (1.17)

T.=P (1.18)

E'V) 0
AT, = AP =="2%% p4 (1.19)
Xt
Writing wys= w,, the rotor equation of motion (1.14) is given by
2Hd*5
——=Tm—T- 1.20
w, dr? ( )

Equation (1.20) is linearized to represent small-signal oscillations and is given by

2Hd*AS

—— =AT,, — AT, (1.21)

If we add now damping torque (ATp=DAw) and assume that governor action T,
(mechanical torque) remains constant and AT,,, =0, Equation (1.21) becomes

2HA*AS  E'Vycosd,

o =Ty, A-DAw (1.22)
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If 0 is the angular position of the rotor in electrical radians with respect to a synchro-
nously rotating reference and 9, is its value at =0,

0 = ¢t — Wgynt + 0, (1.23)
Taking the time derivative, we have
do
— = Wy — Wgyn 1.24
dl & (’O~y ( )
Linearizing equation (1.24), we have
dAS
—=A 1.25
dr @r (1.25)
. Aa)r _ 1 dAd
Again, Ao = o oo

Substituting in Equation (1.22) gives

2Hd2A5 D dA5+E’Vb cosd,

w, d2 ' w, dt Xt A0=0 (1.26)

E'Vycosd,

The term is the synchronizing torque coefficient 7. If the steady-state air

T
gap power P, prior to the disturbance is

E'Vysind, 4T E'Vycosd,
= —FFFFF an =
0 X7 s Xt

then it follows that 22 = tan d, or

s

T, =Pcotd, (1.27)

Equation (1.27) provides an approximate value of the synchronizing torque coeffi-
cient in per unit. If the steady-state power (P,) of a synchronous generator connected
to an infinite-bus bar is 0.8 pu and E’ # 0° leads the bus voltage by d, £ 30°, then the
per-unit value of synchromzmg torque coefficient is Ty=1.3856 pu.

If we replace the & operator by s in Equation (1.26), then for undamped (D =0)
equation of motion 1s

ﬁszAé +T,A6=0

Wo

or

LYY +TsAS =0 (1.28)

Wo

woE'Vycosd,
d 1.2
\/ 2H/a)0 ~omx, /s (1.29)
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For a case when P,=0.8, §,=30°, T,=1.3856pu, and H=6s, the frequency of
oscillations of a 50 Hz system is

1.3856 x 314
s=1j4/ 27;;; Wy =2nf, =6.02rad/s

Again from Equation (1.25), we have

d2A5+ D dA5+w0TS
d? '2H dt ' 2H

Therefore, the characteristic equation is given by

AS=0 (1.30)

D o T
2 ols
— =0 1.31
SHSpSt g (1.31)
that can be written in general form
$*+28wps + 0> =0 (1.32)

WoTs

Therefore, the undamped natural frequency is given by w, = 7

damping ratio (£) is given by

rad/s and the

s (D] D
2 <2Hwn> 2 <\/2Hco(,Ts>

It is very clear that AT, will not yield any imaginary term since all resistances and
control actions have been neglected and damping will not be represented by this sim-
plified synchronous machine model. In fact, it was suspected that the damping of
oscillations in synchronous machine originates in winding resistances due to copper
loss by oscillating current and in the damping controllers (such as power system
stabilizers) that introduce phase shift. The introduction of damper windings was
based on this perception, and the damper bars were made of brass in order to offer
relatively large resistance to cause large dissipations of power.

AN ILLUSTRATION

A generator supplies power in steady state to an infinite-bus 50 Hz system shown in
Figure 1.5. Assuming there are some contingencies and transmission line #2 gets
outage, find out the following: (i) undamped natural frequency of oscillations, (ii)
damping ratios, and (iii) damped frequency of oscillations for three different damp-
ing coefficients 0, 5, and —5. The pu values of the system parameters on a
1500 MVA, 25 kV base, are given as follows [6]:

P=1pu; 0=03puy; V=12£17°, V, =0.9920° |X.,| =|X,| =0.5; |Xy|
=0.2; [X}| =0.25; H=3MWs/MVA

All voltage magnitudes and reactances are expressed in pu.
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jXL, Infinite bus

2
oYY Y N
1
1
HT bus :
V,£0°
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JX tr
Y YOV
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rl:t/1 —>
&
N
(%)

FIGURE 1.5
Schematic diagram of a generator connected to infinite-bus system.

Solution
The generator bus voltage is taken as reference phasor. Generator output current (/)
is obtained as

(P+jQ)" 1-j03 ,
I = = = 1 —_— 0.3
¢ & 1.0 (1=/0.3)pu

= 1.0442—16.7°pu

Voltage behind transient reactance (X)) is obtained as

E' = V+jX}l, = (14j0)+,0.25(1 — j0.3)

(1.075+j0.25)pu=1.104 £13.09° pu

Hence, the angle by which E' leads Vy is (17° + 13.09°) =30.09°(5,,).

The total reactance of the system is given by | X|=1X; | +1X|+1X}I, taking one
line in the system. Therefore, IX1=0.540.2+0.25=0.95 pu.

.. The synchronizing torque coefficient () is given by

__E'Vicoso, 1.104 x0.99 x cos30.09
T X 0.95

T, =0.995pu
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(i) Undamped natural frequency of oscillation is obtained as

OTS
W, = wZH‘ rad/s
27 x 50
= /0.995 x 753 =7.22 rad/s
f. = 1.15Hz

.. The undamped natural frequency w, (=7.22 rad/s) is independent of
damping coefficient and hence will remain the same for all the three given
damping coefficients in the question.

(i) LY
“=2\ VaHour.
ForD=0; =0
1 5
ForD=35; (== =0.058
2\ /2 x3 %271 %x50x0.995
1 5
ForD=-5; &= =-—0.058

2| /2 x3 %27 x50x0.995

(iii) The damped frequency (wy) can be obtained from the following formula:

g = Wy, 1—52
For D=0, wg=wy\/1—-E&=722y/1-0=7.22rad/s=1.15Hz

D=5, wg=7.221/1—(0.058)> =7.208 rad/s = 1.148Hz

D=—5, wg=7.22y/1—(—0.058)% rad/s = 1.148Hz

Thus, the magnitude of damped frequency (wy) is the same for positive and neg-

ative values of damping coefficient.

EXERCISES

1.1 What is small-signal stability problem? Explain different categories of
small-signal stability problem. Explain the effect of synchronizing torque
and the damping torque on dynamic stability of a synchronous machine with

and without AVR.

13
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1.2 For a three-phase synchronous generator and prime mover unit, derive the
analytic expression of swing equation

2H d?5(t

o) g = Pare(1) = Pel) = P ()
where H is the normalized inertia constant (s), sy, is the synchronous elec-
trical angular velocity of the rotor (rad/s), wy, is the per-unit rotor angular
velocity, P, is the mechanical power supplied by the prime mover minus
mechanical losses (pu), P, is the electrical power output of generator plus
electrical losses (pu), and Py, is the accelerating power (pu).

1.3  Write down different properties of small-signal oscillations. What do you
mean by “local oscillations” and “inter-area oscillations” of synchronous
machine? What are the different procedures of analysis of these oscillations?

1.4 A two-pole, 50 Hz, 11 kV turbo-alternator has a rating 100 MW, power factor
0.85 lagging. The rotor has a moment of inertia of a 10,000 kg m?. Calculate
H and M.

1.5 Find the expression for undamped natural frequency of power system
oscillation and the damping ratio for a synchronous generator connected to
an infinite-bus system.
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CHAPTER

Fundamental Models of
Synchronous Machine

INTRODUCTION

Synchronous machine is the heart of the power system network. Its models have dif-
ferent variations in the literature. These variations are mainly in sign conventions and
in the representation of damping windings. Among these versions, the model based
on Park’s reference frame is most popular. The Park’s transformation is originated
from Blondel’s two-reaction theorem [1]. The main problem in synchronous
machine modeling is the analysis of transient voltage and current as inductances
of the coils are functions of rotor positions.

In an alternator (Figure 2.1), the transient voltage and current relationship of the
stator coils ‘a’, ‘b’, and ‘c’ and the field coil “f” can be represented by the following

equations:
d d d d
a=Rala +—(Laia — (Mapi — (Ml — (Mygi 2.1
V. i ert( i )+dt( blb)Jth( i )+dt( belf) (2.1)
Vi =Ry +£(L i )+£(M i)Jrg(M i)Jrg(M ir) (2.2)
b — \blb dr blb dr bala dr belc dr bftf .
ood d . d . d .
Ve =R.i. ""&(Lclc) +E(Mcala) +E(Mcblb) +d_t(MCflf) (23)
oo d . d . d ) d .
Vi = Ryis +&(Lflf) +&(Mfala) +a(belb) +E(Mfclc) (2.4)

Here, L stands for self-inductance of a coil and M stands for the mutual inductance.
M, is the mutual inductance between the a-phase and the b-phase windings in the
stator. M, is the mutual inductance between the c-phase and the a-phase windings in
the stator, and similarly, other symbols have usual significances.

Equations (2.1)—(2.4) are extremely difficult to solve since the stator and the rotor
coils are in relative motion. These equations are derived on the basis of measuring the
voltages and currents in each coil at its respective terminals. In other words, the
“observer” is stationary with respect to the coil. The observer shifts from the station-
ary stator coils to the rotating field coil “f” in order to measure the applied and
induced voltages in the same coil. Instead of fixing the observer’s reference to each

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00002-0 1 5
Copyright © 2020 Elsevier Inc. All rights reserved.
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FIGURE 2.1
Schematic of a three-phase synchronous machine.

of the coils in the machines and then computing the voltages, inductances, and cur-
rents, the net combined effects of these coils in terms of the mmf and the fluxes that
they produced may be viewed. An advantage of this is that the three-phase currents
circulating through the three-phase winding of the armature produce a sinusoidal
mmf wave form of constant amplitude that rotates at synchronous speed. The field
winding carrying a direct current and rotating at synchronous speed also gives rise to
a sinusoidal mmf wave. The two mmf waves rotating synchronously are obviously
stationary with respect to each other.

For a cylindrical rotor machine, the fluxes produced by these mmf’s are almost
similar in shape. In the case of salient pole machines, however, the flux waves get
distorted, especially along the interpolar gaps, as shown in Figure 2.2. The air gap in

Armature

! ! J mmf !

FIGURE 2.2

Air gap flux wave forms.
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FIGURE 2.3

Phasor diagram of a synchronous generator.

this space is larger and the reluctance offered to magnetic fluxes along this path is
also larger. Self-inductance, which is (number of turns)z/reluctance, is, therefore,
less when the flux wave along the interpolar axis, that is, the quadrature axis or
g-axis, was considered. The vector diagram for a salient pole synchronous generator,
connected to the infinite bus, based on well-known “Blondel’ s two-reaction theory,”
is given in Figure 2.3, which represents the steady-state performance of synchronous
generator.

The steady-state equations that may be derived from the vector diagram are repre-
sented along two axes, the direct axis (d-axis) that coincides with the pole axis and
the quadrature axis (g-axis) that is the interpolar axis.

The steady-state voltage equations are

Va=Vysind = —Rl,+X,I, (2.5)

Vq:VbC085= —Rslq—XdId +Egq (26)

where Eq is the steady-state-induced emf or open-circuit voltage, Vy, is the generator
terminal voltage or the infinite bus voltage (line impedance =0), ¢ is the load volt-
age, I, and I, are the steady-state current components along the d-axis and g-axis,
respectively, V,; and V, are the steady-state applied voltage components along the
d-axis and g-axis, respectively, X, is the synchronous reactance along the direct axis
(d-axis), X, is the synchronous reactance along the quadrature axis (¢g-axis), and Ry is
the armature resistance.
All voltages, currents, and impedances are expressed in per unit (pu).
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SYNCHRONOUS MACHINE DYNAMIC MODEL
IN THE a—b—c REFERENCE FRAME

The two-axis (d-axis and g-axis) model of the synchronous machine is widely used
in the literatures [2,4]. It has three-phase windings on the rotor, a field winding on
the direct axis of the rotor, and a damper winding in the quadrature axis of the rotor.
Consider a two-pole machine shown in Figure 2.4. It has been assumed that stator
has three coils in a balanced symmetrical configuration centered 120 electrical
degree apart. Rotor has four coils in a balanced symmetrical configuration located
in pairs 90 electrical degree apart. The relationship between the flux linkages
and the currents must reflect a conservative coupling field. It is a multiport device
with five ports on the electric side and one port on the mechanical side
(Figure 2.4c). The fundamental KVL equations for the electric side using the motor
convention and the Newton’s laws for mechanical equations at the shaft are
obtained as follows [2]:

» Electrical Equation

Va =Ial's +dd—;;“ (2.7)
Vb =IpT's +% (2.8)
Ve =1l +% (2.9)
Vid = Ifd’'fd +% (2.10)
Vig=ilglig +% (2.11)

where 4 is the flux linkage and r is the winding resistance. All other symbols have
their usual significances.

¢ Mechanical equations

do
—= 2.12
dw
J—=Tn—-T.—T 2.13
dr e b (2.13)

where J is the inertia constant, Ty, is the mechanical power, T, is the torque of electric
origin, and Ty, is the damping or friction windage torque.
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c-axis

a-axis

b bh— AN Lossless

(c)
FIGURE 2.4

+
Ay coupling
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i, /11(, g A

rlq

ST TR

A two-pole synchronous machine (a) physical structure, (b) coupled circuit view, and

(c) multiport view.
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Assuming machine flux linkages are linear function of currents, the relationships
between the flux linkages and the currents are given by

)Labc - Lss (Oshafl)iabc + Lsr(oshafl)imtor (2 14)
;Lrotor == Lrs(oshafl)iabc +er(0shaft)irolor (2 15)
or
Ja lg
A lp
Lg(0) Ly (6 }
Ae | = [ i (2.16)
; Li(0) Le(0)] | .
Afd If4
A]q llq
where Lg(0) is given by the following expressions:

Lis+La —Lgcos20 —%LA—LB cos (29—2?%) —%LA—LB cos (29+23_n>
—%LA —Lgcos <26 —2?7[) Lis+La—Lp <00520 —&—?) —%LA — Lgcos20
—%LA—LBCOS <20+2§) —%LA—LBCOSZH Lis+LA—Lg <00529_23_n>

(2.17)
Lqsin0 Lggcos0
21 27
Lggsin{ 0 —— | L 0——
Ly(0)=LT = Sfdsm( 3 ) a €08 ( 3 ) (2.18)
2 2
Lggsin | 0+ i Lggcos | 0+ i
3 3
_|Lwa O
Lo=| 2 2.19)

Equations (2.7)—(2.13) are the differential equations together with the 1 — i constitu-
tive algebraic (2.16). A straightforward substitution of Equation (2.16) in Equa-
tions (2.7)—(2.11) would give rise to time-varying differential equations, since 6 is
a function of . Such equations are not amenable to analysis. This difficulty is avoided
through a transformation called “Park’s transformation.”
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PARK'S TRANSFORMATION AND DYNAMIC MODEL

IN THE d—-q—o0 REFERENCE FRAME

In Park’s transformation, the time-varying differential equations (2.7)—(2.13) are
converted into time-invariant differential equations. The transformation converts
the a—b—c variables to a new set of variables called the d—g—o variables, and the trans-

formation is given by

where

and

] ]
ve | =1P] | v
_v()_ _v(‘_
] o
Ao | =[P] |4
| 0 | | e |
id- _la
i | =[P] |ib
Iy | e

_ ) 2\ 7
sinf sin <9 - g) sin <9 +?7r>
cosf cos (02?71) cos (0+27n)

1 1 1

L 2 2 2

sinf sin (0 - 2;) sin (0 + 2
cosf cos (0 - 23_71) cos (0 +

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

Though this transformation is not a power-invariant transformation, it is widely used

in the industry. The stator equations (2.7)—(2.9) can be rewritten as

Va
Vb

Ve

rs 0 07 [ia 4o 0 0

: d
=10 I's 0 lp +£ 0 )Nh 0
0 0 red Lic 0 0 4

(2.25)
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Multiplying both sides of (2.25) by P, we get

Va s 00 (i, d la
Plvy|=P|0 rg O|P'P|iy|+P—(P'P) |4 (2.26)

Ve 00 7 | & e

Thus, using the transformation in Equation (2.22), Equation (2.26) becomes

Va I's 00 id ;Ld

v [ =10 1 0| |ig +P% P, (2.27)
v, 0 0 r io | 4o | ]
2y
i 0 0] ] [0 —o 0] 4] |d
=10 o |ig|+|o 0 0] |2]|+ d;;, (2.28)
00 r| i 0 0 0] |4 dz,
dr

It is to be noted that the second term in Equation (2.28) is a speed-dependent term.
The rotor equations (2.10) and (2.11) are

dig
v reqg O i a7
{ f“]:{f‘* ] [_fd}Jr d (2.29)
qu 0 I‘]q lig dﬂvlq
dr
The mechanical equation is given by
d?s
J—=T,—-T.—T 2.30
dr? b ( )
where Ty, is the mechanical torque, T, = —3 (44, — 44iq) is the electrical torque, and

Tp is the damping or torque. Defining the rotor angle of the machine from the syn-
chronous frame of reference as 0 =0 — w,t, the mechanical equations in the state

space form with ¢ and @ :‘é—f as state variables are
dé
—=wn— 2.31
PO (2.31)
d
Jd—“:: Tm—Te—Tp (2.32)

With this, the complete set of state space equations for the machine in the d—g—o
coordinates combining (2.28), (2.29), (2.31), and (2.32) is

d/
_dtd = —TIlg + WAy + Vg (2.33)
dz

d_l‘q = —)”Sl.q — CU)nd —+ Vq (234)
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d4,

= sl Vo (2.35)

%: —Iidifd + Vid (2.36)
Yo iy vig (2.37)
S (238)

JCL—“:: m+%(idiqfiqid) —Tp (2.39)

The fictitious positions of the two coils d and ¢ after the transformation are shown in
Figure 2.5. Applying Park’s transformation to the a—b—c variables, the flux linkages
in d—g—o variables are derived as follows:

Consider Equation (2.16)

Aa lg
A i
W :[L§rs(0) Lsr(G)} i (2.40)
Lo o) |
j~1q ilq
0
’9
L q X
5 — D
‘\\ Vid
- X g ’V
.- d
N i
N

FIGURE 2.5
The stator and rotor coils after Park’s transformation.
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The transformation is only for the a—b—c variables, and, hence, it is written as

;\.d ).a
Aq Ay
7o | = {P 0} he (2.41)
01 \
Afd Afd
g g
where [ is the 2 x 2 matrix. Therefore, Equation (2.40) becomes
;Ld ia
2 .
S| _ [P O] [L(0) Ly(0)] [P 0] [P 0 i”
)“” 017 L;Fr(G) L.(0) 0o 7|01 .
Lid - Iid
ilq i ilq
iq
TP 0] [Ls(0) Lu(0)] [P O ;."
O I |LI0) Le(0)| | 0 T I.f‘;
_ilq
iq
i
quo quo—r K
= 0 2.42
|:Lr—dqo er :| l ( )
Ifd
iy
In Equation (2.31), the various submatrices are given by
[Lis + Lina 0 0 Lg 0 O
quo: 0 L +Lmq 01, quofr: 0 qu 0],
0 0 Lis 0O 00
3
ELsfd 0 O Lo
_ 3 _ | L
erdqo 0 Equ ol’ er [ 0 qu],
0 0 O

3 3
where L4 ZE(LA +Lg) and Lpg zi(LA —Lg).

PER UNIT (PU) REPRESENTATION AND SCALING [2]

It is customary to scale the synchronous machine equations using the traditional con-
cept of pu. This scaling process is presented here as a change of variables and a
change of parameters and also converts model to “generator” notation. To conform
to the usual generator convention, we reverse the signs of i,, iy, and i. as —i,, —ij,
and —i., which makes the d—g—o currents as —iy, —i,, and —i,, in Equation (2.22).
The new per unitized variables are as follows:
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(i) Y4 V¥, and Y, replacing A4, A, and 4,
(ii) V4, V,, and V, replacing v, Vo and v,
(iii) -1, —1,, and —I, replacing —i,, —i 4, and —i,

(IV) Vfd7 qu’ Ifda Ilqa lpfda ‘/jlq’ RS? Rfd’ and qu replaCing Vid> V1g» ifd7 ilq& /lfda Alqa s,

r'ig, and ry,, Tespectively

(v) The inertia constant H =——— 5
2 Base volt-amps

2
Jog

With this change of new variables, Equations (2.33)—(2.39) become as follows:

« Electrical Equation

wisdT"?stld +w%/fq +Va
al)s d(;//t =Ry, — o lﬁd +Vq
std(‘fto =R, +V,
wis% = —Ryglg + Viq
wisd'gt‘q =Ry, + Vg
+  Rotor mechanical equations
9 o
dt
iilil(f = (Waly = ¥gla) -

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

The flux, current, and voltage Varlables as well as Ty, and Tp are all in pu. ¢ is in
radians and o is in radians/s. M =2 is also used commonly in the literature. The
unit of H is s, while M has the unlts of (s)*. The pu speed can also be expressed

as v =" Therefore, Equations (2.48) and (2.49) become

do
dr
dv

2H—=Twi—= (Valg =V la) -

=ws(v—1)

(2.50)
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The flux—current relations (2.42) become, after per unitization and scaling,

Yy Xa 0 0 Xma O =1y
Wy 0 X, 0 0 Xugl| |1,
v, =10 0 xs 0 0|1 (2.51)
Vi Xma 0 0 Xq O Itq
™ 0 Xmq O 0 Xi| | Iy

where the reactances are defined as X;=Xjs+Xng and X, =X s+ Xpnq. It is conve-

nient to define leakage reactance on the rotor windings as Xjq=Xrg —Xmq and
Xig=X14—Xmg-

PHYSICAL SIGNIFICANCE OF PU SYSTEM

Equation (2.51) can be interpreted as follows. The zero sequence quantities are
completely decoupled and, therefore, can be ignored. The direct and quadrature axis
flux—current relationships given the by first two equations in (2.51) can be repre-
sented by the circuit diagram as shown in Figure 2.6.

« Direct axis (d-axis) transient reactance (X))

Xis Xiga
Y'Y . YY Y ——
+
+
1
¥ra
l[/d de
(a)
X Xig
Y'Y LYY A
+
Iq
A
5”‘1 qu !
- by _
(b)

FIGURE 2.6

Equivalent circuit of flux—current relationships. (a) Direct axis flux-current relationship,
(b) Quadrature axis flux-current relationship.
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This reactance is seen from the direct axis terminals with field winding short-
circuited in Figure 2.6:
KmaXitd

X/ =X +7
d 5 Xma +Xita

XmaXiga
= X — —
d de md

mdXifd _de(de +Xifa)
Xiq Xt

X
=X, + (2.52)

2
_Xina

Xa=Xa Xiq

(2.53)

+ Quadrature axis (g-axis) transient reactance (X))

This is the transient reactance seen from the quadrate (¢) axis terminals with
damper windings short-circuited in Figure 2.6. Similarly,

X, =X,——= (2.54)

+ Time constants

The following time constants are defined for the field and damper windings,
respectively:

) Xt 7o Xiq

= , = 2.55
do wstd ° COsqu ( )
We define new variables as
X X,
Ty = ld‘pfd’ Era ="V,
Xiq Riq (2.56)
E :&W E — _}ﬁw .
17 X fd> g X1, 1q

where E’q is proportional to the rotor field flux in the direct axis, whereas E/, is pro-
portional to the damper winding flux in the quadrature axis. With these definitions,
we first transform the flux—current relationships (2.51) and then the rotor equa-
tions (2.48) and (2.49) as follows:



-
28

CHAPTER 2 Fundamental Models of Synchronous Machine

STATOR FLUX-CURRENT RELATIONSHIPS
From Equations (2.51) and (2.53), we obtain

V= —Xala+ Xmalta
XZ
=— <X:1 —I—id) 1q+ Xmalta
Xiq

X md

= —Xyla+~— (—Xmala +Xtalra) (2.57)
Xta
Xm
Va=—Xyla +X—d‘//fd (2.58)
fd
Using Equation (2.56), we get
Vo= —Xla+E, (2.59)

Similarly, from Equations (2.51) and (2.54), we have
‘//q = —Xylq +Xmqgl1q

X2
=— X+ |1, 4+ Xl
q qu q mqg’lq
— U qu
= —Xglg+ 3 (Xmalg +X14014)
lq

X
_ ! mq
_—Xqu—FX—lqlplq (260)

Using Equation (2.56), we get

W, =X\, —E, (2.61)

q —

ROTOR DYNAMIC EQUATIONS
Considering Equations (2.46) and (2.47),

1 dyrgy
= —Rpleq + Vi, 2.62
ws dr fa7rd fd ( )
1 dy,,
— =—Ril1,+V 2.63
wg dt latla 14 ( )

)I(e"‘“ and using Equations (2.55) and (2.56),
fd

Multiplying Equation (2.62) by
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Xta Xmadigy Xmd Xmd
Cmd W _ R o g+ 2mdy,
WsRig Xg  dt “Rig * Ry
, dE]
Tdo? = —Xmalta +Efa (2.64)

Now, from Equations (2.51), (2.53), and (2.56), we get

—Xmalta = —Xma (Vg +Xmala) /Xia

Xha
=—E — X—fdld =—E, + (X; — Xa)l4

=—E, — (Xa—X))1a (2.65)
After substitution of Equation (2.65) in Equation (2.64), we get
dE!
T‘/iod_l‘q = —E:{ — (Xd —X:I)Id + Egq (266)

Since the rotor g-axis winding is short-circuited, V,;,=0. Therefore, Equa-
tion (2.63) becomes

1 d‘//lq
— =—Ry,l 2.67
w, dt lqtlq ( )
Equation (2.67) is written by multiplying it by 7;1 = as
qu _qu dlplq
=Xmql 2.68
wsR1q< qu ) dt matly ( )

Since wX“’ :T(’]o, from Equation (2.55) and using the definition of E/, in Equa-
s g

tion (2.56), we get

dE!

T d

¢ dr

From Equation (2.51), I, is expressed in terms of ;, and /,. Then, using the def-
inition of £,/ in Equation (2.56) and X,/ in Equation (2.53), we get

=Xmql14

)Xol X
9 dr qu
2

X,
=—E +-M]
d qu q

- E,+ (Xq —X;)Iq (2.69)

This completes the conversion of the differential equation for ¢4 and /1, in terms of
the new variables.
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REDUCED ORDER MODEL

The reduced order model of synchronous machine can be obtained neglecting stator
transients. Now, writing Equations (2.43), (2.44), (2.66), (2.69), (2.48), and (2.49)
collectively, we have

wisd:i—id:Rsld—i—w%lﬁq +Va (2.70)
;?:Rslq—ix//ﬁvq (2.71)
(’jodd—Et;: —E, — (Xa—Xy) 14+ Exa (2.72)
Tflod(i;’ =Byt (X=X )1y (2.73)
L oo, (2.74)
=T (uly — ) ~To (2.75)

In order to make dynamic analysis of a multimachine system, the following assump-
tions are made:

(i) The stator transients are neglected. It means the equivalent “transformer”
1 dy, dlﬁq

ws dt dr
assumption is based on singular perturbation technique.

(ii) Speed deviations are small compared to w, that is, w &~ w. This results in the pu
electromagnetic torque being equal to the pu active power Py,.

(iii) The damping torque is assumed to be equal to D(w—ws). With
these assumptions, Equations (2.70)—(2.75) mentioned earlier are rewritten as

voltages in Equations (2.70) and (2.71) are neglected. This

1
and —
s

0=Ra+,+Va (2.76)
0=RJ,—VY,+V, (2.77)

dE'
Tgod—tqz —E, — (Xa = X)1a+Era (2.78)
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! dE/d ! !
T s =Byt (X=X, )1y (2.79)
do
o0 (2.80)
2Hdo
O (il — ) T,
oy df (Valg=Vla) =To (2.81)

:Pm*Pei*TD

Equations (2.76) and (2.77) are referred to as the stator algebraic equations.
Using Equation (2.59) for y, and Equation (2.61) for ,, we can express Equa-
tions (2.76) and (2.77) in terms of voltages and currents only as follows:

0=Ryly—X,l,—Ey+Vy

0=Rl, +X2, —E; +V,
that is,

Va=—Rda+X,I,+E, (2.82)

Vy=—RJd,— X1, +E; (2.83)
Equations (2.76) and (2.77) are the most popular version of stator algebraic
equations.

Considering Equation (2.81), substituting i, and ¥/, from Equations (2.76) and
(2.77), and neglecting stator resistance R;, the electric power is given by

P =V ly =W la=Vyly+Valy
= (=Xulaly +Eyfy ) + (Xodaly +Eila ) (2.84)
= (Eida+Edy) = (Xo =X )l
Therefore, Equation (2.81) becomes

2Hdw_

—=Pu— [(E;,ld +E;Iq) - (x; —X;)Idlq} ~Tp (2.85)
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EQUIVALENT CIRCUIT OF THE STATOR ALGEBRAIC
EQUATIONS

In a transmission network when different synchronous machines are interconnected
together, all variables are expressed in a common reference frame, which is
called synchronously rotating reference frame. This rotating reference frame is also
known as D, Q, and O. Thus, for each machine, the transformation in the new
variables is

Vb Va Va
Vo|=Ps|Vy| =PP |V, (2.86)
VO V(,‘ V()
where
[ 2n 21\ ]|
coswgt  cos | wgt—— CcoS | wsf+—
3 3
2 2 2
Ps==| —sinws —sin wstf—n —sin wst+—n (2.87)
3 3 3
1 1 1
L 2 2 2 J
It can be proved that
5 sind cosd 0
P! =3 —cosd sind 0 (2.88)
0 0 1
and
sind —cosd 0
PP;'=|cosd sind 0 (2.89)
0 0 1
This transformation gives
(Vo +jVo) = (Va+jV,)el0 ™2 (2.90)

The same transformation applies to the current variables, so that

(Ip +jlg) = (I +jI,)e’®~ ™/ (2.91)
The stator algebraic equations (2.82) and (2.83) can be combined into a single equa-
tion and also can be expressed in a single common reference frame. The synchronous
frame of reference is denoted by the D-and Q-axes, which are orthogonal as shown in
Figure 2.7. The d- and g-axes of the machine are also represented in Figure 2.7. The
angle between D- and g-axes is denoted by ¢ and the angle between D and d-axes is
denoted by (2— ). This is consistent with Equations (2.90) and (2.91).
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2T~
S

-
-

~

FIGURE 2.7
Relationship between synchronous frame of reference and synchronous machine.

The currents in these two reference frames are related by

Ip =1;sind +1,cos (2.92)
Ip=—I;sind+1,cosd (2.93)
Writing Equations (2.92) and (2.93) in matrix form,
Ip sind coso | |1y
= ) (2.94)
Ip —cosd sind | |1
| I ————
o

T(0) is the rotation matrix, which is nonsingular and orthogonal. It is trivial to
verify that

o]
1, B sindo —cosd | |Ip 596
1, | coss  sing ) (2.96)

The voltage variables can also be expressed by the same relationship. The stator alge-
braic equations (2.82) and (2.83) are converted as follows:

Vi R, X' ][I E
= ‘ +| Y (2.97)
Vo Xy —Rs| |14 E,
Vi Vy
=[T] (2.98)
VQ Vq
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FIGURE 2.8
Synchronous machine stator equivalent circuit.

Vb
Vo

Equation (2.99) can be expressed as

~R, X|
~X!, —R,

Fa 1 (2.99)

(Vo +iVo) + (Re+7X}) (1o +il) = | (Ey-+iEy) + (X =X} )1, |/~
(2.100)

Denoting Vp + Vo = Ve/ and Ip + Jo =Ie/%, the relationships between the cur-
rents and the voltages in the two reference frames given by Equations (2.94) and
(2.96), it can be verified that

Vel = (Vy+jV,)el0 /) (2.101)
and
1e = (1,4 j1,)e/ =™/
(Va+jv,) = Vellv=o+r/2) 2102
=Vsin(0—0y)+jVcos(d—0y) (2.102)
and
Iy+jl,=1sin (06— 0;) +jlcos (0 —0;) (2.103)

Thus, the synchronous machine equivalent circuit satisfying Equation (2.100) is pre-
sented in Figure 2.8.

SYNCHRONOUS MACHINE EXCITER
IEEE Type | exciter

The exciter provides the mechanism for controlling the synchronous machine termi-
nal voltage magnitude. The basic elements that form different excitation systems are
dc exciters (self-excited or separately excited), ac exciters, rectifiers (controlled or
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noncontrolled), magnetic or rotating or electronic amplifiers, excitation system sta-
bilization feedback circuits, and signal sensing or processing circuits. We describe
here models [3] for individual elements and finally present complete models for
IEEE Type I excitation system. Figure 2.9 shows the basic excitation system with
its stabilizing circuit. The models for individual components are described as
follows:

- Self-excited dc circuit
The scaled model of a self-excited dc generator main exciter is
dEg

TET: —(KE +SE(Efd))Efd+VR (2.104)

where Kg = % is the self-excited constant. 7 is the field resistance. K, is the self-
g

excited constant. Tg :R—‘ is the exciter time constant. L; is the unsaturated field
g

inductance. Sg(Eyq) is the saturation function, dependent on E¢4, and can be expressed
conveniently as Sg(Eq) = AexeBF_ The typical values of the constants A.; and B
are 0.09826 and 0.5527, respectively. Vy is the scaled output of the amplifier (pilot
exciter), which is applied to the field of the main exciter. Figure 2.10 shows the block
diagram representation of the main exciter using Equation (2.104).

- Amplifiers

In order to automatically control the terminal voltage of the synchronous
machine, a transducer voltage must be compared to a reference voltage and ampli-
fied to produce the exciter input signal Vi. The amplifier may be characterized by a

Exciter

Field Armature

® +
4%, Eyy
iy
4]
- Stabilizing
Amplifier "~y transformer
Va
- +
ih=0
o +
T Vin = Verr_ VZ VCFF

FIGURE 2.9

Excitation system.
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Se(Egq)

Vi 1
Efd
+ KE+ sTE
FIGURE 2.10

Main exciter model.

gain and with a time constant and can be modeled by the following first-order
equation:
dvr

TAF:_VR_FKAVHI (2105)

min max
VR S VR S VR

where V;, is the amplifier input, T, is the amplifier time constant, and K, is the
amplifier gain.

The equation mentioned earlier can be represented by the following block dia-
gram as shown in Figure 2.11.

- Stabilizer circuit

In standard excitation systems, to achieve the desirable dynamic performance and to
shape the regulator response, a stabilizing circuit is used. This may be accomplished
by a series transformer whose input is connected to the output of the exciter and
whose output voltage is subtracted from the amplifier input (Figure 2.9). As the sec-
ondary circuit of the transformer is connected to a high-impedance circuit, neglecting
i», we have

V1:(R1+SL1)i1 (2106)

Vin K VR
P — A
IEXYIN
VRmin

FIGURE 2.11

Amplifier model.
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Eq sK R
1+sTg
FIGURE 2.12
Stabilizer model.
V, =sMi, (2.107)
Thus,
V] sM
— = 2.108
Vo Ri+sL; ( )

Here, V| =FE¢4 and V, = Rp are the scaled outputs of the transformer (stabilizer feed-
back variables). Therefore, Equation (2.108) can further be expressed as

RF o SK]:
Efd o 1 +STF

(2.109)

M L
where Kg = R and Tg = R—; R, L, and M denote resistance, leakage inductance, and
1 1

mutual inductance of the transformer, respectively. The block diagram representa-
tion of the stabilizer model is shown in Figure 2.12.

Combining models for individual components, the complete block diagram of the
IEEE Type I exciter can be obtained as shown in Figure 2.13 [4].

Writing Equations (2.104), (2.105), and (2.109) together and replacing the
expression for V;,, the complete dynamic equations for the IEEE Type I exciter are

dE
R]§=4&+&@MWWH% (2.110)
S (Ega)
Vier . " Vi, K\ Vi - 1 Egy
" (1+Ty) | + (Kg+5T)
1%
[ sKg
Ry (1 + sTF)

FIGURE 2.13
|EEE Type | exciter model.
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dav; KAK
Ta—2 = —VR +KaRF — —oL Eg+ Ka(Viet — V+V5) (2.111)
dt Tr
dRy K
Tp—F — _Rp+—LE 2.112
L F+TF fd ( )

where V; is the supplementary signal derived from the power system stabilizers
(PSSs) or flexible alternating current transmission system (FACTS) controllers. Lin-
earizing equations (2.110)—(2.112), excluding supplementary signal (V), the state
space representation of the exciter model for an m-machine system (i=1, 2,
3,...,m) can be obtained as

1
.fSi (E fd; ) T_ 0
AE, fd; Ei AE fd;
) K KF, 1 K,

AYRi | TaTr, Ta Ta AVk,
ARy, K, 1| LARr,
0
K,
7y A (2.113)
0
AEfd’
AEg,=[1 0 0] | AVq, (2.114)
ARy,
where
fo(Er) = _ Kg, + Egq,088(Exgq,) + S (Era,)

Tk,

i

with SE,- (Efd/.) = 00396Xp(155Etdl)

The multimachine model with IEEE Type I exciter can be obtained including
Equations (2.113) and (2.114) with synchronous machine differential algebraic
equations given by Equations (2.78)—(2.81).

Static exciter

The block diagram representation of the static exciter is shown in Figure 2.14. The
differential equation for the static exciter is given by
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AEgy
FIGURE 2.14
Static exciter or high-gain exciter.
dEs,
TAd—t“iz—Efd+KA(vref—v+vs) (2.115)

The supplementary signal V corresponding to the additional signal derived from the
PSSs or FACTS controllers, which is introduced to damp rotor oscillations of the
synchronous machine.

EXERCISES

2.1 Derive the synchronous machine dynamic model in the a—b—c reference frame.
Using Park’s transformation, convert this model in the d—q—o reference frame.

2.2 Construct the block diagram model of an IEEE Type I excitation system with
inputs V. and V; and output Ery. Obtain the linearized state space model of the
IEEE Type I excitation system.

2.3 For a WSCC type 3 machine, 9-bus system exciter parameters of the generators
are given in Appendix A. Derive the transfer function of each exciter with V; as
input and E¢y as output.

2.4 Using the exciter model (2.110)—(2.112) with Kg=1.0, Sg=0, and Tg=0.5 s,
compute the response of Egy for a constant input of Vg =1.0. Use an initial
value of Efy=0. All are in pu.

2.5 Express with per unitization and scaling the electric equations and rotor
mechanical equations of the synchronous machine. What is the physical
interpretation of per unitization?

2.6  Obtain the equivalent circuit representation of the stator algebraic equations of
a synchronous machine in the synchronously rotating reference frame
represented by D, Q, and O.



40 CHAPTER 2 Fundamental Models of Synchronous Machine

References

[1] R.H. Park, The two-reaction theory of synchronous machines-generalized method of anal-
ysis, part-I, AIEEE Trans. 48 (1929) 716-727.

[2] M.A. Pai, D.P. Sen Gupta, K.R. Padiyar, Small Signal Analysis of Power System, Narosa
Publishing House, New Delhi, India, 2004.

[3] P. Kundur, Power System Stability and Control, McGraw-Hill, New York, 1994.

[4] P.W. Sauer, M.A. Pai, Power System Dynamics and Stability, Pearson Education Pte. Ltd.,
Singapore, 1998.


http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0010
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0010
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0015
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0015
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0020
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0025
http://refhub.elsevier.com/B978-0-12-817768-6.00002-0/rf0025

CHAPTER

Models of Power Network
and Relevant Power
Equipments

INTRODUCTION

The stability of power systems is governed by its configuration and the characteris-
tics of the different power system components having significant contribution in the
power network. The synchronous machine, exciter, power system stabilizer (PSS),
transmission lines, and the power electronic-based devices—flexible alternating cur-
rent transmission system (FACTS)—are major power system components that play a
large role in the generation, transmission, and distribution of power. These devices,
under certain operating conditions, maintain synchronism with the rest of the inter-
connected power networks. Therefore, the examination of their characteristics and
the accurate modeling of their dynamic performance are of fundamental importance
to study power system stability. In this chapter, small-signal simulation models of the
earlier mentioned devices have been described. These models are used in the succes-
sive chapters to study the dynamic behavior and investigate small-signal stability of
power systems.

SIMPLE MODEL OF A SYNCHRONOUS GENERATOR

A synchronous generator can be modeled for the purpose of both steady state and
dynamic state of operation. In steady state, at its basic form, a synchronous generator
can be modeled as a voltage source delivering the required quantity of electrical
power to the system. Since the excitation system of an alternator controls the mag-
nitude of the terminal voltage, hence, it is customary to specify the magnitude of the
terminal voltage and amount of real power required to be supplied to the system (i.e.,
V and P are specified) in the load flow studies. Since an alternator also supplies the
reactive power to the system, hence, the reactive power limit also needs to be spec-
ified. A generator is required to supply power into a power network, and hence, pos-
itive P and Q quantities conventionally represent lagging current supplied to the
system.

In transient stability studies, the synchronous machine can be represented by a
constant £’ # 6 ° behind the d-axis transient reactance (x;). The machine is assumed
to operate under balanced three-phase positive sequence condition and E’ is held
constant. E’ is the excitation voltage of the alternator and V is the terminal voltage.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00003-2
Copyright © 2020 Elsevier Inc. All rights reserved.
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E'us® Vv
Py O,

FIGURE 3.1

Classical representation of synchronous generator.

In phasor equation, we then have V=E’ — j(x;I), where I is the current delivered by
the machine during the transient condition (Figure 3.1):

V=|V|£0° E =|E'|2£6°% I=|I|£— yp(assuming lagging loads)
Also, the total power is

Sy =VI' =Py 4]0, (3.1)

STEADY-STATE MODELING OF SYNCHRONOUS MACHINE
(ANALYTICAL ASPECTS) [1]

A synchronous machine has two essential elements: the field and the armature. Nor-
mally, the field is on the rotor and the armature is on the stator. The field windings
induce alternating voltages in the three-phase armature windings of the stator. The
frequency of the stator electrical quantities is thus synchronized with the rotor
mechanical speed, hence the designation “synchronous machine.”

The synchronous machine under consideration is assumed to have three stator
windings, one field winding, and two amortisseur or damper windings. These six
windings are magnetically coupled. The magnetic coupling between the windings
is a function of the rotor position.

In developing equations of a synchronous machine, the following assumptions
are made:

(i) Three stator coils are in a balanced symmetrical configuration cantered 120
electrical degrees apart.
(ii) Rotor has four coils in a balanced symmetrical configuration located in pairs 90
electrical degrees apart.
(iii) The relationship between the flux linkages and the currents must be
independent of O,.; when expressed in the dgo coordinate system.
(iv) Magnetic hysteresis and saturation effects are negligible.

Following these assumptions, the performance of the synchronous machine under
balanced steady-state conditions may be analyzed by applying the per unit equations
resulting from the dynamic model.
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It is clear that under steady state, all time derivative terms drop out from the
dynamic machine equations, and we must have constant speed @ and constant rotor
angle 0, thus requiring w = w,, and, therefore,

Va=—Rds—y, (32)
Vo=—Rdy+y (3.3)

Assuming a balanced three-phase operation and damper winding currents are zero,
the other algebraic equations can be solved in steady-state operation, which are as

follows:

0=—E — (X4~ X,)Is+Exy (3.4)

0=~y +E, — (X;—Xui5)la (35)

0=—E)~ (X, ~X, )1, (3.6)

0=—y,,—E,— (X; —Xls)[q (3.7)

0="Twm— (Yalg— ¥ la) — Trw (3.8)

Va=E, ~Xyla (3.9)

v, =—E,~ X1, (3.10)

Except for Equations (3.9) and (3.10), these are all linear equations that can easily be
solved for various steady-state representations. Substitution of Equations (3.9) and
(3.10) in Equations (3.2) and (3.3) gives

Va=—Rda+E;+X,1, (3.11)

V= —RSIq+E;—X;1d (3.12)

These two real algebraic equations can be written as one complex equation of the form
(Va+jV,)e/® ™) = —(Ry+jX,) Ly +j1,)e’° ™ +E (3.13)

Therefore, the relation between load voltage and internal voltage is

V=—(R+jX,)I" +E (3.14)
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The steady-state model of the synchronous machine mentioned earlier can be repre-
sented by the following circuit diagram (Figure 3.2).

again, E=[ (£~ (X, =X} )1+ (E, + (X, ~ X))1) [ 172
:j[(xq _X;)Id-&-E;} e/ (3.15)
The internal voltage E can be further simplified, using Equation (3.4), as

E=j[(X;,—Xa)ls+Ew]e ™

E=[(Xy—Xa)ls+Eg)e” (3.16)

Here, § =angle on E. Also, the relation between the field current (/rq) and the mag-
netizing reactance (X,q) is
Exq
Iyg=—— 3.17
=y (3.17)

The electrical torque is

Toteo = Waly — W la = Vala+Vyly + R, (15 +1§) (3.18)

The torque is precisely the “real power” delivered by the controlled source of
Figure 3.2. Therefore,

Pou =Real (W*) = Real <(Vd +jvf1)e_j(5_n/2) ([‘1 _j[‘f)ei(é_nm)
= Real((Vd Jerq) (Id —jl,,))
- l//qld (3.19)
Also,
Qom _ Imag (W*) _ Imag((vd _’_qu)e*j(éfﬂ/z) (Id —jlq)ej<§7ﬂ/2))

= Imag((Vd +qu) ([d _j[q))
=Y l,+ ’pqld (320

. js-ZL
X R+ ire’ 2

FIGURE 3.2
Synchronous machine steady-state circuit.
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GOVERNOR MODEL [2]

If the load increases, the speed of the synchronous generator reduces slightly. The
governor of any thermal unit reacts to this speed variation and permits the entry
of some more steam from the boiler to the turbine that, in turn, increases the speed.
The increased steam flow reduces the boiler pressure, which reinstates the increase of
an adequate fuel, air, and water flow to release the steam pressure. Fortunately, the
large thermal inertia of most boiler systems enables the load frequency performance
of the turbine, generator, and load to be decoupled from that of the boiler, so that, for
short duration of load change, the boiler pressure may be regarded as constant. The
generator mainly determines the short-term response of the system to the load
fluctuations.

Many forms of the governor system have been devised, all of which include, in
some way or the other, the variation of the turbine-generator shaft speed as the basis
on which the change of the position of the turbine working fluid control valve actu-
ates. Typical speed droop characteristics for most governors range between 5% and
10%. The latest trend in the turbine governor design is to provide an electronic con-
troller. A block diagram representation of the speed governor system is shown in
Figure 3.3.

The speed-governing system of hydroturbine is more complicated. An additional
feedback loop provides temporary droop compensation to prevent instability. This is
necessitated by the large inertia of the penstock gate, which regulates the rate of
water input to the turbine.

K 1
Here, Ax, :ﬁ (APC —]—eAw) (3.21)
Equation (3.21) plays an important role in modeling the governor operation. Let
us consider a simple example. Assuming an increment APc=1.0 at t=0, for a

Aw (s) = AF(s) (change in frequency)

|

> Ax,
(Command change in (Opening of steam
power) valve)
R = Speed regulation of the governor
Ky = Gain of the speed governor
T = Time constant of the speed governor

FIGURE 3.3
Block diagram representation of the speed governor system.
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v

FIGURE 3.4

Speed governor response curve.

speed-governing system under test (i.e., operating on open loop resulting Aw =0),
the increment in steam valve opening Ax, is obtained from Equation (3.21) as

K

Axg=——9
s(1+4sTsg)

, using Laplace transformation of AP¢

Ksg
= LGI (3.22)
N (s + T_)
SG
Mathematical manipulation yields
K K
Are=—2——%¢ (3.23)
s —
s+ Tsg
which on inverse Laplace transform yields
Axe(1) :KSG(l —e*f/TSG) for 1> 0 (3.24)

The response curve has been plotted in Figure 3.4. Thus, the governor action has been
modeled utilizing the concept of transfer functions.

TURBINE MODEL [2]

Turbine dynamics are of prime importance as they also affect the overall response of
the generating plant to load changes. The actual dynamics of course greatly depends
on the type of turbine used. A nonreheat type of steam turbine has been shown in
Figure 3.5.
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AP,
Axe Steam . }
1 Turbine
chest

v

To condenser

FIGURE 3.5

47

Block diagram of nonreheat-type turbine.

After passing the control valve, the high-pressure steam enters the turbine via the
steam chest that introduces the delay T (in the order of 0.2—0.5 s) in the steam flow
resulting in the transfer function:

AP,(s) 1
Gr= = 3.25
' Ax.(s) 1+sTy (325)
The turbine governor block diagram has been shown in Figure 3.6.
Assuming the command increment to be AP, at steady state,
AP, = KsgKTAPC (3.26)

It insists to choose a scale factor so that AP,=APc. This is equivalent to picking
KsgKt=1. This gives the model as shown in Figure 3.7.

1
< Turbine ——

54— Speed governing =E .

i system ' '

' Aw (s) i i

| 1 | :

5 R | :

AP (s) + Ksa Ax. | _Kr  [ARG)
1 +5Tgg 1+ 5Ty

FIGURE 3.6
Turbine governor block diagram.
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A

g

s)

x|~ |([e—

AP(s) + | 1 APGs)
(1 +sTge)(1 +5T7)

FIGURE 3.7

Block diagram for turbine governor modeling.

POWER NETWORK MODEL

The power networks interconnect the synchronous machine with transmission
and distribution nodes along with rest of the power system components. The equiv-
alent circuit of the power system networks together with stator networks of the
synchronous machines and the real and reactive power loads is presented in
Figure 3.8. The network equations for an n-bus system can be written in complex
form [1].

The network equations for the generator buses are given by

i

Vel (Id, ~1, )efj(é,-fn/Z) + Py, +i0L (Vi) = ZVinYikej(oi*()k*‘lik) (3.27)
k=1

fori=1, 2, 3, ..., m (number of generator buses).
The network equation for the load buses is

n
Prv,) +j0L (Vi) = Z ViV, Yyel O 0o (3.28)
k=1
fori=m+1, m+2, m+3, ..., n (number of load buses).

Here, Vie/ (1, —1I,,)e 7%~/ = Pg, 4 jQg, is the complex power “injected” into
bus i due to the generator, and Y;.e/** is the ik th entry of the network bus admittance
matrix. This matrix is formed using admittance of all of the branches of the form
Yi =Gy +jBi.

The network equations for the generator buses (3.27) are separated into real and
imaginary parts and are represented in power balance form as

Id’ V,‘ sin ((3, — 9,) +1f11 V,‘ Ccos (5, — 91) +PL, (V,)

— VinY,‘k COS (9, — Hk — OC,'k) =0 (329)
k=1
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PLm(Vm) + jQLm(Vm) PLn(Vn) * jQL"(Vn )

FIGURE 3.8

Synchronous machine dynamic circuit with power networks.

Idl.V,- COoS (5, — 0,) — [ql V,’ sin (5, - 9,) + QL’. (V,)
. (3.30)

— V,‘VkY,‘kSiH (91‘_91(_051%) =0
k=1
where i=1, 2, 3, ..., m for generator buses.

Similarly, the power balance forms of the network equations for the load buses

are

PL,. (V,) — Z V,'VkY,'k COoS (9, — Hk — OC,'k) =0
k=1

(3.31)

QL’. (V,) — ZV,»VkYik sin (9, — Qk — O(,'k) =0
k=1
where i=m—+1, m+2, m+3, ..., nfor load buses.
These nonlinear network equations are linearized to include with the multima-
chine dynamic model for small-signal stability analysis.

(3.32)

49
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Linearization of the network equations (3.29) and (3.30) pertaining to generator
buses (PV buses) gives

0= (Idl.V,'COS (5,‘—0,‘) —Iq’,V,' sin (5,—01))A5,+V, sin (5,‘—05)A1d[ —|—V, Cos (5i_0i)A1‘7i

oPLV) .,
+ v, )AV,

+<Id’. sin (5,‘— 0i)+1‘/i Cos (5, - 0,) — ZVkYik COS (Oi—()k—ocik)

k=1

+ —Idl.Vjcos(5,-—0,-)+1quisin(5,~—0,-)+ ViZVkYikSil’l(Q,‘—Hk—O(ik) AO;
=1

#i
_ViZ[YikCOS (0, — Hk — Otik)]AVk — ViZ[VkYik sin (9, — Hk — OC,'k)]AGk
k=1

#i

(3.33)

0=(—1I4V;sin (6;—0;)—1,,Vicos (6;—0;)) Ad; + Vicos (6;—0;) Aly,—V;sin (6, —0;) A,

s

+<Id,cos(5i—9) I, sin (6;—0;) ZVkY,ksmﬂ — 0 — o) [+

0, (Vi

aV;

+ ]d,.V,‘SiIl(éi—H,‘)—‘r]qIVjCOS(5,‘—(‘) — VZVkY,kCOS 9 0r— OC,k )
%,

_VfZ[Yik sin (0; — O — o) |AV + ViZ[VkY,-k cos (0; — O — o) | A0y

k=1 |
#i

(3.34)

fori=1, 2, 3, ..., m (for the generator buses).
Linearization of the network equations (3.31) and (3.32) pertaining to load buses

(PQ buses) results in

P, (Vi .
L(V)A ZVkYikCOS(Qi_Hk_aik) AV

0= i~
av; —

=

ZVinYik sin (0, — Qk — OC,'k> A@, — V,'Z[Y;k COoS (9, — Hk — Otik)]AVk
k=1

#i

_ViZ[VkYik sin (0; — O — o) | AOy (3.35)

i
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00, (V;

_ ) - .
0= 8‘/,- AVI' — ;kaik sin (0, — Qk — O(,'k) AV,'

n
— ZVinYik cos (91 — 0 — ’xik) A0;
i1

#i

— V,'Z[Y,‘k sin (0, — 0, — Otik)]AVk + ViZ[VkYikCOS (01 — 0 — Ocik)}AHk (336)

k=1 ;
#i

fori=m+1, m+2, ..., n(for the load buses).

These linearized network equations (3.33)—(3.36) are to be included with the syn-
chronous machine differential algebraic equations (DAEs) to obtain the multima-
chine small-signal simulation model considering all network bus dynamics.

MODELING OF LOAD

A load model expresses the characteristics of the load at any instant of time as alge-
braic function of the bus voltage magnitude or the frequency at that instant. The
active power component Py and the reactive power component Q; are considered
separately. Appropriate voltage-dependent load can be incorporated into the network
equations (3.35) and (3.36) of the dynamic model of the multimachine system by
specifying the load functions. Traditionally, the voltage dependency of the load char-
acteristics at any bus ‘i’ has been represented by the exponential model [3]:

Vi\"™
P, =P, (V—’> (3.37)

Vi\"
O, =0, (—) (3.38)
Vio
where i=m+1, m+2, ..., n (number of PQ buses). Here, P and Q;_ are the
nominal power and reactive power, respectively, at bus i, with corresponding nom-
inal voltage magnitude V;,. Pr and Oy are active and reactive power components of
load when the bus voltage magnitude is V;. n,,; and n,; are the load indices. There are
three types of static load models that can be configured based on the value of these
indices:

Constant power type (n,=n,=0)
Constant current type (n,=n,=1)
Constant impedance type (n,=n,=2)

Therefore, for constant power-type load, Equations (3.37) and (3.38) become

PL =P (3.39)

io
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O =0, (3.40)
For constant current-type load, we have
Vi
Py, =P, (W) (3.41)
Vi
QLi = QLio (V_> (342)
i

Again, for constant impedance-type characteristics, Equations (3.37) and (3.38) can
be written as

Vi\?
P, =Py, (V—) (3.43)
Vi\>
OL =0, (V_) (3.44)
i

For composite load, values of n,; and n,; depend on the aggregate characteristics of
load components, and the exponential load model becomes then a polynomial load
model. Therefore, the polynomial load model for real power is

V; Vi’
P,=P,, +P. (—)+PL,|— 3.45
L =Pu, +PL, <Vi > +Py, <Vi ) (3.45)
and for reactive power is
Vi Vi’
O, =0, +0u, |5 ) +0u, (7 (346>
Vi Vio

fori=m+1, m+2, ..., n (number of PQ buses).
Linearizing Equations (3.45) and (3.46), for constant power-type load, we have

AP, =0 (3.47)

AQL, =0 (3.48)

and for constant current-type characteristics,

Py,

AP =-te AV, (3.49)
Vi

AQy, = %L AV; (3.50)

and when load is considered constant impedance type,
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AP = zi"“zv,-m/i (3.51)
AQ =2 QLfDZV,-Avi (3.52)
(Vin)

In order to study the effect of different types of load on small-signal stability, these
linearized load models given by Equations (3.47)—(3.52) are to be incorporated into
the linearized network equations of the dynamic model of the multimachine power
system.

POWER SYSTEM STABILIZER

The basic function of a PSS is to add damping to the generator rotor oscillations by
controlling its excitation using auxiliary stabilizing signal such as machine speed,
terminal frequency, or power. The stabilizing signals are processed through the
PSS and its control acts on the power system through the exciter, i.e., without exciter,
the PSSs have no effect of the power system. To improve the small-signal oscilla-
tions, the PSS must produce a component of electrical torque (damping torque) in
phase with the rotor speed deviations. In Figure 3.9, the PSS with speed input
(Av) to the torque-angle loop has been shown through a block diagram.

The functional relationship between the generator speed and the torque (ATpss) is
given by

ATpss
Av

:GEP(S)GPSS (S) (353)

Gpss(s) | PSS

K E |
2 - AV,
A [ I B S
, +
AE,, K, Ko T

i 1+5K3T o 14T A Vi

| Gr (5 G :

P Ks
GEP(s)

FIGURE 3.9
Power system stabilizer with speed as input.
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where Av= Ag

s
GEP(s) represents the characteristics of the generator G(s), the excitation system
Ga(s), and the power system. Therefore, the transfer function of the PSS, utilizing
shaft speed as input, is such that it must compensate for the phase lags introduced
by the GEP(s) between the exciter input and the electrical torque to produce a com-
ponent of torque in phase with speed changes so as to increase damping of the
rotor oscillations. An ideal stabilizer characteristic would therefore be inversely
proportional to GEP(s) [4,5], i.e.,

is the normalized speed deviation signal. The transfer function

D

Ideal Gpss(s) = GE‘;S(SS) (3.54)
where Dpgg represents the desired damping contribution of the stabilizer. Such a
stabilizer characteristic is impractical since perfect compensation for the lags of
GEP(s) requires pure differentiation with its associated high gain at high frequencies.
A practical speed stabilizer therefore must utilize lead-lag stages set to compensate
for the phase lags in GEP(s), over the frequency range of interest. The gain must be
attenuated at high frequencies to limit the impact of noise and minimize torsional
interaction with PSS, and consequently, low-pass and possibly band-reject filters
are required. A washout stage may be included to prevent steady-state voltage offset
as system frequency changes. Therefore, a practical PSS with two-stages of phase
compensation blocks is represented as

(14sTy) (145T3) sTy
(1+45T2) (1+5Ts) 14Ty
The time constants T, T, and T3, T4 should be set to provide damping over the range

of frequencies at which oscillations are likely to occur. Typical values of these
parameters are the following:

G(s) = Kpss

(3.55)

Kpss (gain of PSS): 0.1-50 s

T, = T5 (lead time constant): 0.2-1.5 s
T, = T4 (lag time constant): 0.02-0.15 s
T, (washout time): ~10 s

Figure 3.10 represents a practical single-stage PSS connected with exciter.
Neglecting washout stage block, the dynamic equation of the PSS can be obtained as

- 1 Kpss KpssT' , .
AVy=——AV,+—=A A 3.56
( V, LY + T v+ T v) (3.56)
In case of multimachine application, Equation (3.56) can be written as
. 1 K KpssTh , .
AVy= -~ AV, + T"js Avi+ P;z LAY (3.57)

. . . Aw;
where i=machine number where PSS is to be installed. As Av; :%, Equa-
tion (3.57) becomes s

. 1 Kpss Aw;  KpssTi1 Aw;
AVq :——Avsi
O T

(3.58)
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AVref
PSS
Kpgg (1+5T K
Av sTy, J| Kess(+sT) Ay
’ 1457, (1+sT5) 1+5T,
Washout Phase Exciter
compensation
FIGURE 3.10

A practical power system stabilizer.

The expression of Aw; has been described later in Chapter 5, Section 5.2.2, and can
be substituted in Equation (3.58).

MODEL OF FACTS DEVICES

FACTS is an acronym for flexible alternating current transmission system. The phi-
losophy of FACTS is to use power electronic-controlled devices to control power
flows in a transmission network, thereby allowing transmission line plant to be
loaded to its full capability. Power electronic-controlled devices, such as static
VAR compensators, have been used in transmission networks for many years; how-
ever, the concept of FACTS as a total network control philosophy was introduced in
1988 by Dr. N. Hingorani from the Electric Power Research Institute in the United
States.

FACTS is defined by the IEEE as “A power electronic based system and other
static equipment that provide control of one or more ac transmission system
parameters to enhance controllability and increase power transfer capability.”

FACTS controllers are capable of controlling the network conditions in a very fast
manner, and this feature of FACTS can be exploited to solve many power system
problems, to improve power system stability, to enhance system controllability, to
increase power transfer capability, to mitigate subsynchronous resonance, etc. In this
section, model and principle of operation of the most prominent FACTS controllers
and their main steady-state characteristics relevant for power system stability anal-
ysis are briefly discussed.

Static Var compensator

Static Var compensator (SVC) is a type of FACTS device, used for shunt compen-
sation to maintain bus voltage magnitude. SVC regulates bus voltage to compensate
continuously the change of reactive power loading. The most popular configuration
of this type of shunt-connected device is a combination of fixed capacitor C and a
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— L

FIGURE 3.11
Advance SVC module.

thyristor-controlled reactor (TCR) as shown in Figure 3.11. The thyristor valves are
fired symmetrically in an angle o, ranging from 90° to 180°.

The variable SVC equivalent susceptance By, at fundamental frequency can be
obtained as follows [6]:

Let the source voltage (bus voltage) be expressed as V,,(f) =V sin wt, where V is
the peak value of the applied voltage and w is the angular frequency of the supply
voltage. The TCR current is then given by the following differential equation:

Ly = Va()=0 (3.59)

where L is the inductance of the TCR. Integrating Equation (3.59), we get

i(t) :%jv,,(z)dmc,, (3.60)

where C,, is the constant.
Alternatively,

Vv
i(t) =—— t+C 3.61
i(r) oL coswt+C, ( )
For the boundary condition i(wt=0o)=0,

i(?) zé(cosa— coswt) (3.62)

where « is the the firing angle measured from positive to zero crossing of the applied
voltage. To derive the fundamental component of the TCR current (), Fourier anal-
ysis is used, which in general is given as

I1 (o) = a; coswt + by sinwt (3.63)
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where b, =0 because of the odd-wave symmetry, that is, f{(tf) =f(—?). Also, no even
harmonics are generated because of the half-wave symmetry, i.e., f(t +T/2) = —f(¢).
The coefficient a; is given by

4 T/2
a :TJ f(t)cos (2mt/T)dt (3.64)
0
Solving for (o),
% 200 1
Il(fx)wL(l—n—nsm 2<x> (3.65)

Expressing Equation (3.65) in terms of the conduction angle o, the fundamental
component of TCR current is given by

0 —sinc
L()=V|——— 3.66
0=y (7 2) (3.66)
where conduction angle o is related by the equation, o +%: m, and X\ is the reac-
tance of the inductor. Equation (3.66) can be written as

11 (O() :VBTCR(U) (367)
where Brcr(0) is the adjustable fundamental frequency susceptance controlled by
the conduction angle to the law

o — sino

X (3.68)

Brcr(0) =

The maximum value of Brcr(0) is XLL’ obtained with ¢ =7 or 180°, i.e., full conduc-

tion angle in the thyristor controller. The minimum value is zero, obtained with ¢ =0

(x=180°).
From Equation (3.68), the TCR equivalent reactance Xtcgr can be written as
X
Xrer =L (3.69)
¢ — sing

The total effective reactance of the SVC, including the TCR and capacitive reac-
tance, is determined by the parallel combination of both components:

Xsye =— TR (3.70)

Expressing capacitive reactance and inductive reactance in complex notation,
Equation (3.70) becomes
. X
— CU—Jsi%m
— (3.71)

. TEjXL
et =5ne

Xsvc =
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TEXCXL
Xsve = 3.72
sve —jXc(o — sino) +jnXy (3.72)
XcX,
Xsve = oL (3.73)

JXL —j%(a — sino)

Writing conduction angle in more convenient form with ¢ =2(n — «), the SVC equiv-
alent susceptance Bgyc is given by

—X1. —&(Z(n —a)+ sin(2a))
T
XcXL

By =

[' X : } (3.74)
JXsve = =3 .
v JBsve
while its profile, as a function of firing angle corresponding to a capacitive reactance
of Xc=1.1708 pu and a variable inductive reactance of X; =0.4925 pu, is shown in
Figure 3.12. The linearized equivalent susceptance obtained from Equation (3.74) is
given by
2(cos(2a) — 1)

S (3.75)

Capacitive region

Inductive region
-05r

Equivalent susceptance (1/ohms)

3 1 1 1 1 1 1 1 1

90 100 110 120 130 140 150 160 170 180
Firing angle (°)

FIGURE 3.12

Bs, as function of firing angle «.
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MATLAB Program 1
% SVC IMPEDANCE AND RESONANCE CONDITION %

YFrxFIhkhhhkkhhhkkhhkhhhkhhhkrhhkhhhkhhhkdhhhkdhhrhhrkhhhrkdhhxhhkxxk*x*x9

% Input data firing angle
Input beta_in=1[0to 180]
beta=(beta_in*pi)/180 ; % Inradian%

% XL inductive reactance; XC capacitive reactance%

XL=1.4925; XC=1.7708;

omega=2*pi*50;

BSVC=-(pi*XL-XC*(2*(pi-beta)+sin(2*beta)))/(pi*XC*XL);

form=1:30
BSVC(m)=(pi*XL-XC*(2*(pi-beta(m))+sin(2*beta(m))))/

(pi*XC*XL);

end

plot(beta_in,BSVC)

form=1:30;

fprintf(’ %5g°, beta_in(m)); fprintf(’ %3.5f", BSVC(m));
fprintf(’\n’)

end

e SVC controller

The block diagram of a basic SVC with an auxiliary controller is shown in
Figure 3.13. The voltage input, AV, of the controller is measured from the SVC
bus. The firing angle of the thyristors that determines the value of susceptance is
included in the network. This firing angle is regulated by a proportional-integral
(PD) controller, which maintained the bus voltage at the reference (V) value.
The auxiliary controller with input signal, Av (=Aw/w;), explicitly increases the sys-
tem damping in addition to the SVC.

Avrcf o)
Firing angle
regulator
K Ao I I AB,.
i
Kp+—— e
S 1+5Tg
SVC internal
delay
stc (1 +‘YT]) P
(1+5Ty) Av

Auxiliary controller
FIGURE 3.13
SVC block diagram with auxiliary controller.
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Setting Kp to zero, the linearized state-space equations of the SVC controller can
be represented as

. 1 stc 1 stc Tl .
AV =——AV, = )A = |A 3.76
0= AT, (T2> Ot <T2) @ (3.76)
Ao = —KIAV() +K]Avsvc _KIAVref (377)
. 1 1
Astc = — Ao __Astc (378>

where T, is the internal time delay of the SVC module. K, T, and T are the gain,
lead, and lag time constants of the auxiliary controller, respectively. AB,. is the lin-
earized susceptance of the SVC.

The SVC linearized reactive power injection at the bus n can be derived from the
following equation:

aQn aQn 8Qﬂ
A A0, +—="AV, Ao, 3.79
Cn =70, A0 T 5y, AVt 5, (3.79)
where 0, = — By,V>
which gives
A0,
AQ,=[0 —2V,By. 2VZ(1—cos2a)/Xi| | AV,
Ao,

Therefore, SVC linearized power flow equation corresponding to the nth bus where
SVC has been installed is

AQ
APn _ 0 0 0 n
[AQJ a [0 —2V,Bge 2V2(1— cos2a) /XL AAV; (3.80)

Installation of an SVC controller in a multimachine power system results in the addi-
tion of state variables, Axg,. =[AVy Aa ABWC] in the machine differential alge-
braic equations and the addition of SVC linearized power flow equations (3.80) in the
nth bus network equations, respectively.

Static synchronous compensator

Static synchronous compensator (STATCOM) is a shunt-connected FACTS device.
It is like the static counterpart of the rotating synchronous condenser, but it generates/
absorbs reactive power at faster rate because no moving parts are involved. It is oper-
ated as a static Var compensator whose capacitive or inductive output currents are
controlled to control the bus voltage with which it is connected. In principle, it per-
forms the same voltage regulation as the SVC but in a more robust manner because
unlike the SVC, its operation is not impaired by the presence of low voltages. It goes
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.~ Bus Bus .
J J
Ve I S Vee
Voltage source Current source
converter converter
|
I
dc energy
source Energy storage
(a) (b)
FIGURE 3.14

STATCOM schematic: (a) with voltage source converter (VSC) and (b) with current source
converter (CSC).

on well with advanced energy storage facilities, which opens the door for a number of
new applications, such as energy deregulations and network security.

STATCOM operation is based on the principle of voltage source or current source
converter [7]. The schematic of a STATCOM is shown in Figure 3.14a and b. Whenused
with voltage source converter, its ac output voltage is controlled such that the required
reactive power flow can be controlled at the generator/load bus with which it is con-
nected. Due to the presence of dc voltage source in the capacitor, the voltage source con-
verter converts its voltage to ac voltage source and controls the bus voltage. The
exchange of reactive power between the converter and the ac system can be controlled
by varying the amplitude of the three-phase output voltage, V., of the converter, as illus-
trated in Figure 3.15. That is, if the amplitude of the output voltage is increased above
that of the utility bus (j) voltage, then a current flows through the reactance from the
converter to the ac system and the converter generates capacitive-reactive power for
the ac system. If the amplitude of the output voltage is decreased below the utility
bus voltage, then the current flows from the ac system to the converter and the converter
absorbs inductive-reactive power from the ac system. If the output voltage equals the ac

lze. Bus

sC

FIGURE 3.15
Equivalent circuit of shunt-operated STATCOM.
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system voltage, the reactive power exchange becomes zero, in which case, the STAT-
COM is said to be in a floating state. Adjusting the phase shift between the converter-
output voltage and the ac system voltage can similarly control real power exchange
between the converter and the ac system. In other words, the converter can supply real
power to the ac system from its dc energy storage if the converter-output voltage is made
to lead the ac system voltage. On the other hand, it can absorb real power from the ac
system for the dc system if its voltage lags behind the ac system voltage.

The reactive power of a STATCOM is produced by means of power electronic
equipment of the voltage source converter (VSC). The VSC may be a two-level or
three-level type, depending on the required output power and voltage. A number of
VSCs are combined in a multipulse connection to form the STATCOM. In the steady
state, the VSCs operate with fundamental frequency switching to minimize converter
losses. However, during transient conditions caused by line faults, a pulse width-
modulated mode is used to prevent the fault current from entering the VSCs. In this
way, the STATCOM is able to withstand transients on the ac side without blocking.
The STATCOM can also be designed to act as an active filter to reduce system har-
monics and frequently includes the facility of having active power control.

e Power flow model of STATCOM

Let V; £ 0; be the utility bus voltage at bus j, V. £ d, be the inverted voltage (ac)
at the output of STATCOM, referred to as jth bus side, X, be the reactance of the line
between the jth bus and the STATCOM, and Q. be the reactive power exchange for
the STATCOM with the bus.

Obviously,
|V/‘2 ’Vj”VSC‘
¢ =g — 08 (0; — dsc
0= X T X 0mo)
ViR = V||V,
:”X—’|| if 0; = d. (for a loss less STATCOM)  (3.81)

Thus, if V] <IVl, Oy becomes negative and the STATCOM generates reactive
power. On the other hand, if V1>V l, Qs becomes positive and the STATCOM
absorbs reactive power.

Also, Vi =|Vi|(cosdy +jsindy.) (3.82)

The maximum and minimum limits of V| will be governed by the STATCOM
capacitor rating. d,. may have any value between 0° and 180°. Let us now draw
the equivalent circuit of STATCOM in Figure 3.15.

Here, I =Y (Vsc— V)

1 .
where Y. = Z_gc =Gy +jBsc-
. Ssc (complex power flow) = Vi I, =V Yo, (V:C — Vj*) (3.83)

However, V. =1V I(cos ds. +j sin d¢.) (Equation 3.82).
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Substitution of V. in the expression of S leads to the following equations:

Py = |Vie|*Gse — [Vie||Vj| [Gsc c0s (85 — 6;) + By sin (e — 6;) ] (3.84)

Ose = —|Vie|*Bse — |Vie||V}| [Gie sin (05 — 0;) — Bsc cos (85 — 0;) ] (3.85)

To simplify these equations, let us assume the STATCOM is lossless (thus, Gg. =0)
and there is no capability of the STATCOM for active power flow (thus, P, =0).
Also, 6. 220;.

-'-Qsc:_|Vsc|2Bsc+|Vsc||Vj|Bsc (386)
The power mismatch equation can be written now as
oF; _OF;
AP; | | 06; O|Vi] A0,
|:AQsc:| o aQSC 8QSC A|VSC| (387)
06 0|Vl

At the end of iteration p, the variable voltage IV | can be corrected as

[Vee|PHD = [V | P) + AV | ) (3.88)

e STATCOM controller

The STATCOM controller model used as a voltage controller is shown in
Figure 3.16. Among the shunt controllers, the STATCOM performs better than
SVC because of its better characteristics in the low-voltage region. The main func-
tion of an STATCOM, as with the conventional SVC, is to regulate the transmission
line voltage at the point of connection. It has been observed for IEEE first bench
mark system that the STATCOM equipped with only a voltage controller is not
sufficient to damp all the oscillatory modes of the system. Thus, a need exists for
an additional control signal along with the STATCOM voltage controller. The prin-
cipal strategy in controlling small-signal oscillations using STATCOM damping
controller is to use simple auxiliary stabilizing signals. It is known that the generator

Aw > Ky Feedback
1+5T, stabilizer
Vmax
KI AX S3 1+ STI
Kp+ — AVe
s 1+sT,
PI Lead-lag Vinin
controller compensator

FIGURE 3.16

STATCOM voltage controller for damping small-signal oscillations.

.
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speed contains components of all the oscillatory modes; consequently, if the gener-
ator speed is used to control an STATCOM, all the oscillatory modes including
swing modes and torsional modes will be affected. Therefore, the auxiliary signal
employed is the generator speed deviation. The control system can be designed to
maintain the magnitude of the bus voltage constant by controlling the magnitude
and/or phase shift of the VSC output voltage.

The block diagram given in Figure 3.16 can be represented by the following state
variable equations:

K,
AX,, = (—1 HT) Ao (3.89)
K
AX,, = (Kp+?‘> AX,, (3.90)
1+ ST1
AV, = AX,, 3.91
‘ <1+st> . (3.91)

Equating Equations (3.89)—(3.91), the linearized state-space model of a STATCOM
controller is obtained as

; 1 K, 1
AX, = _T—mAXSz +T_,:Aw —ﬁAVmeas (3.92)
. K KpK, K
AX,, = (—T—P—H{I) X+ A~ AVineas (3.93)
, 1 1 T, [ Kp
AV = _T_ZAVSC —|—T—2AXS3 +T—2 (—T—m—|—K1) AX;,
T1KpK,, T:Kp
Ao—"2Av, 3.94
T, YT T, e (3:94)

The multimachine model with STATCOM controller can be formulated by adding
the state variables AXstatcom = [AX;, AXs, AV }T with the differential algebraic
equations and the STATCOM linearized power flow equation (3.87) with the
network equations of the multimachine system, respectively.

The STATCOM controller model used as a voltage controller (Figure 3.16) has
three gains: the proportional gain, Kp; the integral gain, K; and the speed deviation
feedback gain, K,. The objective is to damp all the swing modes at all series-
compensation levels. Eigenvalue analysis is used to obtain the range of Kp, K,
and K, for which the system is stable. It is found that the system is stable for typical
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values of STATCOM controller parameters as 6.0 <Kp<0.1, 132<K;<0, and
4 <K, <11. These ranges of Kp, K1, and K, are used to select final gain parameters
of the STATCOM controller by carrying out a step-response test on the system and
ensuring the system settling time and a low generator speed overshoot.

Thyristor-controlled series compensator

The basic Thyristor-controlled series compensator (TCSC) configuration consists of
a fixed series capacitor bank C in parallel with a TCR as shown in Figure 3.17. This
simple model utilizes the concept of a variable series reactance. The series reactance
is adjusted through appropriate variation of the firing angle («), to allow specified
amount of active power flow across the series-compensated line. The steady-state
relationship between the firing angle o and the TCSC reactance Xtcsc at fundamen-
tal frequency can be derived as follows [8]:

The simplified TCSC equivalent circuit is shown in Figure 3.18. The transmis-
sion line current is assumed to be the independent input variable and is modeled as an
external current source, ijjpe (£).

C
—
5 APsl l l t
LYY
-
FIGURE 3.17
TCSC module.
iCi\
Ny
[N
C
— IR
Y'Y
L
(<)
NI
ifine = COSMI
FIGURE 3.18

Equivalent circuit of a TCSC module.
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ar b0t o) aay 7+ 0
~ 4
-— a ‘ 2r
|
\\ / 1 | ‘ o
T
oy 27— 0,5 27m+0,

FIGURE 3.19
Asymmetrical thyristor current.

It has been assumed that a loop current is trapped in the reactor-capacitor circuit
and that the power system can be represented by an ideal, sinusoidal current source.
Under these assumptions, the TCSC steady-state voltage and current equations that
can be obtained from the analysis of a parallel LC circuit with a variable inductance
are shown in Figure 3.18, and the asymmetrical current pulses through the TCSC
thyristors are shown schematically in Figure 3.19. However, the analysis presented
in the following text may be erroneous to the extent that the line current deviates
from a purely sinusoidal nature. The original time reference (OR) is taken to be
the positive going zero crossing of the voltage across the TCSC inductance. Also,
an auxiliary time reference (AR) is taken at a time when the thyristor starts to
conduct.

The line current is

Tline = COS
or, in the AR plane,
iine = €08 (Wt — 0,) = COSWI COST, + sinwt sina,
Applying Kirchhoff current law (KCL) to the circuit shown in Figure 3.18,
Iline = ITCR + icap (395)
During the conduction period, the voltage across the TCSC inductive reactance and
capacitive reactance coincides:

ditrcr 1.
L a = Echapdt + V:;lp

where V{,, is the voltage across the capacitor when the thyristor turns on. Taking
Laplace transformation of Equations (3.95) and (3.96),

(3.96)

N . w
Iline: COSGam+ SlIlO'&SZ_'_—(u2 (397)

liine =Itcr +Icap (398)
leap =5"LClrcr —CV,, (3.99)
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Substituting Equations (3.97) and (3.99) into Equation (3.98) and solving for Itcg,

) s . 1 w%CV;;p
Itcr = wjcosa, + wywsino, 5
R ) Fra)rad)  Pro
(3.100)
where cu(z) = % Expressing Equation (3.100) in the time domain leads to
itcr =Acos(wt —a,) — Acos g, cos wpt
—Bsina, sinwot + DV, sinwot (3.101)
w} W
where A = 5 5 B=— > and D =wC.
wg—w g —

To express Equation (3.101) within the range [—0,, 0], it is only necessary to

. . . . .G . .
shift the equation to the original time reference by adding — to the time variable.
w

. O,y .
Hence, substituting 7+ “2in place of ¢,
[0)
. o o
iTcR =AcCOS (w (t + —a> — aa) —AC0Sa,CcoSsmgy (t + —a)
w W

. . g ) g
—Bsino,sinwg (t + —a) —|—DVC+ap sinwg (t + —a)
o w w
Writing @ = —0,
w

ITcR =Acoswt+ (—A CO0S0,Coswo, —Bsino,sinwo, + DV;1p sin waa) coswot

+ (A c0s 0, sinwa, — Bsino, coswa, + DV;lp cos waa> sinwgt (3.102)

The TCSC capacitor voltage Vjap is obtained, making the coefficient of sin wgf zero,

ie., (A Ccos0,Sinwao, — Bsino,coswao, —&-DVCEP cos waa) =0

B A
or Vjapzﬁsinoa—Bcosoatan(waa) (3.103)

Substituting Equation (3.102) into Equation (3.103), the steady-state thyristor
current is obtained as

itcR =Acoswt+ (—Acoso,coswa, — Bsino, sinwa,
B . A .
+D| —=sino, — —coso,tan (wa,) | sinwa, | coswpt
D a D a a a 0

cos (wwt)

=Acoswt—Acosa, (3.104)

cos (wa,)

where ¢,=m —o. Equation (3.104) is symmetric and it is valid in the interval wt €
[-04,0.] and wte[2n—o0,,2n+0,]. Since the thyristor current has even and
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quarterly symmetry, its fundamental frequency component may be obtained by
applying Fourier analysis of Equation (3.104):

4 [ t
Itcr :—J (Acoswt—Acos oaw) cos (wt)d(wt) (3.105)
7 Jo cos (wa,
Let wr=06:
2A (% 4A 2 [
:—J (200520)d97ﬂj cos (w@l)(cosB)do (3.106)
7)o ncos(wa,) Jo

Solving Equation (3.106) results in

A (20,4 sin(2a,))

Itcr =—
T
4Acos’c, [wtan (wa,) — tan(o,)
_ 3.107
(w?—1) [ T ( )
The TCSC fundamental impedance is
. V-
Zrese = Rrese +/Xtese =0 (3.108)

I line
The voltage Vrcsc is equal to the voltage across the TCSC capacitor and Equa-
tion (3.108) can be written as
Zresc = M
I line
If the external power network is represented by an idealized current source, as seen
from the TCSC terminals, this current source is equal to the sum of the currents
flowing through the TCSC capacitor and inductor. The TCSC impedance can then
be expressed as
7 ~ —jXc(hine — ITcr)
TCSC=— 5
Liine
Substituting the expression for Itcg from Equation (3.107) and assuming
Liine=1 cos wt,

_ —/Xc |A :
Zrese = —jXc+ 1o [n (20, + sin(2a,))

_4Acoszo'.d wtan (wao,) — tan (g, ) (3.109)
(w?—1) 7
—jXc |A . 4AXccos’a,
Let = —(20, 20, d Uy=—"F+~—"—
© " Tcoswr [n( Ot sin (20 ))] an : (w?—1)1coswt

wtan (wao,) — taﬂ(ﬂa)}
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Therefore,
Zrcsc = —jXc+ U1 +U» (3.110)
2

Using the expression for A = D—a?

o1
o G=10 and o,=m—a0,

Xc

1N
noC <wc - wL>
:}%[2@—@ +sin (2(n —a))]

=C1(2(n—o)+ sin(2(mr—a))) (3.111)

Xc+X1c XX
p and XLC —XC _XL.

U = 2(n—a)+sin(2(mr—0a))], [ coswt|,=1]

where C; =

Again,

U,=

4AXccos’a, {wtan (wa,) — tan (aa)]
T

(w2 —1)1coswt

Replacing the expression for A = 2 : o2 and o,=m—0,

_ 4Xcwjcos?(n wtan(w ) tan (7 — o)
(- o?)( w2—1
1
@o o
e = 1o T =2 0 =—
T COS | = 0 LC]
4X2 .cos?(m—
:M[wtan (w(n—a))—tan(n—o)]
TCXL
=C;cos’(n—o)[wtan (w(n —a)) — tan (7 — )] (3.112)
4x?
X1 Xc LC

where X| ¢ 7@ and C, = XL
Combining Equations (3.111) and (3.112) with Equation (3.110), the TCSC fun-
damental impedance can be obtained as
Zresc =j(—Xc+C1(2(n— o) + sin2(m —a))
—Cyc0s*(n—o)(wtan (w(n — o)) — tan (1 — «))) (3.113)
Therefore, the TCSC equivalent reactance, as a function of the TCSC firing angle (),
which can be expressed from Equation (3.113), is

XTCSC = —XC + C] (2(7‘5 — OC) + sin (2(7‘5 — OC)))
—Cscos?(n— o) (@tan (@(n — o)) — tan (1 — o)) (3.114)
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0.15 T T T T T T T T

0.05 Inductive
zone

Capacitive
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TCSC equivalent reactance (pu)

90 160 liO léO 130 140 léO 1(‘50 1%0 180
Firing angle (°)

FIGURE 3.20

Variation of TCSC reactance (Xrcsc) with firing angle ().

The TCSC linearized equivalent reactance, which can then be obtained from
Equation (3.114), is

AXrcsc = {—2C1 (14 cos(2a)) + Cysin (2a) (wtan (w(n — o)) — tano)

+C2(WZM_OC>))—I>}A0¢ (3.115)

cos?(w(nm—o

For a TCSC designed with X¢c=5.7X Q2 at a base frequency of 50 Hz, its equivalent
reactance (Xtcsc) as a function of the firing angle (o) has been plotted in
Figure 3.20.

MATLAB Program 2

% TCSC EQUIVALENT REACTANCE AND RESONANCE CONDITION

VAR R R R R e R R R R e R e R R R R R R R R R R Rk Rk R R ]

% Input data firing angle

Input beta_in=1[0to 180]
beta=(beta_in*pi)/180 ; % Inradian%
del=pi-beta ; % Conduction angle %

omega=2*pi*50
% XL inductive reactance; XC capacitive reactance%

XL1=2.6; XC1=15.0 ; % Assumed values %
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L=XL1/omega ;
C=1/(omega*XC1l) H
omega_zero=sqrt(1/(L*C))
omega_bar=omega_zero/omega

XL=XL1/529.02 ; % Expressedinpu, wherebase impedance=529.02%
XC=XC1/529.02 ; % Expressedinpu, wherebase impedance=529.02%

XLC=XC*XL/(XC-XL)
C_1=(XC+XLC)/pi
C_2=(4*XLC*XLC)/(XL*pi)

for m=1:30

XTCSC(m)=-XC+C_1*(2*(del(m))+sin(2*(del(m))))-
C_2*(cos(del(m)))2*(omega_bar*tan(omega_bar*(del(m)))-
tan(del(m)))

% Expression for equivalent reactance

end

plot(beta_in, XTCSC)

form=1:30;

fprintf(’ %5g°, beta_in(m)); fprintf(® %3.5f", XTCSC(m));
fprintf(’\n’)

end

e TCSC damping controller

The transfer function model of a TCSC controller has been shown in Figure 3.21.
The auxiliary input signal, Av (=Aw/wy), is the normalized speed deviation, and out-
put signal is the deviation in thyristor conduction angle (Ao). It is composed of a gain
block, a signal washout block, and a phase compensator block [9].

The signal washout block is a high-pass filter that prevents the steady changes in
the speed with changes of frequency and has less importance in small-signal stability
analysis. During steady-state conditions, A =0 and the effective line impedance

/— Max

Ac 1 AXrese
Ay yTw 1 +ST]
K - Ly — _— —
—> TCSC 1457, 1+5T, R 1+5Tpcsc
Gain Washout Lead-Lag _J TCSC internal
stage 0p Min delay

FIGURE 3.21
Transfer function model of a TCSC controller.
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Zw=Ry+jXst—X1csc(®)). In dynamic conditions, Zy =R+ j(Xs—Xtcesc(@)),
where 0 =0y + Ao and o, o, and o being initial values of firing angle and conduc-
tion angle, respectively. Ry, and X, are the resistance and reactance of the transmis-
sion line that connect a TCSC between the nodes ‘s’ and ‘t’ (Figure 3.17). Neglecting
washout stage, the proposed TCSC controller model can be represented by the fol-
lowing state equations:

) 1 Krese (1 Krese (Th , .
A= ——Ao——=| — | Ao ——= — | A 3.116
* T2 * (0N <T2> @ Wy <T2> @ ( )
. 1 1
AXTCSC = — AOC — AXTCSC (3 1 17)
Trcsc Trcsc

When a TCSC controller is installed in a power system, the state variables
corresponding to the TCSC controller Axcsc = [Au AXTCSC]T are added with the
generator state equations, and also, the TCSC power flow equations are included
in the network equation. The TCSC linearized power flow equations, when it is
controlling power flow in a branch between the nodes ‘s’ and ‘t,” can be derived
as follows:

The TCSC power flow from node ‘s’ to node ‘t’ is given by

Sst:VsI:t:VsY:t(V:_vt*) (3'118)
with network admittance
- 1 _ Ry —j(Xq —Xresc)
" Ry +j(Xs — Xtesc) R% + (Xy — Xresc)’
and Vy (Vs —V{) =V2 =V Vie/s; 04 =0,—0,
Therefore,
Sst = Vsz(gst _jbst) - stt(gsl —jbsl)(COS Qst +jSiIl Qst) (3 120)
Separating real and imaginary parts of Equation (3.120) gives
Py =V?gy — ViVi(gscos Oy + by sinOy) (3.121)
QS[ = _Vszbst — VSV[ (gst sin 651 — bsl COS 05[) (3 122)

Here, Py and Qy are the active power flow and reactive power flow between
nodes ‘s’ and ‘t” where TCSC has been installed. The active power and reactive
power injected at sending end bus (s) and receiving end bus (t) of the TCSC are
obtained as

Py =V?gs — ViVi(gs1cos O + by sinOy) (3.123)
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Qs = —V2by — V,V,(gs 5in Oy — by cos Oy) (3.124)

Also,
Pt = Vtzgn — V[VS (g[s CcoS 0[5 + bts Sin Hts) (3.125)
Qt = —Vtzbn — V[VS (gIS Sin O[S — bts CoS ()ts) (3126)

Therefore, the TCSC linearized power flow equations at the node ‘s’ and at the node
‘t’ are computed following Equations (3.121)—(3.126) and are given by

roP, 0Py OP7
35, 56, o0,
Qs 00, 00 s
0= AV, 3.127
90, OV x| |5 ( )
0Py OPy OPg *
L o0, OV, o
58 50 50| [
Qt Ql Qs
0= | ==t =Xt AV, 3.128
00, OV, Ou AO; ( )
8PSI apst 8Psl
L o0, oV, 9o ]

The TCSC linearized real power flow equations with respect to the firing angle (o)
can be computed as

or, __omy
do Oa
ags 5'gs[ . Oby
_ _y2 t Zost st
=V D +Vth<0080st D + sin Oy &x) (3.129)

aPst_% aPst_% )
Also, 90, — 00, and v, = v, are true for the branch between nodes ‘s’ and

‘t” where TCSC is installed. The linearized reactive power flow equations with
respect to the firing angle ‘o’ can be derived in a similar way from Equations (3.122),
(3.124), and (3.126).

bl 0
The expression for ag;[ and % is obtained from (3.119) as 85’; = Gaxgo(ésc’

—2R (Xs—Xtcsc)
2 .
(R§1+(Xst _XTCSC)Z)

Similarly, %b; :Baxg%, where B =

where G =

—R2+(Xg —Xrese)
2.
(R§t+(Xst _XTCSC)Z)

.
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ag st 8bst . . . 8P S
The values of O and Oy 4Te used in Equation (3.129) to obtain elements O

and 35’; of Equations (3.127) and (3.128). This model of TCSC controller has been

used in Chapters 7 and 8 for small-signal stability analysis of SMIB as well as in
multimachine power systems.

Static synchronous series compensator

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. An SSSC has several
advantages over a TCSC, such as (a) elimination of bulky passive components,
capacitors and reactors; (b) improved technical characteristics; (c) symmetric capa-
bility in both inductive and capacitive operating modes; and (d) possibility of con-
necting an energy source on the dc side to exchange real power with the ac network.
The major objective of SSSC is to control or regulate the power flow in the line in
which it is connected, while a STATCOM is used to regulate the voltage at the bus
where it is connected.

The schematic of an SSSC is shown in Figure 3.22a. The equivalent circuit of the
SSSC is shown in Figure 3.22b. The magnitude of V¢ can be controlled to regulate
power flow. The winding resistance and leakage reactance of the connecting trans-
former appear is series with the voltage source V. If there is no energy source on the
dc side, neglecting losses in the converter and dc capacitor, the power balance in
steady state leads to

Re[Vel'] =0 (3.130)

The equation mentioned earlier shows that V¢ is in quadrature with /. If V- lags I by
90 °, the operating mode is capacitive and the current (magnitude) in the line is

Tl

VSC
[ve| <7
R X
(a) ¢ (b)

FIGURE 3.22

Static synchronous series compensator (SSSC). (a) Schematic of SSSC. (b) Equivalent circuit.
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increased with resultant increase in power flow. On the other hand, if V 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 / and V is less than
90 ° (in steady state). In general, we can write

Ve =Ve(cosy—jsiny)e’” (3.131)

= (VCp _jVCr)e'W (3132)

where ¢ is the phase angle of the line current and y is the angle by which Ve lags the
current. Vo, and Ve, are the inphase and quadrature components of the injected volt-
age (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 con-
verter and the dc capacitor. Since the losses are expected to be small (typically below
1%), the magnitude of V;, is very small and may be neglected to simplify the anal-
ysis. V¢p will vary during a transient to increase or decrease the voltage across the dc
capacitor.

The influence of injecting a reactive voltage on the power flow can be analyzed
by considering a simple system with a transmission line (with the compensator) con-
nected to constant voltage sources at the two ends (Figure 3.23). The transmission
line is represented only by a series reactance.

Vs Z 812 Ve £~ 512

| ve| 27

612

612 I

(b) Yk
FIGURE 3.23
Representation of SSSC in a transmission line. (a) Single line diagram. (b) Phasor diagram.
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If the magnitudes of Vg and V are equal to V, the voltage drop across the line (see
phasor diagram) is given by [10]

5
IX — Ve =2Vsin~

3.133
: (3.133)
The magnitude of the current is obtained as
0
VC 2V sin 5
[=— 3.134
Yt % (3.134)
The power flow (P) in the line is given by
o VV 0 ino
P=VIcoso=—"Ccos o+ V220 (3.135)

2 X 2 X
The reactive power (Q) supplied at the two ends of the line is equal. The expression
for Q is given by
.0 VeV 6 VA
Q_VIs1n2_ Y sm2+ e (1 —cosd)
From Equation (3.134), it is observed that I varies linearly with V for a specified
value of . If V- is negative (inductive), it is possible to reverse the line current pha-
sor that leads to power reversal in the line. The property of reversal of power is not
feasible with variable series compensation as shown later.
The expression (3.135) can be compared with that in the case of series compen-
sation, given by

(3.136)

sind
XL(1 —Kg)
where K. is the degree of series compensation.

It is observed that for small values of 9, the increase in the power flow introduced
by SSSC is constant and nearly independent §. On the other hand, the power flow
increased by series compensation is a percentage of the power flow in the uncom-
pensated line. Thus, at =0, the series compensation has no effect on the
power flow.

The linearized power flow equations of an SSSC can be obtained from Equa-
tions (3.135) and (3.136) as

P=V? (3.137)

op o op

95 Ve OV
AP G0 98 b | [ A9
AQ |=| & ZE Z AV (3.138)
AP 26 Ve OV ||\

95 Ve oV

Therefore, installations of an SSSC controller in a multimachine system combine the
linearized power flow equations (3.138) with the network equations between the
nodes denoted by ‘S’ and ‘R.’
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e SSSC damping controller

The structure of SSSC controller, to modulate the SSSC-injected voltage Vi, is
shown in Figure 3.24. The input signal of the proposed controller is the speed devi-
ation (Aw), and the output signal is the injected voltage V. The structure consists
of a gain block with gain Kg, a signal washout block, and two stage phase compen-
sation blocks [11]. The signal washout block serves as a high-pass filter, with the
time constant T, high enough to allow signals associated with oscillations in input
signal to pass unchanged. From the viewpoint of the washout function, the value
of T,, is not critical and may be in the range of 1 to 20 seconds. The phase com-
pensation block with time constants T, T5, T5, and T, provides the appropriate
phase-lead characteristics to compensate for the phase lag between the input and
the output. Vc,r represents the reference-injected voltage as desired by the
steady-state power flow control loop. The steady-state power flow loop acts quite
slowly in practice, and hence, in the present study, Vc,.r is assumed to be constant
during large disturbance transient period. The desired value of compensation is
obtained according to the change in the SSSC-injected voltage AV, which is added
to Ve During steady-state conditions, AV and Vo are constant. During
dynamic conditions, the series-injected voltage V¢ is modulated to damp system
oscillations. The effective V¢ in dynamic conditions is

Ve = Vet +AVc (3.139)

The block diagram model of the SSSC-based damping controller depicted in
Figure 3.24 can be represented by the following equations:

1 .
A)Z‘Cl :——Axcl —"—KsAU) (3.140)
Ty
) 1 1 T, .
A.XC2 :_T_zAXC2+T_2AXC] +T—2A)Ccl (3141)
. 1 1 T
AVe=——AVc+—Ax —AX, 3.142
C T4 C + T4 C2 + T4 C2 ( )
Ax,, Ar,,
Aw 5T, l 1+sT, 14575
—» Kg 1 >
Input 1+sT,, 1+sT, 1+5Ty
Gain Washout Two-stage
block block lead-lag block
FIGURE 3.24

Structure of SSSC-based damping controller.
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Further simplification of Equations (3.140)—(3.142) gives

1
MC[ = —T—A.Xcl +KSACO (3143)

. Ty —T, 1 KsT, , .
Ax, = < T )Axcl —T—zAxcz +—T2 Ad> (3.144)

. 1 T Ty—T
AVCZ—?AVC +3< 1>Axcl
4

T\ T,
T3\ ,. KInTs;, .

A A 3.145

+( 2Ty > oty 8¢ (3.145)

where the term A in the right-hand side of the equations mentioned earlier can be
replaced using Equation (5.20) (Chapter 5, Section 5.2.2).

The small-signal model of a multimachine system with SSSC controller can be
obtained by including additional Equations (3.143)—(3.145) with the DAEs of the
multimachine system and the SSSC linearized power flow equations given by
Equation (3.138).

Unified power flow controller

Unified power flow controller (UPFC) is one of the most advanced FACTS devices
and is a combination of STATCOM and a SSSC. UPFC may be seen to consist of
two VSCs sharing a common capacitor on their dc side and a unified control system.
The two devices are coupled through the dc link and the combination allows bidirec-
tional flow of real power between the series output of SSSC and the shunt output of
STATCOM. This controller (UPFC) has the facility to provide concurrent real and
reactive series line compensation without any external electric energy source. UPFC
can have angularly controlled series voltage injection for transmission voltage control
in addition to line impedance and power angle control. Thus, UPFC is able to control
real power flow, reactive power flow in a line, and the voltage magnitude at the UPFC
terminals and may also be used as independently for shunt reactive compensation. The
controller may be set to control one or more of these parameters in any combination.

Figure 3.25 represents the schematic of a UPFC that contains a STATCOM with
an SSSC. The active power flow for the series unit (SSSC) is obtained from the line
itself through the shunt unit (STATCOM). STATCOM is employed for voltage (or
reactive power) control, while SSSC is utilized for real power control. UPFC is a
complete FACTS controller for both real and reactive power flow controls in a line.
The active power required for the series converter is drawn by the shunt converter from
the ac bus (i) and supplied to bus j by the dc link. The inverted ac voltage (V) at the
output of series converter is added to the sending end node voltage V; at line side to
boost the nodal voltage at the jth bus. It may be noted here that the voltage magnitude
of the output voltage IVl provides voltage regulation, while the phase angle Jg,
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V~‘ £6;
Vi|£é: +Ver ‘ A
\NAANJ
_’ <—
I.
! i l Ishr ] I./
AN
Vin
. || sTaTcom STATCOM
(Shunt FACTS (series FACTS
controller) controller)
dc
‘ Vshr Zéshr link ‘ Vser Zaser
FIGURE 3.25

Schematic of a UPFC.

determines the mode of power flow control. Additional storage device (viz., a super-
conducting magnet connected to the dc link) through an electronic interface would pro-
vide the enhancement in capability of UPFC in real power flow control.

In addition to providing a supporting role in the active power exchange that takes
place between the series converter and the ac system, the shunt converter may also
generate or absorb reactive power in order to provide independent voltage regulation
at its point of connection with the ac system.

The UPFC equivalent circuit shown in Figure 3.26 consists of a shunt-connected
voltage source and a series-connected voltage source. The active power constraint
equation links the two voltage sources. The two voltage sources are connected to
the ac system through inductive reactance representing the VSC transformers.
The expressions for the two voltage sources and the constraint equation would be

vshr = ‘Vshr|(cos 5shr +] sin 5shr)

Vser = |Vser|(cos 6ser +jSin 5ser)
Re{ _VShrI:hr + VserI; } =0

Here, Vg, and d,, are the controllable magnitude and phase of the voltage source repre-
senting the shunt converter. The magnitude V., and phase angle ., of the voltage
source represent the series converter. Similar to the shunt and series voltage sources
used to represent the STATCOM and the SSSC, respectively, the voltage sources used
in the UPFC application would also have control limits, i.e., Vymin < Vinr < Vihrmaxs
0 S 5shr S 27 and Vsermin S Vser S Vsermax’ 0 S 5ser S 27—5, respectively.
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izs o el vk

—> —
I; I.
! i l Ishr J /
Zshr
+
‘ Ve ‘46shr

FIGURE 3.26

Equivalent circuit of a UPFC between two buses jand j.

The phase angle of the series-injected voltage determines the mode of power flow

control. The following conditions are important in understanding UPFC operation
with reference to its equivalent circuit (Figure 3.26):

If J, is in phase with node voltage angle ¢;, the UPFC regulates the terminal
voltage and no active power flow takes place between ith and jth buses.
Reactive power flow can be controlled by varying 1Vl

If J, is in quadrature with o, active power flow can be controlled between
ith and jth buses by controlling d, and acting as a phase shifter. No reactive
power flow will occur between ith and jth buses.

If J, is in quadrature with line current angle, then it can also control active
power flow, acting as a variable series compensator.

If J, is in between 0° and 90°, it can control both real power flow and
reactive power flow in the line. The magnitude of the series-injected voltage
determines the amount of power flow to be controlled.

UPFC power flow modeling [2]
Based on equivalent circuit as shown in Figure 3.26, we have
Ii=(Vi—=V;=Ver) Yser + (Vi = Vo) Yonr
=Vi(Yser + Ysnr) = Vi¥ser — VeerYser — Ve Ysir

and Ij = (_Vi + Vj + Vser) Yier

Vi
. I i (Yser + Yshr) - Yser - Yser - Yshr Vj
1.e., =
I.i —Yer Yer Yer 0 Veer

Vshr
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ST _[vi o[L;
o [5]= Lo 7))

i

. [Vi 0 (Yser + Yshr) Y:er Y:er _Ys*hr‘| V?‘
O ‘/./ Y:er YS*CI' Y:er 0 V:er
V:hr
Vi
or Pi+joi| lvi 0 || (Gi—jBi) (Gij—JjBj) (Gij—JjBj) (Gio—jBw) || V}
Pi+jQi] [0 V;||(Gji—jB;i) (Gji—jBj) (Gj—JBj) 0 Veer
V:hr
(3.146)
" P; = |Vil’Gii + [Vil|V;|{Gycos (3: — 3;) + Byjsin (6; — 9;) }
+ Vil Veer { Gijcos (8; — dser) + Bijsin (6; — Oer) }
+ |V| |Vshr|{Gi0 cos (5, — 5shr) + Bjpsin (51 — 5shr)} (3 1473.)
—‘Vi|zBl‘i + |Vi||Vj|{Gl'jSil’1 (5, - 5,) —B,'jCOS (5, — 51) }
+ V|| Vser| {G,-J- $in (6; — dser) — Bijc0s (6; — Jser) }
+ ‘V,‘ |Vshr|{Gi0 sin (5, — 5shr) —Bjpcos (5, — 5shr)} (3147b)
P;=Vil’Gji+ |Vjl|Vil{Gjicos (6; — ;) + Bjisin (3; — &) }
+ [Vi|[Vser { Gjjcos (8; — Gser) + Bjjsin (6 — dger) (3.148a)

== |Vil’Bj+|Vjl|Vil{Gjisin (6; — &;) — Bjicos (9, — &) }
+ Vil [Vser [ {Gjysin (8; — der) — Bjicos (6 — dser) } (3.148b)

The active power and reactive power of the series converter (SSSC) are as follows:

Jiti Jj ' ser

Sser :Pser +ster - Vserl;< qur |:Y*V* +Y*V* +Y*V* :|

.-Pser = |Vser|2ij + |Vser‘ |V,'|{Gj,' COS (5ser — (S,) ‘l‘Bj,' Sil’l (5ser — 5,)}
+ [Veer||V;[{Gjjcos (dser — &;) + Bjjsin (8ser — 5;) } (3.149a)

Qser = _|Vser|szj + |Vser| |Vl| {Gji SiIl (5ser - 51) _Bji cos (5ser - 51)}
+ [Vser||V;|{Gjjsin (8ser — 8;) — Bjicos (Sser — ;) (3.149b)
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The active power and reactive power for the shunt controller (STATCOM) are
obtained as

Sshr = Pshr +sthr = Vshr]:hr = _Vsth:hr [V:hr - Vﬂ
S P =— ‘Vshr|2G,'() + ‘Vshr| |V,‘|{G,'()COS (551“ - 5,) + Bjpsin (5shr - 51)} (31503)

Oute = [Vate|*Bio + [Vete| Vil {Gio sin (dgnr — 67) — Biocos (Sgne —5;)}  (3.150b)

Since we assume lossless converters, the UPFC neither absorbs nor injects active
power with respect to the ac system, that is, active power supplied to the shunt con-
verter, Py, equals the active power demand by the series converter, P,.,. Hence, the
constraint equation is

Pgyr +Pger =0 (3151)

Furthermore, if the coupling transformers are assumed to contain no resistance, then
the active power at bus i matches the active power at bus j. Accordingly,

Pshr+Pser:Pi+Pj

The UPFC power equations, in linearized form, are combined with those of the ac
network. In order to get the linearized model of the system using power mismatch
form, let us assume UPFC is connected to node i and the power system is connected
to node j. UPFC is required to control voltage at the shunt converter terminal, node i,
and active power flows from node j to node i. Assuming reactive power is injected at
node j, the linearized system equations are as follows:

_aPi % 8P,‘ GP,» 8Pi 8P,< 8P,<'
85i 851 a‘ Vi | 8|VJ | a5ser 0 ‘ Vser| aéshr
oP; P, o, 0P, 0P

—APi— 85;‘ 875/ 0 8|V.i| Dser a‘Vser| 0 [ A, ]

AP; 00; 00; 00; 00; 00; 00; 090, AS;

soy| | P 08 AV DV Do OVl Do ||

AQ; | = ?9% ?9% 0 (;)“Q/j' ;SQs:r aans:,.| 0 AV, | (3.152)
APy OPi OPji  OPi OP; OPi Adser

AQji 00; 99, O|Vj| 0dser 0|Vier| AlVser|

| AP | 00Qj; 0Q;i 0 0Q;; 0Q;; 00 o |L Adg |

9o, 0o; V)| 3bser O|Vier]
oP OP 9P QP 9P OP 0P
_651‘ 85/ a‘Vshr| 6|V/| 655er 8‘Vser| 6éshr_
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It has been assumed that node j is the PQ node, while AP is the power mismatch given
by the constraint equation (3.151). If voltage control at bus i is deactivated, the third
column of Equation (3.152) is replaced by partial derivatives of the bus and UPFC
mismatch powers with respect to the bus voltage magnitude V;. Moreover, the volt-
age magnitude increment of the shunt source, AVy,,, is replaced by the voltage mag-
nitude increment at bus i, AV;. Extensive algorithm is needed for the solution of these
power flow equations of UPFC. Good starting conditions for all the UPFC state vari-
ables are also an important requirement to ensure convergence.

e UPFC damping controllers

The block diagram structure of UPFC damping controller is shown in
Figure 3.27, where u can be Vg, and dg,,, which are the controllable magnitude
and phase of the voltage source representing the shunt converter. In order to maintain
the power balance between the series and the shunt converters, a dc voltage regulator
must be incorporated. The dc voltage is controlled through modulating the phase
angle of the shunt transformer voltage, dq,,. The dc voltage regulator is a PI control-
ler. The other blocks of the controllers are gain block, washout block, and the lead-
lag controller block. Ty represents the UPFC internal delay [12].

The functions of these blocks are already familiarized during discussions on other
FACTS controllers. The linearized state-space model of the UPFC damping control-
ler can be derived algebraically from the presented block diagram, which can be
combined with the differential algebraic model of the multimachine system in order
to study the small-signal stability problem.

Vdc ref (sshr ref
y Ad,
Vae Ko+ Ky + ! :hr
-~ d, s I+s Tupfc
PI +
controller UPFC delay
Aw sT,, L+sT) | 1+5T5
—| K > > P
upfe 1+sT, ( 1+sT, | 1+sT,
Gain Washout Lead-la;
block block controllegr

FIGURE 3.27
UPFC damping controller.
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EXERCISES

3.1.

3.2

3.3.

34.

3.5.

3.6.

Draw the synchronous machine steady-state equivalent circuit, and hence,
obtain its steady-state model in dqo coordinate system.

Consider a synchronous machine serving a load without saturation and with
V=1£10°puand I = 0.5 2 — 20°pu. The parameters of the machines are given
as X;=12,X,=10, Xpa=1.1, X/;=0.232, and R;=0.0 (all in pu). Find the
following steady-state variables of the machine:

(i) 6 and Ot

(ii) 74, 1, V4, and V,,
(iii) ¥4, Y, and E,,
(iv) Eg and Iy
(all are in pu except angle in degree)

Derive the expression of fundamental component of SVC equivalent
susceptance as

X1~ 22 (n — ) + sin (29))

stc =
XcXL

where X1 is the equivalent reactance of the TCR, X is the equivalent reactance
of the fixed capacitor connected across with the TCR circuit, and « is the firing
angle. Obtain its linearized version for application in small-signal stability
analysis of a power system.

A TCSC is connected between the nodes ‘s’ and ‘t.” The power flow between
the nodes ‘s’ and ‘t’ is given by the equation

Sst = Vsz(gst _jbsl> - stt(gsl —jbsl)(COS Qst +jSiI'l Qst)

Obtain the linearized power flow equations of the TCSC. V, and V are the volt-
ages at the nodes ‘s’ and ‘t.” Y, = g« — jb 1s the network admittance between
the nodes where TCSC is being connected.

Show that the TCSC equivalent reactance, as a function of firing angle («), can
be expressed by the following equation:

XTCSC = —XC + C] (2(7[ — O() + sin (2(7[ — O()))
—C;cos?(n— o) (@tan (@(n —«)) — tan (7 — )

Xc+Xic 4X7 . XcXo

here C; = , Cr= ,and X;c = .
where C, - 2 X, and Xy c Xe—X,
The block diagram of a UPFC damping controller is given in Figure 3.27.
Derive a linearized state-space model of the controller, while the controller

is modulating the phase angle g, of the shunt VSC.
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CHAPTER

Small-Signal Stability
Analysis in SMIB Power
System

INTRODUCTION

Small-signal oscillations in a synchronous generator, particularly when it is con-
nected to the power system through a long transmission line, are a matter of concern
since before. As long transmission lines interconnect geographically vast areas, it is
becoming difficult to maintain synchronism between different parts of the power
system. Moreover, long lines reduce load ability of the power system and make
the system weak, which is associated with interarea oscillations during heavy load-
ing. The phenomenon of small signal or small disturbance stability of a synchronous
machine connected to an infinite bus through external reactance has been studied in
[1,2] by means of block diagrams and frequency response analysis. The objective of
this analysis is to develop insights into the effects of excitation systems, voltage reg-
ulator gain, and stabilizing functions derived from generator speed and working
through the voltage reference of the voltage regulator. The analysis based on linear-
ization technique is ideally suitable for investigating problems associated with the
small-signal oscillations. In this technique, the characteristics of a power system
can be determined through a specific operating point and the stability of the system
is clearly examined by the system eigenvalues. This chapter describes the linearized
model of a single-machine infinite bus (SMIB) system given by Heffron and Philips
that investigates the local mode of oscillations in the range of frequency 1-3 Hz.
Voltage stability or dynamic voltage stability can be analyzed by monitoring the
eigenvalues of the linearized power system with progressive loading. Instability
occurs when a pair of complex conjugate eigenvalues crosses the right half of
s-plane. This is referred to as dynamic voltage instability, and mathematically, this
phenomenon is called Hopf bifurcation.

The following steps have been adopted sequentially to analyze the small-signal
stability performance of an SMIB system:

1. The differential equations of the flux-decay model of the synchronous machine
are linearized and a state-space model is constructed considering exciter output
E¢q as input.

2. From the resulting linearized model, certain constants known as the K constants
(K1—Kp) are derived. They are evaluated by small-perturbation analysis on the
fundamental synchronous machine equations and hence are functions of machine
and system impedances and operating point.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00004-4 87
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3. The model so obtained is put in a block diagram form and a fast-acting exciter
between terminal voltage AV, and exciter output AEsy is introduced in the block
diagram.

4. The state-space model is then used to examine the eigenvalues and to design
supplementary controllers to ensure adequate damping of the dominant modes.
The real parts of the electromechanical modes are associated with the damping
torque and the imaginary parts contribute to the synchronizing torque.

HEFFRON-PHILIPS MODEL OF SMIB POWER SYSTEM

The Heffron—Phillips model for small-signal oscillations in synchronous machines
connected to an infinite bus was first presented in 1952. For small-signal stability
studies of an SMIB power system, the linear model of Heffron—Phillips has been used
for many years, providing reliable results [3,4]. This section presents the small-signal
model for a single machine connected to a large system through a transmission line
(infinite bus) to analyze the local mode of oscillations in the range of frequency
1-3 Hz. A schematic representation of this system is shown in Figure 4.1.

The flux-decay model (Figure 4.2) of the equivalent circuit of the synchronous
machine has been considered for the analysis.

The said model is known as the classical model of the synchronous machine. The
following assumptions are generally made to analyze the small-signal stability prob-
lem in an SMIB power system:

(i) The mechanical power input remains constant during the period of transient.
(ii) Damping or asynchronous power is negligible.
(iii) Stator resistance is equal to zero.
(iv) The synchronous machine can be represented by a constant voltage source
(electrically) behind the transient reactance.
(v) The mechanical angle of the synchronous machine rotor coincides with the
electric phase angle of the voltage behind transient reactance.

V,.26° V. £0°
AN E
@f*““ "
o—rml/2
U+ 1)e Ho=rl2)

FIGURE 4.1

Single-machine infinite bus (SMIB) system. Here, V; £ 6°, the terminal voltage of the
synchronous machine; V., £ 0°, the voltage of the infinite bus, which is used as reference; Re,
X5, the external equivalent resistance and reactance; and 0 =0 —g, the angle by which
leads the infinite bus voltage V...
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T
. J(6=7)
[(Xq7 Xz’/)1(/+ ]El;]e 2

FIGURE 4.2
Dynamic circuit for the flux-decay model of the machine.

AV + Ky AEgy

1+ 5T

AV,

FIGURE 4.3

Fast (static) exciter model.

(vi) No local load is assumed at the generator bus; if a local load is fed at the
terminal of the machine, it is to be represented by constant impedance (or
admittance).

Fundamental equations

The differential algebraic equations of the synchronous machine of the flux-decay
model with fast exciter (Figure 4.3) can be represented as follows:

e Differential equations

dE’ 1
= (B (Xa = Xg)la— Ew) (+.1)
do
dé
DB (42)
do o
T (B KX D-0))] @)

g En Ka

Cr_ Vieg — V. 4.4
dt Ta * Ta ( f t) ( )
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e Stator algebraic equations
Visin (6 —0)+Rly — X1, =0 (4.5)
E; —Vicos(0—0)— Ry, — X1, =0 (4.6)

As it is assumed stator resistance Ry=0 and V, denote the magnitude of the generator
terminal voltage, the earlier-mentioned equations are reduced to

Xyl —Visin(6—0)=0 (4.7)
E, —Vicos(0—0) =Xl =0 (4.8)

Now, (Va+jV,)el?3) = v,eft
Hence,
Va+jV,= V,el%e(0-3) (4.9)
Expansion of the right-hand side results in
Va+jVy="Vsin(0 —0)+jVicos (6 —0)

Therefore, V,=V, sin(6 — 0) and V,=V, cos(d — 0).
Substitution of V; and V,, in Equations (4.5) and (4.6) gives

Xy —Va=0 (4.10)
E,~V,—Xjla=0 (4.11)

e Network equations

The network equation assuming zero phase angle at the infinite bus:

. (51 Vi£0° =V, £0°
(Id 'H]q)e]((s ) ZIRT (4.12)
7\ i(5-3) (Va +qu)ei(57%) — Ve £0°
(La+jlg)e\°™2) = (4.13)

R, +jX.
After cross multiplication when real and imaginary parts are separated,
Equation (4.13) becomes

LiRe +jIRe +j1iXe — 1,Xe = (Va+jVy) — Voo 7003) (4.14)
or
TT . TT
(Rela=Xel) +J (Rel+Xela) = (VatVy) = (Vascos (6=3) = Vacsin (63 )
(4.15)
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(Rela —Xely) +j(Rely+Xela) = (Vi — Voo sind) 4 (Vg — Voo cosd)  (4.16)

CRely— X, =Vy— Vo sind (4.17)

Rely+Xelg=V,— Vs cosd (4.18)

Linearization process and state-space model
Step I: The linearization of the stator algebraic equations (4.10) and (4.11) gives

XAl —AV;=0 (4.19)
AE’q —AV,—X,Al;, =0 (4.20)
Rearranging Equations (4.19) and (4.20) gives
AV, =X,Al, (4.21)
AV, =-X,Al,+ AE; (4.22)
Writing Equations (4.21) and (4.22) in matrix form gives
v~ U] (8] s
= + 4.23
{Avq -x, 0|, T|AE, (4.23)
Step II: The linearization of the load-flow equations (4.17) and (4.18) results in
R Al —X Al = AV — Vo cos0Ad (4.24)
R AL+ X Alj= AV, + Vo sindAo (4.25)

Rearranging Equations (4.24) and (4.25) gives
AVy=RAl;—X.Al; 4V cos6Ad (4.26)

AV, =X Aly+R Al — V., sin6AS (4.27)

Writing Equations (4.26) and (4.27) in matrix form gives
AVy|l |Re —Xe| |Aly Vo €080
{AVJ = [x Re | |AL, | T —vsing |2 (428)
Step III: Equating the right-hand side of Equations (4.23) and (4.28) gives

Re —X.| |Al Vo €OS 0 10 X, [AL 0
sl Il e C B PR VA RS
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or
R. —X. 0 X, Al | O —Vsocosd
(e ][ O] [a2] = lag |+ [y 20

or

R —(Xe+X,)| [Als] [ O —Veocosd
oy TR W] [ e e
Now,
Re —(Xe+Xx,)]'_ 1 R, (X +X,)
(Xe+X)) R. T A | - (Xe+ X)) R.

where Ao =RZ+ (Xe +X,)(Xe+X'0)-
Solving for Al, and Al, from Equation (4.31) results in

AR Re  —(Xe+x,)]"
Al |~ |AE | | (Xe+X)) Re
—Vocosd Re  —(Xe+Xx,)]""
*[ Vo sind }A‘S'[(Xﬁxg) R. ] (432)
[Ald]1 0 R. (Xe+X,)
Al A |AE| | —(X.+X)) R
1 [—Voocosé}A R. (Xe+X,)

TAL Viesing —(Xe+X,)  Re

Aly
A]fl

(4.33)

1.e.,

(Xe +X,)AE,
R.AE,

—ReVioo €086+ Voo sind (Xe + X))

RV sind + Vo, cosd (Xe +X£1)

1

A

L
A

(4.34)
Therefore,

Al d 1
Al | A

(Xe +X,,) —R.V 080 + Voo sind (Xe +Xq)
R. ReVososind + Vo cosd (Xe + X))

AE,
AS

] (4.35)

Step IV: The linearizations of the differential equations (4.1)—(4.4) are as follows.
Here, the frequency is normalized as v = £ throughout our study:
/ 1 1

. 1
AE, = ——AE, ——(Xg— X)) Aly+—AEgg (4.36)
Tdo Tdo Tdo
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Ad = wAv (4.37)
1 1 1 (X, —X})
Av=—ATy — == AE I, — —FE Al, -~ "4 A,]
V=g AT ARl ot 2H
(X, X’) D,
TAAEgy = —AEg + KA (AVyet — AV)) (4.39)

Writing Equations (4.36)—(4.39) in matrix form, the state-space model of the
SMIB system without exciter is

ro1 7 [ (X,—X
. - 0 0 _( d : d) 0
AE, T4, AE, Ty,
Al
A | = 0 0 Ao | + 0 0
I D / ' | LA
Av _ta g _PYs Av Iy(Xi—X,) (Xd_XQ)_&
2H 2H 2H 2H 2H
a8 -
T4
+]1 0 O
: ATy
0 —
2H
(4.40)

Step V: Obtain the linearized equations in terms of the K constants.
The expressions for Al,; and Al, obtained from Equation (4.35) are

Al = Ai [(Xe +X,)AE, + {~ReVio cosd + (X +X,) Voo siné}Aé} (4.41)

and

Al :i RAE +{R.Vsind+ (X, +X') Vi cosd L AS 4.42
q A q d ( )

On substitution of Al,; and Al, in Equation (4.40), the resultant equations
relating the constants K, K,, K3, and K4 can be expressed as

AE, = ———AE, —— Kins L

L AE 4.43
a K3T’ T, fd (443)

!
Tdo
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Ad = m,Av (4.44)
. K2 ’ K1 Dws 1
Ab=—Z2AE) — 20— S At 5 ATy (4.45)

Step VI: The linearization of generator terminal voltage is as follows:

The magnitude of the generator terminal voltage is

Vi=\/Vi+V,/?
SVE=VARVA (4.46)
The linearization of Equation (4.46) gives
2VIAV =2V,AV 4+ 2V, AV, (4.47)
Therefore,

Va %
AVi=—SAV +-2AV, 4.48
t Vt d + Vt q ( )

Now, substituting Equation (4.35) into Equation (4.23),

N7 0 X,
AVl A |—X; O

e

(Xe +Xy) —ReVooc0sd+Visind(Xe +X,) | [AE, 0
- (4.49)
R. ReVeosind + Vi cosd (Xe + X)) Ad AE,
or
AVl 1 RX, Xg(ReVoesind + Voo (X)) + X ) cosd) AE,
AVy | Ae| —X,(Xe+X,) —X)(—ReVaoc0sd+ Voo (Xe +X,)siné) | | AS
0
+
AE,
Therefore,
1 .
AV, = A {RquAE; +X4Re Voo sind + Voo Xy (X) 4 X ) cos 5A5} (4.50)
and
1 i
AV, = A [—X; (Xe+Xg)AE, + (X[ ReV oo c080 — Vo Xy (Xe +X,,) sin6AS| + AE,
€

(4.51)
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Replacing AV, and AV, from Equations (4.50) and (4.51) in Equation (4.48)
results in

AV, =K5Ad + KcAE, (4.52)

Derivation of K constants: K;, K>, K3, K4, Ks, and Kg

From Equation (4.36), the expression of AE; on substitution of Al, is

. 1 1 1
AE;:_T_QO ;_T_fm(Xd_X;) (A—e[(xe +X4)AE, +{—R.V cos o
+(Xe +X,) Voo siné}AéD +TL,AEfd (4.53)
do
[ ey
AE =7 [1+ A, AE,
X, —-X
_L]M{(Xe_f_xq)Siné—ReCOS($}A(S+#AEfd (4.54)
Tdo Ae Tdo
S K1
AL, = — o AL, — A o AL (4.55)
where
1 (Xe—X)) (X, +Xe)
o X (456)
_ !
K4:VOO<XZ Xd) [(Xq_FXe)siné—Recosé} (4.57)
<]

Again from Equation (4.38), the expression of Av on substitution of Al,; and Al is

X, — X)), 1
AEI,— M— {(xe +Xy)AE, 4 { RV c080
2H A

1

Av=
YT ToH

+ (Xe+X,) Voo sin g} AG)

X —X 1 1
+ (%Lj _ﬁE;> ™~ [ReAE; +{R:Viosind

Doy
2H

1
(X +X}) Vi cos0}A0 | =T Av-5- ATy (4.58)

95
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1
Av= " 2HA. {I Ae —14(Xy = Xg) (Xe +Xg) —Rela (X — X,) +ReE;} AE,
;/Hi (X/ -X )[(Xe +Xq) Siné*Recosé]Aé
+% Hld(X;—Xq) —E;}{(Xe—FX;) cosd + R, sinéH
Dcus

A—l— ATM

This can be written in terms of K constants as

Dy

Av —AT
S + M

) K, K

A= — 22 A _Zips—

YT Y7}
where

K=y [1 Ae =14 (X)) —X,) (X +Xe) —Re (X, —Xq)1d+ReE;}
and

1
A

K1 = = 1V (X = X,) { (X, +Xe) sind — Recosd}

(4.59)

(4.60)

(4.61)

Voo (X =X Ma— Ey }{ (X, + X coso + Resing } | (4.62)

On substitution of AV, and AV, in Equation (4.46), it reduces to

Va

t

Vil l
==X, (X, +X,)AE
+ Vl [Ae{ d( + q) q

+ (X[ Re Voo €086 — Voo Xy (Xe 4+ X)) sinéAé} +AE,

or

1 Vd Vd /
AV,=|[—{¢ —R.X X, (X, +X AE/
‘[Ae{l“’vt(+) v,

L Vay ¢ (ReVoe sind + Vi cos 6 (X, +Xe))
Ae | Vi

+%le (ReVoo 080 — Voo (Xe +X,) sind) | AS

t

+

/ !
AV, = A {A {RX AE, +X RV sind + Voo X, (X +X)coséA5}}

(4.63)
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Therefore, Equation (4.63) can be written in terms of K constants as

AV, =K5Aé + KeAE, (4.64)
where
1|V, , ,
Ks=—— | —X;{RcVoosind + Vo cos (X}, +Xc) }
Ae |V,
4
+7"X§,{Revoo 080 — Voo (Xe +X4) sind } (4.65)
t
1 Vd Vd , Vd
Ko=-|--ReXy——X,(Xg+Xe) | +— 4.66
6 Ae Vt q Vt d( q+ ) +V[ ( )

Now, the overall linearized machine differential equations (4.43)—(4.45) and the lin-
earized exciter equation (4.39) together can be put in a block diagram shown in
Figure 4.4. In this representation, the dynamic characteristics of the system can
be expressed in terms of the K constants. These constants (K;—Kg) and the block dia-
gram representation were developed first by Heffron—Phillips in Ref. [5] and later by
de Mello in Ref. [2] to study the synchronous machine stability as affected by local
low-frequency oscillations and its control through excitation system.

L]
AT, _ Y 1 Ay Ao AS
> O l >
+ _ 2Hs §
ATy D
K, |
A KS
AE, K,
1 b+
K3 4_@1— ] KA —
1+ KT o AEy | 1+5T +1 AVer,
AVref
» Ko
FIGURE 4.4

Block diagram representation of the synchronous machine flux-decay model.
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The K constants presented in the block diagram (Figure 4.4) are defined as
follows:

AT,
K :A—ée‘ change in electric torque for a change in rotor angle with
£

constant flux linkages in the d-axis

K, = AET 5 change in electric torque for a change in d-axis flux linkages
q
withconstant rotor angle
X, +X. . .
K= for the case where the external impedance is a pure reactance X,
Xa+Xe
1 AE, . .
K4 =——— demagnetizing effect of a change in rotor angle
K3 A
AV, . . . .
Ks =5 change in terminal voltage with change in rotor angle for
E/
q

constant E;

AV, . . . .
! change in terminal voltage with change in E; for constant rotor angle

K:
VAR

Itis evident that the K constants are dependent on various system parameters such
as system loading and the external network resistance (R.) and reactance (X.). Gen-
erally, the value of the K constants is greater than zero (>0), but under heavy loading
condition (high generator output) and for high value of external system reactance, K
might be negative, contributing to negative damping and causing system instability.
This phenomenon has been discussed in the following sections based on state-
space model.

SMALL-SIGNAL STABILITY ANALYSIS USING
STATE-SPACE MODEL AND BLOCK DIAGRAM

The state-space representation of the synchronous machine can be obtained when
Equations (4.43)—(4.45) and (4.52) are written together in matrix form. Assuming
ATy =0, the state-space model of the SMIB system without exciter is therefore

- Koy
AE, KT, Too AET |7
. do
Ao | = 0 0 [O8 Ao | + 0 AEgy (4.67)
Ab K K Do | Ay
2H 2H 2H 0
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AE;
AV =[Ks Ks 0] | A8
Av

(4.68)

Here, the input AEq is the perturbed field voltage without excitation, i.e., the machine is
said to be operating under manual control action. It has been found that the previously
mentioned system matrix has a pair of complex conjugate eigenvalues and a stable real
eigenvalue. The complex eigenvalues are associated with the electromechanical mode
(1-3 Hz range) and the real eigenvalue corresponds to the flux-decay mode.

From the block diagram (Figure 4.4), it has been observed that, without the exciter
(i.e., Ko =0), there are three loops in the system. The above two loops are termed as
torque-angle loops corresponding to the complex pair of eigenvalues and the bottom
loop due to AE; via K, is for the real eigenvalue. Without damping (i.e., D =0), the
torque-angle loop is purely oscillatory. However, the positive feedback introduced
by the bottom loop tends to push the torque-angle loop eigenvalues to the left half
of s-plane and the negative real eigenvalue to the right. Thus, with constant field
(i.e., AE;g=0) without excitation, there is an inherent damping in the system.

But with high gain, the real pole may move to the right half of the s-plane, pushing
the system toward monotonically unstable situation. For such an operating point, sta-
ble operation can only be achieved by superimposing the effects of excitation control
without deteriorating damping that can cancel out the unstable monotonic compo-
nent. Operation in this region under automatic voltage regulator has been referred
to as operation with dynamic stability or conditional stability.

To study the effect of excitation system, the exciter is now added with the state-
space model (4.67) and (4.68). In this case, the state-space equations will be modified
by making AE as a state variable. Equation (4.39) for AEy is given by

TAAEgg = —AEgg + KA (AVyet — AV)) (4.69)
Replacing AV, from Equation (4.52) results in
. 1 KAKj KAKG / KA
AEyy =——AEy — A — AE +—AV, 4.70
fd TR T T ¢ Tp Vel (4.70)
Therefore, the overall state-space model for Figure 4.4 becomes
[ 1 K4 0 I
y KiTgo T Tho [0
AE, AEZ7
) 0 0 Ws 0 0
AS Ad
=| & K Do, |0 [AVer (471
A 2H 2H  2H Av K
DA
AEfd KAK6 KAKS 1 AEfd _TA_
T T T
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The exciter introduces an additional negative real eigenvalue to the system. Ignoring
the dynamics of the exciter for the moment (i.e., assuming 74 =0), if K5 <0 and K
are sufficiently large, then the gain through T} is —(K4+ KaKs)K3 (approximately)
and may become positive, which introduces negative feedback to the torque-angle
loop. As a result, the complex pair of eigenvalues moves to the right half of s-plane
and the real eigenvalues to the left, which pushes the system toward instability. This
critical situation is now being analyzed through an illustration for the following two
test systems.

AN ILLUSTRATION

For the following two test systems whose K;—Kg constants and other parameters are
given, find the eigenvalues for K, =50. Plot the root locus to study the system sta-
bility for varying K 5. Notice that in system 1, the value of K5 >0 and, in the system 2,
K5<O0.

Test system 1
K, =3.7585, K, =3.6816, K;=0.2162, K;,=2.6582, Ks=0.0544, Kc=0.3616,
T,,=5s,H=65s,TAo=0.2s, and D=0.

Test system 2
K;=0.9831,K,=1.0923, K;=0.3864, K, = 1.4746,Ks=—0.1103, Ks=0.4477,
T,,=5s,H=65s,To=0.2s,and D=0.

Solution
The system matrix with exciter dynamics is
i 1 K4 0 1 7
KiTgo T Tho
0 0 s 0
Asys = _ & — ﬁ _ Do, 0
2H 2H 2H
KaKs  KaKs 0 1
T Ta T

For the system 1,
—0.9250 -0.5316 0 0.2
0 0 3717 0
—0.3068 —0.3132 0 0
-9%04 —-136 0 =50
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The eigenvalues of the systems are calculated in MATLAB.
The eigenvalues of test system 1 are

A1 =—0.3527+10.9457; A, =—0.3527 —;10.9457
Az =—2.6098 +;3.2180; A4 =—2.6098 —;3.2180

and of test system 2 are

A1 =-3.1194+j4.6197; A, =-3.1194—j4.6197

J3=0.3603 +5.3995; 14 =0.3603 —j5.3995

It is clear from these results that system 2 is unstable at the exciter gain K, = 50. This
is due to the fact that under heavy loading or a high value of transmission line reac-
tance when K5 becomes negative pushes one pair of eigenvalues to the right half of
the s-plane.

e Stability analysis by root-locus method

__Ka
S 14025
The general block diagram of SMIB system (Figure 4.4) can be reduced to

Figure 4.5. Here, all machine dynamics except that of the exciter are included in
the feedback transfer function *B(s). The closed-loop characteristic equation of
the system is given by 1+ Ga(s)B(s) =0,

Where B(s) can be obtained as

Consider the exciter transfer function as G (s)

2H ,
K3K6 w—S —|—DS—|—K] —K2K3K5

B(s)= oH
@+&m@(§+M%m>&@m
N
Avref + KA AEfd
1+sT .
-4 Ay, STa

B(s)

FIGURE 4.5
Small-signal model represented as a feedback system.
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Putting different values of system parameters for system 1,

2x6
(0.2162 x 0.3616) ( 3>7<7 s? +0+3.7585> —0.2162 x 3.6816 x 0.0544

B(s)=

2%6
(140.2162 x5 x s) ( 3>7<7 5? +0+3.7585> —0.2162 x 3.6816 x 2.6582

_ 0.0024885 +0.25050
0.034375% +0.031852 4 4.0629s + 1.64268

B(s) = 0.0699s* +7.2883
S T $ 10927152 + 118485 +47.79

and for system 2,

2x6
(0.3864 x 0.4477) ( 3;7 s +O+0.9831) —1.0923 % 0.3864 x (—0.1103)

B(s)=

2% 6
(1+0.3864 x 5 x s) ( 3>7<7 s? +O+O.9831> —1.0923 x 0.3864 x 1.4746

B 0.0055065% 4 0.216616
- 0.061435% +0.0318352 + 1.89935+0.36073

Bls)= 0.0896s% 4 3.5262
T $340.518152+30.9185+5.872

The loop transfer function GA(s)B(s) for system 1 is

50 0.0699s% 4 7.2883
T 14025 $340.927152+118.485+47.79

Ga(s)B(s)

B 3.4955% +364.415
T 0.25% 4 1.185453 +24.66815% + 128.0585 + 47.89

and for system 2,

50 0.0896s” +3.5262
14025 s34+0.518152+30.9185+5.872

Ga(s)B(s)

B 4.4755% +176.385
T 0.25* 4 1.1035853 + 6.703952 + 32.1052s + 5.876
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The root-locus plot of G A(s)B(s) is shown in Figure 4.6a and b for systems 1 and 2,
respectively. The plots are interpreted as that system 1 is stable at exciter gain

KA=50 and that system 2 becomes unstable with marginal enhancement of gain
at K, =22.108.

Root locus plot of system 1

Imaginary axis
=}
H
1
1
H
|
1
\
|
L

-15 | | |
%6 -5 -4 3 -2 -1

[ SEp——
—_

(a) Real axis

Root locus plot of system 2
15 T T T T T

Imaginary axis

5t 4

_10 F

3¢ -5 —4 -3 -2 -1
(b) Real axis

FIGURE 4.6
Root-locus analysis (a) test system 1 and (b) test system 2.
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*Computation of B(s) through block diagram reduction approach

Step I: Removing exciter block from Figure 4.4, it becomes

Kl
ATe - /\_ 1 AV a)s Aa} l A5
+ /\J7 2Hs s
ATy 5
L)
. © K
AEq 4
B +
K3 +
1+ KyThos AR, AV,
K
FIGURE (1)
Step 2:
Reduction of the torque-angle loop
Kl
AT, - | Ay Ao [ AS
— e — o, 5
_ 2Hs ;
D
FIGURE (II)
K
AT, _ X - o | AS
2Hs + Do, s
FIGURE ()
AT, -1 AS
2H +Ds+K,
wS

FIGURE (V)
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Step 3:
Overall reduced block diagram
Ky
AEg K3 A - © AV,
T e K 2H 5
N 1+ K3T o5 2 o s>+ Ds+ K, .
Kq
FIGURE (V)
K; K
letKe=—2 and Kr=-— "2
MR S T ek,
[ON
Step 4:
Ky
Ks
AE; AV,
q + t
AEfd 4 KG - KTKS
+
Ks
FIGURE (VI)
Step 5:
Signal-flow graph of Figure (vi)
_ K
Ks

FIGURE (VII)
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(i) There are two nos. of forward paths in Figure (vii) with path gain;
Pl =—KGKTK5 and P2=KGK6
(ii) one no. individual loop of loop gain =KgKtK4
(i”) A= 1 —KGKTK4.

Applying Masson’s gain rule

B S AEfd Z:PkAk

where £ is the no. of forward paths. As there is no non-touching loops with the kth
forward path, Aj=A,=1.

B(s) :P1A1 +PA; :K6K6 — KGK1Ks
A 1 -KcKtKy

Replacing the expression for Kg and Kt

2H
K3K(, wa +Ds+K, —K2K3K5

s

B(s)= 2H
(l +K3TGOS) (—52 +DS+K1) —K2K3K4
Wy

EFFECT OF GENERATOR FIELD

From the block diagram shown in Figure 4.4, it is clear that the change of air gap
torque (AT,) can be expressed as a function of Ad and AE7,. The variation of field
flux AE, is determined from the field circuit dynamic equation

AE =L ap _Kaps AE 4.72

1T KT, 1 T, (+Td0 fd (472)
Therefore, with constant field voltage (AEg=0), the field flux variation is caused
only by feedback of A¢ through the coefficient K. This represents the demagnetizing
effect of the armature reaction. The change of air-gap torque due to field flux linkage
variation by rotor angle change is given by

AT,
Ad

due to AE; =—-K, AE;

K2K3K4

JATe=——
1 +K3Ty,s

(4.73)
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The constants K,, K3, and K, are usually positive. The contribution of AE’q to syn-
chronizing and damping torque components depends on the oscillating frequency as
discussed below.

In the steady state or at very low frequency (s=jw=0). Therefore

AT.|due to AE; =—K,K3K4Ad (4.74)
Thus the field flux variation due to feedback A (i.e., due to armature reaction) intro-

duces a negative synchronizing torque component.

1
At oscillating frequency much higher than ——
K3 Tdo

K>K3K4
ij3T£jo

K>K
=2224A8 (4.75)

AT, ~ Ao

- !
Ty,

Thus the component of air gap torque due to AE7, is 90° ahead of AJ or in phase
with Aw. Hence AE, results in a positive damping torque component.

At a typical machine oscillating frequency of about 1 Hz (27 rad/s), AE, results
in a positive damping torque component and a negative synchronizing torque com-
ponent (Figure 4.7). The net effect is to reduce slightly the synchronizing torque
component and increase the damping torque component.

e Special situation with K, negative

The coefficient K, is normally positive. As long as it is positive, the effect of field
flux variation due to armature reaction is to introduce a positive damping torque
component. However, there can be situations where K, is negative (when
{(X;+Xe)sin 6 — R, cos 6} <0) due to the fact that a hydraulic generator without

A Ao

ATy

A

P>
AT AS

FIGURE 4.7
Positive damping torque and negative synchronizing torque due to field flux variation.
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damper winding is operating at light load and is connected by a transmission line of
relatively high resistance to reactance ratio to a large system.

Also, K4 can be negative when a machine is connected to a large local load,
supplied by the generator and partly by the remote large system [6]. Under such
conditions, the torque produced by the induced current in the field due to
armature reaction has components out of phase with Aw and produces negative
damping.

[
EXAMPLE 4.1
This example illustrates the effects of the generator field circuit dynamics on the
small-signal stability performance at low frequency and at rotor oscillation fre-
quency of a system. The machine parameters and K constants are given as follows:

K, =0.7643, K, = 0.8644, K3 =0.3230, K4 = 1.4187, H=3.5s, T}, =7.32s, and D =0

Determine the following:

(i) The elements of the state matrix “A” representing the small-signal perfor-
mance of the system
(ii) The eigenvalues of “A” and the corresponding eigenvectors and participation
matrix
(iii) Steady-state synchronizing torque coefficient
(iv) The damping and synchronizing torque coefficient at the rotor oscillation

frequency
|
Solution
(i) The state matrix is
L K]
K3Ty, T,
A= 0 0 s

K2 Kl DU)S

2H 2H 2H

[—0.4228 —0.1938 0
= 0 0 377

| —0.1234 —0.1092 0

(ii) 11=—0.204; 75,43=—0.1094 +6.41.
The right eigenvectors are given by

(A=2pl)$ =0
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Therefore,
—0.4228—7, 0.1938 0 P1p

0 ~Jp 377 |y | =0
—0.1234  —0.1092 —2,] | ¢5,
(—0.4228 — ) ¢, +0.1938¢,, =0

~/pop+377¢3, =0
—0.1234¢,, —0.1092¢,, — Zpp3, =0

Solving this homogeneous equations for p=1, 2, 3 for the eigenvalues 4, 4,
A3, respectively, the right eigenvectors,

0.6631 —0.0015+;0.0302 —0.0015 — j0.0302
¢=|—0.7485 0.9994 0.9994
0.0004 —0.0003+,0.0170 —0.0003 — j0.0170

The left eigenvectors normalized so that ¢y =1 and are given by

_ —1:adj(¢)
V=0T =T

1.5114 0.0015 —2.679
Y = |0.5660+0.0084 0.5008 —;j0.0085 —1.0035—;29.3922
0.5660 — j0.0084 0.5008 +;0.0085 —1.0035 +,29.3922

Therefore, the participation matrix is

G Pva Pisvs
P= |00V Pnln dnis
G313 Pl P33¥s;

i.e.,
1.0022 —0.0011+,0.0171 —0.0011—,0.0171

P=1-0.0011 0.5005—;0.0085 0.5005 4 ;0.0085
—0.0011 0.5005 —;0.0085  0.5005 +;0.0085
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Taking only the magnitudes,
1.0022 0.0171 0.01717 AE],
P=10.0011 0.5006 0.5006| Ao

0.0011 0.5006 0.5006] Av
A Aa A3

From the participation matrix, it is found that A and Av have high
participation in the oscillatory modes corresponding to the eigenvalues 4,
and A;. The field flux linkage AE; has a high participation in the
nonoscillatory mode 4;.

(iii) The steady-state synchronizing torque coefficient due to field flux linkage
AE’q at very low frequency (refer Equation 4.74) is

—K)K3K4 = —0.8644 x 0.3230 x 1.4187
=—0.3961
The total steady-state synchronizing torque coefficient is
K=K, + (—K>K3K4)

—0.7643+ (—0.3961)
=0.3679 pu torque/rad

(iv) The computation of damping torque and synchronizing torque components at
rotor oscillation frequency is as follows. Referring to Equation (4.75)

Te !/ K2K3K4 VA _
Aé due to AEq__H—K—:J(IlOS LetK3Td0—T3
. ATe - K2K3K4(1 —ST3)
TTAS laE, 1—5T3
Therefore,
 —KxK3K, K>K3K4T5
ATe|AE; =7 —52T§ A+ 1 —52T32 SAO
As sAS = A = Aw = w Av
—K>K5K, K>yK3K,T5
AT3|AE; = 1 _SZTT% A5+ 1 —52T32 CI)SAV

this can be written as
AT yg, =K (AE} ) Ad+ Ko (AE, ) Av

—K>K3K.

where Ky <AE;) :ﬁ, the synchronizing torque coefficient and
— 8273

7K2K3K4T3w5

K (AE’)
P\ 1— 212

, the damping torque coefficient.
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The eigenvalues A;,A3=—0.1094+j6.41 denote the complex frequency of
rotor oscillations. Since the real part is much smaller than the imaginary part, Kg
and Kp can be evaluated by setting s = j6.41 without loss of much accuracy. Therefore,

—K)K3K,  0.8644 % 0.3230 x 1.4187
Ks(AE) = e
S( q) 1—s2T2 1—(j6.41)%(2.365)*

=—0.00172 pu torque/rad
[T3=0.3230 x 7.32 = 2.365]

and

Ko (AE’) :K2K3K4T3ws _ 0.3963 % 0.3230 x 1.4187 x 2.365 x 377
a 1 — 5272 1—(j6.41)*(2.365)*
= 1.53 pu torque/pu speed change

Thus, the effect of field flux variation reduces the synchronizing torque component
slightly and adds a damping torque component.
The net synchronizing torque component is

Ks =K, +Ks (AE;) =0.7643 + (—0.00172)
=0.7626 pu torque /rad

Here, the only source of damping is the damping produced by the field flux variation.
Hence, the net damping torque coefficient is

Kp=Kp (AE;) = 1.53 pu torque/pu speed change

EFFECT OF EXCITATION SYSTEM

In this section, the effect of excitation system on the small-signal stability perfor-
mance of the SMIB system is examined in frequency domain [3]. For simplicity,
let us assume that the exciter is simply a high constant gain K, i.e., Ty =0.

Now from Equation (4.70), TAAEfq=— AE¢y — KAKsAd — KAK6AE; + KAAV,or
with T =0 and AV, ;=0 gives

0=—AE — KaKsAS — KAK6AE, (4.76)
" AE = —KaKsAd — KxK6AE], (4.77)

Again, from the block diagram (Figure 4.4),

A = K
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or
AE/:L[—K KsAd — KAKGAE, — K. Aé] (4.79)
ST KaThs NG AKGAE, — K4 )
AE! :L[—(K Ks +K4)Ad — KaK AE’} (4.80)
I T KaThs AKs + K4 AK6AE, )
or
K3KAKg —K3(Ks+KaKs)
AE! |1 - A 481
q|: +1+K3Té0.9:| 1+K3T(/10S ( )

CAE,  —K;3(Ks 4+ KaKs)
A _1+K3KAK6+SK3T:10

(4.82)

The effect of the feedback around T}, is to reduce the time constant. If K5> 0, the
overall situation does not differ qualitatively from the case without the exciter, i.e.,
the system has three open-loop poles, with one of them being complex and having a
positive feedback. Thus, the real pole tends to move into the right-half plane. If
K5 <0 and, consequently, K4+ K5K5 < 0, the feedback from Ao to AT, changes from
positive to negative, and with a large enough gain K, the electromechanical modes
may move to the right-half plane and the real eigenvalue to the left on the real axis.
Thus, a fast-acting exciter is bad for damping, but it has beneficial effects also. It
minimizes voltage fluctuations, increases the synchronizing torque, and improves
transient stability.

Taking the exciter dynamics into account, i.e., with To#0 and AV,;=0,
Equation (4.70) becomes

TAAEfd - _AEfd —KAK5A5 —KAK6AE/q (483)
or
AEy(1+45Tp) = —KaKs A0 — KaKGAE, (4.84)
or
—KAK KaK,
AEg =—220A AZS AE! (4.85)

1 +STA B 1+ STA q

Using the block diagram (Figure 4.4), the expression for AE; is

AE/ K3

=3 AEy—K4A 4.
a 1+K3T{10s[ 0 = K4 Ad] (4.86)

AE — K3 _KAKSA _ KaKs
4 1+K3T(/10S 14sTA 14sTx

AE, —K4A (4.87)
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K3KAK6 _7K3{K4(1+STA)+KAK5}'
(1+K3T),s) (1+5Ta) (1+K3T),s) (1+5Ta)

AE, |1+

. LE;_ —K3{K4(1+STA)+KAK5}
A K3KaKe+ (1+K3T)ys)(145Ta)

(4.88)

The contribution of this expression to the torque-angle loop is given by

ATe (S) K AE; o —K2K3 {K4(1 +STA) +KAK5}

_9_ 4.89
Ad(s) AS K3KpAKg + (1 +K3T(’10s) (1+5Th) ( )

Therefore, considering exciter system dynamics, the change of air-gap torque due to
field flux variation by rotor angle change is given by

:ATG(S): 7K2K3{K4(1+STA)+KAK5} (4 90)
Ad(s)  K3KaKe+ (1+K3Ths)(1+5Ts) '

H(s)

Effect of excitation system in torque-angle loop

Assuming ATy =0, the torque-angle loop is given by Figure (ii). The undamped nat-
ural frequency of the torque-angle loop (D =0) is given by the roots of the charac-
teristic equation:

i(s)szﬂq =0 (4.91)

s

from which we get

. Klws . K](,US
51 ="+jj ,2H(s) rad/s; sp=—j /2H(s) rad/s

With a higher synchronizing torque coefficient K; and lower H(s), s; and s, will be
high. The complicated expression for K; involving loading conditions and external
reactance is obtained from Equation (4.62). The synchronizing and damping torque
component due to field flux linkage (AE’q) with exciter dynamics will now be
computed in the following section.

By separating the torque-angle loop, in the block diagram of Figure 4.4, the
reduced block diagram can be shown as in Figure 4.8. The characteristic equation
of the closed-loop transfer function is obtained as

ZH—®s2A5+K1 AS+H(s)A5=0 (4.92)

s
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2H 5 A8

©
t
+
ke
v

H(s)

FIGURE 4.8
Block diagram representation of torque-angle loop.

Therefore, AT.(s)| due to AE;:H(S)A(S gives the contribution to both the
synchronizing torque and the damping torque. At oscillation frequency of 1-3 Hz.
ranges, it can be shown that the constant K, has negligible effect on system
performance.

Therefore, Equation (4.90) becomes

—K>KAKs

H(s) = (4.93)
o +KaKe +s(17;—’:+Téo) + 52T} T
Putting s=jw,
AN
H(joo) = : TAZ A/ — — (4.94)
E+KAK6 +./(U <E+Td0) + (]w) TdoTA
—KoKAK.
e e Y
(g + KaKs = 0T T ) +joo (2 +T5, )
3 3
1 2 T,
Let x =&+ KaKo — ' Tj,Tx and y =0 (12 + T, ).
. —K>KaKs(x — jy)
CH(jo)=—2EATSE T 4.96
(jo) o (4.96)
Therefore,
—KoKAK. KKAK.
AT, = ——20AZ5T A5 Z22ADS) (A 5) (4.97)

x2 + y2 x2 + y2
From Equation (4.97), it is clear that, at oscillation frequency, Re[H(jw)] represents
the synchronizing torque component and Im[H(jw)] is the damping torque
component.
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If Im[H(jw)] > 0, positive damping is implied, i.e., the roots move to the left half
of s-plane. If Im[H(jw)] <0, there is a negative damping torque component, which
tends to make the system unstable.

Thus,

o —KzKAKjx
th h t f=— A7 4.98
e synchronizing torque componen 1y ( )

and
) +K2KAKsy

the d t t=———— 4.99
e damping torque componen 1y ( )

Calculation of steady-state synchronizing and
damping torque
The steady-state synchronizing torque component is calculated at a very low oscil-
lation frequency (setting o ~0).

Thus,

—K>KAK.
Re[H( jo)] =1~ (4.100)
E+KAK6

The total synchronizing torque coefficient is

—K>KAK5

Ks=K;+ T - >0 (4101)
E+KAK6

As K is usually high, so even with K5>0 for the case of low to medium external
K>KAKs
1

impedance and low to medium loading, the term K; —
K—JrKAKﬁ
3

is positive. With
K5 <0 for moderate to high external impedance and héavy loading, the synchro-
nizing torque component Kg is enhanced positively.

The steady-state damping torque coefficient at this very low oscillation frequency
(w = 0) is zero.

Synchronizing and damping torque at rotor oscillation
frequency

The synchronizing torque coefficient at rotor oscillation frequency (1-3 Hz) is

. —KQKAKSX
Re[H = 4.102
elt(jo)) =37 (4.102)
The net synchronizing torque coefficient is
—KyKAK
Ks=K,+ (#) pu torque/rad (4.103)
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The damping torque coefficient is

K2KAKs (;—: + Té()) »

KD:Im[H(Jw)}: x2+y2

(4.104)

The expression (4.104) contributes to positive damping for Ks>0 but negative
damping for K5 <0, which is a cause of concern. Further, with K5 <0, a higher value
of exciter gain K, makes the system unstable as shown in Figure 4.6b.

AN ILLUSTRATION

In this illustration, the synchronizing torque coefficient and damping torque coeffi-
cient for test systems 1 and 2 are to be computed by considering the specific case
illustrated in this section. The exciter gain K5 =50 and the system parameters are
taken as given in Section 4.4.

Solution
It is assumed that the rotor oscillation frequency is 10rad/s (1.6 Hz) with
s=jw=j10.

At s=jw, considering Equation (4.96),

. —KoKaKs(x —jy)
H(jw)= T 21y

1 2 T,
where x:K—3+KAK6 — T}, Ta and y:w(K—’;+Téo>.

For system 1,

+50%0.3616 — (10)* x 5 x 0.2

*T02162

=4.6253 +18.08 — 100 = —77.294

0.2162
Therefore,

0.2
and y =10 <—+ 5) =59.250.

K2 4y? = (=77.294)% 4 (59.250)>
=5974.362 +3510.562 = 9484.924

Now, the synchronizing torque coefficient is
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. —KzKAKj)C
Re[H (jo)] “Terye
B —3.6816 x 50 x 0.0544 x (—77.294)
o 9484.924

=0.0816 pu torque/rad

.". Net the synchronizing torque component as

Ks =Ky +Re[H( jo)] =3.7585+0.0816
=3.8401pu torque /rad

The damping torque coefficient is

K>KAKs <%\ + Téo> »

K =
D X242

~3.6816 x 50 x 0.0544 x 59.250
h 9484.924

=0.0625 pu torque/pu speed change

For system 2,

1
X=——+50x0.4477 — (10)? x 5 x 0.2 =2.5879 +22.385 — 100

7 0.3864
=-75.0271

0.2
dy=10(———) +5=55.1759.
and y 0<0.3864>+5 55.1759

Therefore,
24y = (=75.0271)% + (55.1759)2
=5629.065 -+ 3044.3891 = 8673.454

Now, the synchronizing torque coefficient is equivalent to

—1.0923 x 50 x —0.1103 x (—75.0271)
8673.454

.". Net the synchronizing torque component as

Ks=0.98314(—0.521) = 0.931 pu torque/rad

= —0.0521 pu torque/rad
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and the damping torque component as

~ 1.0923 x 50 x (—0.1103) x 55.1759
o 8673.454

= —0.0383 pu torque/pu speed change

D

Therefore, it is readily clear that when K is negative, the damping torque com-
ponent due to AE; would be opposite in sign to the value when K is positive.

For the systems under consideration, Table 4.1 summarizes the effect of exci-
tation on K5 and K, at = 10rad/s for different values of gain K4. It is observed
from the table that except in very high value of exciter gain as the exciter gain
increases, the stability of system 1 (K5>0) increases, and, for system 2 (K5 <0),
stability decreases. It has been further observed that for test system 1, with an
increase of exciter gain up to a certain value (K5 =400), the stability of the system

Table 4.1 Effect of Exciter Gain on Synchronizing Torque and Damping Torque on
Systems 1 and 2
Exciter Synchronizing Torque Net Synchronizing Damping
Gain (Ka) Due to AE; Torque (Ks) Torque (Kp)
System 1
0 0 3.7585 0
10 0.0154 3.7739 0.0099
15 0.0233 3.7818 0.0153
25 0.0394 3.7979 0.0271
50 0.0816 3.8401 0.0625
100 0.1690 3.9275 0.1691
200 0.2285 3.9870 0.5871
400 —0.6647 3.0938 0.7994
1000 —-0.7168 3.0417 0.1595
System 2
0 0] 0.9831 0
10 —0.0096 0.9735 —0.0057
15 -0.0145 0.9686 —0.0088
25 —0.0248 0.9583 —0.0159
50 —0.0521 0.9310 —0.0383
100 —0.1091 0.8740 —0.1143
200 —0.0611 0.9220 —0.4280
400 0.4052 1.3883 -0.2737
1000 0.3356 1.3187 —0.0529
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increases because of improvement of damping torque (Tp). With a further increase
of exciter gain, both the torques start decreasing and become negative with a very
high gain, resulting in instability in the system, whereas for test system 2, the
results are the opposite, with an increase of exciter gain, and it has been found that
for high values of external system reactance and high generator output, when K5
is negative, a high gain exciter introduces positive damping but decreasing
synchronizing torque.

MATLAB Program
%CALCULATION OF SYNCHRONIZING TORQUE AND DAMPING TORQUE
%~k~k~k~k~k***************~k~k*****~k~k~k~k~k*******************************
SYSTEM_NO=1input (“ENTER THE SYSTEMNO. : )
KA=input (“ENTER EXCITER GAIN KA : ")
if (SYSTEM_NO < 2)
%PARAMETERS OF THE SYSTEM 1:

e A

K1=3.7585; K2=3.6816; K3=0.2162; K4=2.6582; K6=0.3616; Td=5; H=6;
TA=0.2; DX=0; WS=377; K5=0.0544;

%K5=2.89; %GIVE TESTED VALUE OF K5%

Else

%PARAMETERS OF THE SYSTEM 2:

R o o B R e o T e B B o S e

K1=0.9831; K2=1.0923; K3=0.3864; K4=1.4746; K6=0.4477; Td=5; H=6;
TA=0.2; DX=0; WS=377; K5=-0.1103;

%K5=-0.3103; %GIVE TESTED VALUE OF K5%

End

% SYSTEM MATRIX ‘M” WITHOUT EXCITER

BANNNAANANANNAAANNANANANANANANNAANNANNAANNNNNAANAANNANANANANANNNAAN

M11=-1/ (K3*Td); M12=-K4/Td; M13=0; M14=0;

M21=0; M22=0; M23=WS; M24=0;

M31=-K2/ (2*H); M32=-K1/ (2*H); M33=-DX*WS/2*H; M34=0;

M41=-K6/ (K3*Td); M42=-(K6*K4)/Td; M43=K5*WS; M44=0;

M=[M11 M12 M13 M14; M21 M22 M23 M24; M31 M32 M33 M34;
M41 M42 M43 M44T;
N11=1/Td; N21=0; N31=0; N41=K6/Td;
% 0=[K6K507;
0=[0017;
P=0;
%INPUT “N’, OUYPUT “0” AND TRANSITION MATRIX ‘P> WITHOUT EXCITER
N=[NI11; N21; N31; N411;0=[0017; P=0;

%TRANSFER FUNCTION WITHOUT EXCITER H1(S) =NUM1/DEN1

%***************************************************************
[NUML, DEN1]=ss2tf (M, N, 0, P);

% prints (NUM1, DEN1);
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% SYSTEM MATRIX *A” WITH EXCITER
BANANANNANNANNAANNANANNANNANNAANNNANNANNAAAANANAAANNANNANNAAAN

All=(-1)/ (K3*Td); Al2=(-K4)/Td; A13=0; Al4=1/Td;
A21=0; A22=0; A23=WS; A24=0;

A31=(-K2)/ (2%H); A32=(-K1)/ (2*H); A33=-DX*WS/2*H; A34=0;
A41=-(KA*K6)/TA; A42=-(KA*K5)/TA; A43=0; Add= (-1)/TA;

A=[A11 A12 A13 A14; A21 A22 A23 A24; A31 A32 A33 A34; A4l A42 AA3 A44];
B11=0; B21=0; B31=0; B41=KA/TA;

C=[0011];
D=0;

% EIGEN VALUES OF A

(“EIGEN VALUES OF THE SYSTEMWITH EXCITER=")

eig (A)

% INPUT, OUTPUT & TRANSITION MATRIX “‘A’, ‘B’, ‘C’, ‘D’ WITH EXCITER
B=[B11;B21;B31;B411;C=[00011; D=0;

% CLOSED LOOP TF OF THE SYSTEMWITH EXCITER

R
[NUM2, DEN2]=ss2tf (A, B, C, D);

%step(NUM2,DEN2);

%printsys(NUM2,DEN2)

% ROOTS OF THE CHARACTERISTIC EQN. OF THE SYSTEM 1 WITH EXCITER
LAMDA_l=roots (DEN2);

%EXCITER TRANSFER FUNCTION KA/ (0.2S+1)
% ROOT LOCUS OF OPEN LOOP TF "G(S)*H1(S)" OF THE SYSTEM 1 AND SYSTEM 2
WITH EXCITER

ONUM2 = KA*[NUM1];

polyl=[0.21]; poly2=DENI;

O0DEN2=conv(polyl, poly2);

%0PEN LOOP TF “G(S)*H1(S)” OF THE SYSTEM AND SYSTEM 2
%printsys (ONUM2, ODEN2);

% rlocus(NUM2,DEN2)

%rlocus (ONUM2, ODEN2)

%FREQUENCY DOMAIN ANALYSIS (WITH TANOT=0, VREF=0)

S e e B L B B e o R S

% SYTEM MATRIX Q’ IN FREQUENCY DOMAIN ANALYSIS
Q11=-1/ (K3*Td); Q12 =1/Td; Q21=- (KA*K6)/TA; Q22=-1/TA;
Q=1[Ql1Q12; Q21 Q221;

% INPUT, OUTPUT & TRANSITION MATRIX ‘R”, “S*, ‘T’ IN FREQUENCY DOMAIN
ANALYSIS

R11=-K4/Td; R21=-KA*K5/TA;

R=T[R11; R211; S=[101; T=0;
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% delta Eq’ (S)/delta d(S)) TF IN FREQUENCY DOMAIN ANALYSIS (WITHTA
NOT=0, VREF=0)
[NUM3, DEN3]=ss2tf (Q, R, S, T);

%PRINTSYS (NUM3, DEN3);
%FREQUENCY DOMAIN ANALYSIS (WITH TA=0, VREF=0)

T I M o 0 A e e o

U=-(K3*KA*K6+1)/ (K3*Td); V=-(K4+KA*K5)/Td; W=1; X=0;

% DELTA (Eq’ (S)/d(S)) TF IN FREQUENCY DOMAIN ANALYSIS (WITHTA=0,
VREF=0)

[NUM4, DEN4]=ss2tf (U, V, W, X);
sprintsys (NUM4, DEN4);
% IMPORTANT CONCLUSIONS FROM FREQUENCY DOMAIN ANALYSIS
%***************************************************************
%rlocus (NUM1, DEN1)
%ROOTS OF THE CHARACTERISTICS EQUATION WITHOUT EXCITER
roots (DEN1);
%RO0OTS OF THE CHAR. EQ. IN FREQUENCY DOMAIN ANALYSIS (WITHTA=0,
VREF=0)
roots (DEN4);
%RO0OTS OF THE CHAR. EQ. IN FREQUENCY DOMAIN ANALYSIS (WITH TANOT=0,
VREF=0)
% rlocus (NUM3, DEN3);
roots (DEN3);
eig (M); eig (Q); eig (U);
% TORQUE ANGLE LOOP TF IN FREQUENCY DOMAIN ANALYSIS: delta d(s)/
delta Te(s)
% SYSTEM MATRIX ‘a’, ‘b’, ‘c’, ‘d’
all=0; al2=WS; a21=-K1/(2*H); a22=-(DX*WS)/(2*H);
a=[all al2;a2l a22]; bl1=0; b21=1/(2*H); cll=1; c12=0; d=0;

% INPUT, OUTPUT & TRANSITION MATRIX *b’, ‘¢’ , d’

b=[b11;b217; c=[cll cl2]; d=0;
[NUM5,DEN5]=ss2tf(a,b,c,d);

roots(DEN5);

% TORQUE ANGLE LOOP TF IN FREQUENCY DOMAIN ANALYSIS

% WITH ALL DYNAMICS delta Te(s)/delta d(s)=K2*(delta Eq’(S)/deltad
(s))=H2(s)

NUM6=- (K2*KA*K5) ;

DEN6=DEN3;

sprintsys(NUM6,DENG) ;

% COMPUTATION OF REAL PART AND IMAGINATY PART OF H2(S)

% CONTRIBUTION TO THE DAMPING TORQUE RANGE OF W IS 1 TO 3 HZ

W=10; % FREQUENCY
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H2S=- (K2*KA*K5) / ((1/K3 + KA*K6 -W*W*Td*TA)+i*W*(TA/K3+Td));
REAL_PART = real (H2S) ; % SYNCHRONIZING TORQUE COMPONENT
IMAG_PART = imag(H2S) ; % DAMPING TORQUE COMPONENT

%X =1/K3 + KA*K6 -WAW*Td*TA; %Y= W*(TA/K3 + Td); %Z=X*X+Y*Y;
%ReH2S = - (K2*KA*K5*X)/Z %ImH2S = (K2*KA*K5*Y)/Z

% TOTAL SYNCHRONIZING AND DAMPING TORQUE FOR DIFFERENT EXCITER GAINS

o
[ ™ 10 1 1N N 1N 8 80 8 8 D 1 8 N N 1 8 1 1 1 1 D 80 D 80 8 8 8 8 8 N 8 1 8 1 1 1 8D 8 D D D D N N N N N

EXCITER_GAIN = KA
SYNC_TORQUE_WITHOUT_PSS  =REAL_PART
DAMPING_TORQUE_WITHOUT_PSS = IMAG_PART
if (IMAG_PART > 0)
(“POSITIVE DAMPING IMPLIED AND TENDS TO MAKE THE SYSTEM IS STABLE”)
else
(“NEGATIVE DAMPING IMPLIED AND TENDS TO MAKE THE SYSTEM IS
UNSTABLE”)
end
TOTAL_SYNCTORQUE_WITHOUT_PSS = K1+SYNC_TORQUE_WITHOUT_PSS

Thus, the situation is conflicting with regard to exciter response, and there is a
requirement of optimum setting of the exciter gain so that it results in sufficient
synchronizing and damping torque components in the expected range of operating
conditions. This may not be always possible. Again, it may be necessary to use a
high-response exciter to provide the required synchronizing torque and transient
stability performance. In this situation, the introduction of additional damping to
the system has been achieved by installing power system stabilizer (PSS) with
the machine. The input stabilizing signal of the PSS may be derived from the
system as speed change (Av) or change in electric accelerating power (AP,..) or
a combination of both.

The small-signal stability performance of an SMIB power system and of a multi-
machine power system employing speed input PSS has been described in Chapter 6.

EXERCISES

4.1 A synchronous machine is connected to an infinite bus. Draw the equivalent
circuit diagram of the machine considering flux-decay model. Derive the
state-space model of the system with and without exciter dynamics in terms
of K constants.

4.2 Draw block diagram representation of the synchronous machine flux-decay
model. Define different K constants presented in the block diagram. Explain
the effects of K4 and K5 constants on synchronous machine stability.
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4.3 For an SMIB system, considering exciter system dynamics with exciter gain
K and time constant T, show that the change of air-gap torque AT, due to
field flux variation by rotor angle change Ad is given by

- ATe(S) - —K2K3{K4(1 +STA) +KAK5}

H(s) = -
() =A505) ~ KoKnKe + (1+K3T)5) (1+5T)

44 1In Figure 4.1, assume that R.=0, X.=0.5pu, V,20°=1215° pu, and
Voo £0°=1.052£0° pu. The machine data are H=3.2s, T(’10 =96s,
Ka=400, Ty=0.2s, R;=0.0 pu, X,=2.1 pu, X;=2.5 pu, Xg:0.39 pu, and
D =0. Using flux-decay model, find the following:

(a) The initial values of state and algebraic variables
(b) K,—Kg constants

4.5 Consider a single machine connected to an infinite bus. Assume that
Vi260°=1.02 £19° and V, £6°=1 2£0°. The parameters are as follows:
Transmission line: R.=0pu and X,=0.5pu
Generator: R;=0.0pu, X,=1.6pu, and X,=1.55pu, X,=0.32pu, D=0,
H=3.0s,and Ty, =6.0s
Exciter: Kn=50 and T =0.05s
(a) Compute the eigenvalues of the system.

(b) Obtain the K1—Kjg constants of the system.
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CHAPTER

Small-Signal Stability
Analysis in Multimachine
System

INTRODUCTION

Because of the rapid growth of power systems and the continual reduction in inherent
stability margins, increased reliance is being placed on analysis of system dynamic
performance. The utilization of excitation control for improved steady-state or
dynamic stability of multimachine power systems has received much attention since
decades ago and will become much more significant in view of the increasing size
and complexity of today’s modern power systems. In practical power systems, there
exist a number of poorly damped electromechanical modes of oscillations, and these
oscillations between interconnected synchronous generators are inherent. The stabil-
ity of these oscillations is of vital concern for secure system operation. The eigen-
value analysis techniques are widely applied in the literatures [1-4] to the
analysis of dynamic or small-signal performance of power systems.

The formulation of state equations for small-signal stability analysis in a multi-
generator system involves the development of linearized equations about any oper-
ating point and eliminating all variables other than the desired state variables. The
general procedure is similar to that used for a single-machine infinite-bus system
in Chapter 4. However, the need to allow for the representation of the extensive trans-
mission networks, loads, excitation systems, prime movers, etc., makes the system
very complex.

In this chapter, the two-axis multimachine model with IEEE Type I exciter con-
sidering all network bus dynamics is taken for small-signal stability analysis [1]. A
detailed description of the method of multimachine simulations and case studies are
illustrated as follows.

MULTIMACHINE SMALL-SIGNAL MODEL

To formulate multimachine small-signal model, the following assumptions are made
without loss of generality:

(i) The stator and the network transient are neglected.
(ii) The turbine governor dynamics are neglected resulting in constant mechanical
torque 7,, (i=no. of machines).

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00005-6
Copyright © 2020 Elsevier Inc. All rights reserved.
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(i) The limit constraints on AVR output (Vy,) are deleted as the focus of interest is
on modeling and simulation.
(iv) The damping torque Tr, = D;(w; — ) is assumed linear.

Two-axis model of multimachine system
e The differential-algebraic equations

do;

o i s (5.1)

dow; . TM,- |:E£11 _X/dild’:| [‘Zi [EZL +X:[,-Iq:]1df

dr M; M; M;
D;(w; — v,
- (wM @) (5.2)
dE’ E' (Xd,- —Xg ) ly, E
o Fu 0TT4)H ) B (53)

dE, E, I
_tt:_,iur%(xq,—x’_) (5.4)
dr Ty, T,

dEgy Kg + Sg, (Efd.) VR,
i DB TOREM) g TR 5.5
dt TE’. 0+ TE’ ( )
Ve Vi Ka . KaKe . Ka
- = “Rp, ————E¢4 +—(Viet —v, 5.6
& T t7, Re 7,y B +TA,( f-v,) (5.6)
dRrF. Rr.  Kg
F; _ _i‘i‘ F; Efd,- (57)

dr TFI' (TFi)z
fori=1,2,3,....m.
Equation (5.2) has dimensions of torque in pu. When the stator transients are
neglected, the electric torque becomes equal to the per unit power associated with
the internal voltage source.

e Algebraic equations

The algebraic equations consist of the stator algebraic equations and the network
equations. The stator algebraic equations directly follow from the synchronous
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iXa, R, _JG=n/2)
a NN Uy +il,)e
+
+ (5 —
J(&6—m/2) "
_ (Vg +jV,)e I =Vl
L O 7))
((Xg, = X, +iE; Je B

FIGURE 5.1

Dynamic circuit synchronous machine two-axis model (i=1, 2, 3,...,m).

machine dynamic equivalent circuit (Figure 5.1). The application of KVL yields the
stator algebraic equations:

(i) Stator algebraic equations
0=Vie + (R, +X}, ) (I + 1, )&
o {E&, + (X;i _X/di)](li +jE;I] ej((sﬁn/z) (5.8)

fori=1,2,3,...,m.
The stator algebraic equations in polar form then are

E), —V; sin(8;— 0;) — Ryl +X, 1, =0 (5.9)

E;I —V,‘ COoS (5i_0i)_Rs,Id,-_X/dIId, =0 (510)
(ii) Network equations

The dynamic circuit together with the stator networks and the loads is given in
Figure 3.8, Chapter 3. The network equations for an n-bus system can be written in
complex form.

The network equations for the generator buses are

Viel' + (Ig, —1,)e 70D 4 Py (Vi) /01, (Vi) = Y ViVi¥ie/ 0 )
k=1
fori=1,2,3,..., m. (5.11)

The network equations for the load buses are

Py (Vi) +jOL, (Vi) =Y ViViYue " 0=) fori=m+1,m+2, m+3,.... n.
k=1

(5.12)
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Again, Ve + (I, —1,,)e 7% "/2) =P +jQg, is the complex power “injected”
into bus i due to the generator. Thus, Equations (5.11) and (5.12) are only the real
and reactive power-balance equation at all the n buses.

Equations (5.11) and (5.12) can be written further in the power-balance
form as

Id,Vi sin (51 — 6,) +]q[V,' Ccos (5, — 0,) +PL,.(V5) — ZVinYik Cos (91 — 0 — O‘ik) =0

k=1
(5.13)

Id,Vi COoS (5, — 9,) —Iql.Vi sin (5, — 9,) + QL,.(VI‘) — ZVinYik sin (91 — Qk — Ofik) =0

k=1
(5.14)
where i=1, 2, 3,..., m for generator buses and

PL,-(Vi)_ZVinYik COS(Oi—Ok—OCik)ZO (515)

k=1

n
OL (Vi) = > _ViVi¥y sin (6; — 0 — o) =0 (5.16)

k=1

where i=m-+1, m+2, m+3,..., n for load buses.
Thus, there are

(i) seven differential equations for each machine, i.e., 7m differential
equations (5.1)—(5.7);
(ii) two real equations of stator for each machine, i.e., 2m real equations (5.9) and
(5.10);
(iii) two real equations for each generator bus and two real equations for each load
bus, i.e., 2n real equations from (5.13) to (5.16).

Therefore, Equations (5.1)—(5.16) constitute 7m+2m+2n equations with X =
(X7 X7 ... X,Tn]T as the state vector where X;= [0; w; E, E, Ewu, V, RF,-}T
represent the state vectors for each machine.

T
Y= [Ig_q vt HT} is the set of algebraic variables, where I;_,=

gy Iy Ly Igy o Igy L] V=[Vi Vo ... V,]", and 0=[0, 0, ... 0,]".

Therefore, the differential equations, together with the stator algebraic equa-
tions and the network equations, form a set of differential-algebraic equations
(DAEsS) as

X=f(X,Y,U) (5.17)

0=g(X.Y) (5.18)
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where U= [UT U] ... UMT with U; = [, Ty, Vier,]" as the input vectors for
each machine. Equation (5.17) is the dimension of 7m and Equation (5.18) is of

dimension 2(m—+ n).

Linearization process and multimachine state-space model

Linearization of the DAEs (5.1)—(5.7) about any operating point yields

Aé,‘ = ACO,'

1 E' ) X;,Id,
— ATy, ——EAL, + A
M, M; M; qi + M; qi +

. X;,I
A(i)l' = -
M;

X;ildi

M;

1,
M;

I E,
LAE! ——% ALy, — S AE], —

M4 M;
X1

!

1, D;
9NN, ——L Ao,
M; M,

AVg,

AEgy, =f (Ega,)AEq, + T
E

i

K K K]
A ARy, “AZEAE,

. AV,
AVy,=——"+ TTT :
A LF;

: T, ' Ta,

fori=1, 2, 3,..., m (no. of machines).
Here, f, (Era) = _ Kg, +E10,0Se(Ea,) + Se(Era,)

T,
partial derivative.

qi Aldl

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

, where the symbol 0 stands for
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Writing Equations (5.19)—(5.25) together in matrix form,

0 1 0 0 0 0 0
D; 1, 1y
0 ——L & _4 0 0
L M, M; M;
Aéi 1 1 i A(S, T
Aoy 0 0 —ﬁq T_éo 0 0 Ao,
AE, 1 AE!
a 00 0 —= 0 0 0 i
AE, T4, AE},
. 1
AEyg, 00 0 0 fiEg) =— 0 ||Aw
AV T AVy
R i
! K. Kg 1 Ka.
5 0 0 0 o —F —— = ARF,
L ARFi - TA1 TF: TA,. TA/ - Fi
KE. 1
0 0 0 0 — 0 ——
L (TFi) TF'
_ 0 0 -
Lo (X0, =X,,) =By 1 (X, —X,) ~E,,
M; M;
(Xdi _X/d’) 0
T(/j(),‘ Aldf‘|
_'_
(X, -x;) Al
0 N
T‘lloi
0
0
L 0 ]
00 7 [ (1) 0 ]
— 0
0 0 M,
- AO 0 0 AT
o R i e O el
0 0 i 0 0 ref;
_Ka K,
T, O 7
_0 0 . i O 0 ]
. . 2H;
fori=1, 2, 3,..., m (no. of machines). Here, M; =

ws;”

(5.26)
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Denoting [Al;, Al,]" = Al o»and [ATy;, AV, ]" = AU;, Equation (5.26) can be
written as

AX; = AyiAX; + B1iAly, + BoiAVy, + EAU; (5.27)
i.e., for the m-machine system,

AX = A1AX + B\ Al + By AV + E\ AU (5.28)

where [A1]7m><7m’ [Bl]7m><2m7 [BZ]7m><2m7 and [El]7m><2m are the block—diagonal
matrices of the form as represented by

Ay 0 0 - -+ 07 By 0 O - - - 017
0 Ap, 0 ... O 0 By 0 ... O
0 0 Az ... O 0 O By ... O
A] = B, =
L0 0 0 ... Ayl LO 0 O ... Byl
TmxTm Tmx2m
By 0 0 - - - 07 rE;y, 0 0 - - - 017
0O Bp 0 ... O 0O Epb O ... O
0 O B;z... O 0 0 Esz ... O
By = E =
L0 0 O ... Bl L0 0 0 ... Epd
Tmx2m Tmx2m

Linearization of the stator algebraic equations (5.9) and (5.10) gives

AE}, —sin (9; — 0;)AV; — Vicos (0; — 0;)Ad; + Vjcos

((3,‘—Hi)AH,'—RS’AId’.—f—X;iAIqi =0 (529)

AE;’_ —COos (51 - Qi)AV,‘ + V;sin (5, — 0,)A5, —V;sin (5, — 9,)A9,

—RyAl, — X}, Al; =0 (5.30)
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Writing Equations (5.29) and (5.30) in matrix notation,

fori=1,2,3,...

|

—V,‘COS(él‘—Q,‘) 001000
V,-sin(éi—e,-) 010000
.\ -R, X,
—X&, —R
V,'COS (51 — 0,) —sin ((5, — 9,)
—V,-sin(é,——Q,—) —COS(&,‘—@,')

FAS, T
Aw;
sz,
AR,
AFEq,
AVi,
| AR, |
Al
AL,

Ab;
AV;

,m, which can be further represented as

0= CliAXj +D1iA]g[ +D2iAVg’

i.e., for the m-machine system Equation (5.32) can be written as

Ci =

Chn 0 O

0 Cp O .

0O 0 Ciz ...

0o 0 O
2mxTm
and D, =

0=C AX + DAl +D,AV,

where [C1lmx@my [P1l@myx@my> and [D2]2myx@my are block-diagonal matrices of
the form as shown:

0 Dy
0 0
0 0
D, =
. Cim 0
Dy 0 O
0 Dy O
0 O Dy ...
0O 0 O

2mx2m

- D2m_

0 o0
Dp O

0D13...

. Dlm_

(5.31)

(5.32)

(5.33)
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Linearization of the network equations that pertain to generator buses (PV buses)
gives

0= (Id/.V,'cos (6;—0;) —1,,Visin (9, — 01))A5
+Visin (6; — 0;)Al;, + Vicos (6; — 0;) A

+ (Id,,sin (6;—0;) +1,,co8(5;—0;)— ZVkY,kcos (0;—0r—ou)
=1

X

5%
+ |14 Vicos (0;—0;)+1,,V;sin(6,—0;) VZVkY,kst —0,— ,k}

74,

—V Z ,kCOS — Hk — O(,k)]AVk V Z VkY,kSIH (9 — Qk — Ot,k Agk 5 34

7&,

0= (_[d, Vl‘SiH (5,’-9,‘) — [q,. V,'COS (5, - 9,))A5, + V,‘COS (5, — Qi)A]dl.—V,'Sil’l (5,‘—9,')A]q

+90ui) (V) ) AV,

— oV,

+ (Idicos (6; — 0;)—1y,sin (6,—0;)— ZVkYiksin (0;—6r—oir)

+ ]diV,*Sin(5i—9,‘)+]qivi005(5,‘—9,‘)— V,‘E Vle‘kCOS(H,‘—Hk—OC,‘k) Agl

#i

—V; Y [Yusin (0; — 0 — ) AV + Vi > [ViYigcos (0; — O, — i) | AO,
k=1 e
(5.35)

fori=1, 2, 3,...,m (for the generator buses). Here, the load is treated as constant
power type. Combining Equations (5.34) and (5.35) in matrix form gives

- A5, ]
Aw;
e,
AE,
AEy,
AV,
ARp,

{14Vicos (6;—0;) —1,Visin(6;—0,)} 000000
{1, Visin(6; — 0;) —1,,Vicos (3;—0;)} 00 000 0

i d

V,‘Sin (5, — 0,) — V,‘COS (5, — 9,) Ald,.
V,‘COS (5, - 01) — V,»sin (5, — 01) AIq,.
+Dy(i, k)AVy, + Ds (i, k) AV}, = 0 (5.36)
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where in Dy(i,k), k=1, 2,...,m (for generator buses) and in Ds(i,k), k=m+1,
m+2,...,n (for non generator buses).

As [AO; AVi]T =AV,, where in AV,, i=1, 2,...,m (for generator buses) and
[AO; AV[]T = AV, where in AV, i=m+1, m+2,...,n (for nongenerator buses),
Equation (5.36) can further be represented as

0=CyAX; +D3[Alg’. +D4(i, k)AVg’ +Ds (i, k)AVL.

This for m-machine system now becomes

0= CoAX +D3Al, +DyAV, +DsAV,

(5.37)

(5.38)

Here, [Cslomx7m and [D3lonxon are block-diagonal matrices and [Dylomxom
and [Ds]o,, <2, are full matrices. Therefore, Equation (5.38) in matrix form can be

written as
[Cy; O 0
0 Cy»pn O
0 0 Cyp ...
0=
L0 0 o0
[Da1,1 Dain
Dy Dagp
_|_
| Dami Damp . . .

Dsimi1 Dsimiz - - -

Dsymi1 Dsomya - - -

_DSm,m+1 DSm,m+2 e .

0 T[AX;] Dy 0 O
0 AX, 0 D3y O
0 0 0 Disz ...
+
. sz_ _AXm_ L 0 0 0
D4lm_ _Avgl_
. D42,m AVg2
. Damm] | AV, |
« Dsi | [AV,,,, ]
- D52,n AVlmH
. Dspn] L AV, |

. D3m_

'Alg] -
Al

£

L Al &m

(5.39)
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e The submatrices of D4 and D5 can be derived as follows:

To obtain the submatrices of the full matrices D4 and D5 from Equations (5.34)
and (5.35), the terms involving the variables A0,, AV, A0, and AV are only con-
sidered. Here, i=1, 2,. . .,m (for generator buses) and k=m+ 1, m+2,...n (for non-
generator buses).

For i=1, Equation (5.34) gives

0=--- + —IdiV,'COS (5[—9,') +Iqu,'Sin(5i—9,')+ ViZVkY,'kSiIl (Qi—ﬁk—aik) AQ[

i
+ (Id,.sin (0; — 0;) +14,cos (6; — 0;) — kileY,-kcos (0; — O — o) —I—ngél‘/l)) AV,
—ViYicos(0; — Or — ay ) AV - — Vi¥icos (0; — Or — o)AV,
—ViYicos(0; — 0r — atix ) AViyy1- - — Vi¥ircos (0; — O — o)AV,
—ViViYysin (0; — 0 — o )AOy — ViV Yysin (0; — O — o) AO3- - -
—ViViYysin (0; — Op — o) AOy, — ViV Yisin (0; — Op — 01 ) AO gy - -
—ViViYusin (0; — 0y — o) AD,
(5.40)

Rearranging the terms containing the variables AV, ...AV, and AV,  ...AV,,
Equation (5.40) can be written as

n

0:+ —IleiCOS(él‘—Gl')—|—1qlviSil’1(5i—gl‘)+ Vi E VkYiksin(G,»—@k—ocl-k)
k=1
i

Isin (0; — 0;) +1,cos (6; — 0;) —

ZVkYikcos (0, — 6 — fxik)‘|
=1

8PL(V,) A01
=ViY; 0; — O — o) +————
ViYycos( e — i) + v, AV,
: [AO,
—&-[—VinYiksm (0, — Qk — OC,'k) — Vl‘YikCOS (0, — Hk — Otik)] :|
LAV,
. [ A0,
—‘y—[—V,'VkY,‘kSll’l (9, —0r — OC,'k) — VY cos (0, — 0 — Otik)] AV :|
. _Aeerl
+[—ViViYusin(0; — 0 — o) — ViYicos (0; — Op —oyi)] ]
_AVerl
. [AD,
+[—VijYikSIH (0, —0r — OCik) —ViYicos (01 — O — aik)] AV :|

(5.41)
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Similarly, for i=1, Equation (5.35) gives

0=---+|1,Visin(6;—0;) +1,,Vicos (6;—0;)—

#l

ZVkY,ksm(O — 0, —
k=1

+ (Id,.cos(éi —0;) —1,sin(0; —
—V,‘Y,'ksin (91 — Qk — O(,‘k)Avl .

—ViYysin (0; — O — aig)AVipppy - —

—ViYysin (0; — O — o)AV,

Vi ZVkY,kcos (0; — O — o)

AD,

)M

00, (Vi)

i) Vi

+

V,-Yiksin (9, — 9k — OCjk)AVn

+V;V,Yicos (9, — 0 — Otik)Agz +V,;ViYicos (9, — 0, — Otik>A03 + e

+V,‘VkYikCOS (6, — Hk — Otl‘k)Agm + VinY,‘kCOS (0, — Qk — O(ik)AQm+1 +---

+V;V,Yicos (0, — 0, — aik)Agn

Rearranging the terms containing the variables AV, ..
Equation (5.42) can be written as

0=---+4|14Visin(6; — 0;) +1,,Vicos (6; — 0;) —
#t
Lacos (9 = 0r) =l sin (0; = 0:) = ZVkYiksin(Qi — O — o)
31 [ A6y
—V;Yisin (0; — 0 — o) +8QL,~(V,):|
NN

+[V,‘VkY,*kCOS (0, — Ok — O(,'k) — V,‘Y,‘](Sil’l (0, — Ok — OC,‘k)]

+[VinYikCOS (0, — Ok — O(,'k) — Vinksin (0, — Ok — O(ik)]
[V VkY,kCOS (0 — Qk — O(,k) — V,»Y,-ksin (0, — 0k — Otik)]

-l—[V[VkY[kCOS (0, —0r — O(,'k) —V,Yisin (0, — 0 — O‘ik)]

AV, and AngH

AV,
[ A0y 41
LAVt
[ AO
LAV,

(5.42)
AV,

V ZVkY,kCOS (0 — 9k — Ot,'k)

|

AD,

AV,
AG,,

|

(5.43)
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Combining Equations (5.41) and (5.43) together in matrix form for i =1 results in

n
—Id,. V,‘COS (51'—91') —|—Iq,. Visin (51‘—9,') + ViZVkYikSin (91 — 9/( — O(,'k)
k=1

#i ]
0=---+
Idl.ViSiIl ((3,'—0,') —I—Iqu,‘COS ((3,'—9,‘) — ViZVkYikCOS (0, — 0 — OC,'k)
I sin (6; — 0;) +1,,cos (6; — 0;) — lZVkY,-kcos (0; — 0, — oc,-k)]
k=1
oP. (Vi)
—V.Yi.cos (0,‘—0/(—0(,'1{)4-8—% A0,
n AV]
Izco8(0; —0;) —1,,8in (6; — 0;) — ZVkYiksin (0; — O — o)
k=1
. a0, (Vi)
sin ( e — ix) + v, |
_—VinYiksin (9, — Gk — OC,‘]() — V,‘Y,'kCOS (91 — 91( — O(,'k)- -Aez
+
L V[VkY[kCOS (0, — Qk — O(,'k) — V,»Yiksin (0, — Hk — O‘ik) | _AVZ
_—VinYiksin (0, — Hk — OCl'k) — V,‘Y,'kCOS (0, — Qk — Otik)_ _Aem
+
| ViViYicos (0; — 0 — Otik) —ViYsin (91 =0k — OCik) i _AVW
_—VinYiksin (9, — Hk — O(,‘k) — ViY,'kCOS (91 — 9]( — Otik)_ _A9m+1
+ 4.
L V,'VkY,'kCOS (0, — Qk — O(,'k) - V,Y,-ksin (0, — Qk — O‘ik) | _Avm+1
_—V,'Vle'kSiIl (9, — Hk — OC,'k) — V,'Y,'kCOS (01 — Qk — OC,'k)_ _AH,,
+
L V,‘VkY,'kCOS (9, — 9k — O(,'k) — V,‘Y,‘ksil’l (H, — Hk — ocik) | _AV,,
(5.44)

Therefore, fori=1and k=1, 2,. . .,m, the submatrix of the first row of the D, matrix
can be obtained from Equation (5.44). Similarly, fori=1and k=m+1,m+2,.. ,n,
another submatrix of the first row of the Ds matrix can also be derived from

Equation (5.44).
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For i =m, Equation (5.34) gives

0=---+ 7]diV,'COS (55—05)+141V,-sin (5[79,‘)4’ V,' E LkY,'kSil'l(gifek*OC,'k) Aﬁm
k=1
)

#i
)m

OPL,(V;

o,

—|—<Id,.sin (51 — Oi)—FIquOS (5, — 0,) — ZVkYikCOS (0, — Ok — O‘ik)
k=1

—ViYicos (0; — 0, — o)AV — V;Yycos (0; — 0, — o)AV, — - -
—ViYicos(0; — 0 — o)AV, — ViYicos (0; — Or — ot )AV iy — -+
—ViYicos (0; — O — o)AV, — Vi Vi Yysin (0; — O — o) AO,
—ViVi¥usin (0; — O — oix)ABy- - - — ViV Yysin (0; — 0, — ot ) AO—y

—VinY,'kSiI’l (91 - 01( - aik)A0m+1 e — VinY,-ksin (91 — Bk — zx,»k)AGn
(5.45)

Rearranging the terms according to the variables AV, ...AV, and AV,  ...AV, ,
Equation (5.45) can be written as

A6,
O=---+ [*V,‘VkY,ksin (9, — Qk — oc,-k) — V[YikCOS (6, — Gk — Oﬁik)}
AV,
AG,
+[—V,'VkY,'kSil’l (91 — 0 — O(,'k) — VY cos (0, — 0 — oc,-k)]
AV,

+ —IdIVI'COS (5,-—9,-)+Iqu[sin(5i—0i)+ ViZVkYiksin(Hi—Bk—ocik)
=1

#i

Isin(0; — 0;) +1,,cos (6; — 0;) —

ZVkYikcos (60, — 0, — aik)]

k=1
AO,,
+
AV,

A0m+1
+

AVm+l

—V,‘Yl‘kCOS (0, - Qk - O‘ik) +

oPL, (Vi)
oV,

+[—V,‘VkY,‘kSin (0, — Qk — OC,'k) — V,‘Y,‘kCOS (0, — Gk — Otik)] l

AD,
+[=ViVi¥isin (0; — O — o) —ViYigcos (0; — O — o] lA ]
Vﬂ

(5.46)
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Similarly, for i =m, Equation (5.35) gives

0=---+ Id,.V,-sin(él-—Q,»)—i—Iq,.V,-cos (5,’—0,')— ViZVkYikCOS (Hi—(?k—ocl-k) A@m

#i

+ <Id,,cos (6;—0;)—1,sin(6; —0;)— ZVkY,-ksin (6; — O — o) 5v
k=1 i

4+ 29 (V")> AV,

—ViYusin (0; — 0 — o)AV — VY ysin (0; — O — ot ) AV, — - -
—ViYisin (0; — Ox — otix) AV, — ViYyesin (0; — O — o)AV g — <+
—ViYysin (0; — Op — o)AV, + ViV Y icos (0; — O — aty ) A0,
+ViViYiycos (0; — O — oix)AOr + - - - + V; Vi Yircos (60; — O — o ) AB—1

+V:ViYircos (0, — 0 — O(,'k)AHm+1 +---4V;ViYicos (0, — 0 — O(,'k)AH,z
(5.47)

Rearranging the terms associated with the variables AV, ...AV, and

AV .. ...AV, , Equation (5.47) can be written as
AO,
O=---+ [V,‘VkY,'kCOS (0, — 0 — OC,'k) —ViYysin (9, — 0, — Otik)] +
AV,
AO,
+[VinY[kCOS (0, — Hk — acik) —V,Yiysin (0, — Hk — Otik)] +---
AV,

n
+ Id,.V,‘SiH (51 — 0,) -|—Iq1 V,‘COS (5, — 0,) — ViZVkYikCOS (01 — Ok — ocik)
k=1

#i

Izcos(0;—0;) —1,sin(6; — 0;) — [ZVkYiksin (0, — 0, — oc,-k)]

=1
. 901, (V;)] [ A0m
—V,'Y,'kSIIl (6, — Gk — OC,'k) +—=
Vi 1|Av,
AGm-',-l
+[VinYikCOS (0, — 0 — Otik) —V,Yisin (9, — 0, — OC,'k)] +
AVerl
A0,

+[VinYikCOS (0, — Qk — ocik) — ViYiksin (0, — Hk — OCik)] (548)

AV,
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Combining Equations (5.46) and (5.48) together in matrix form for i =m results in
—ViVi¥ysin (0; — Ox — o) —Vi¥icos (0; — O — o) | [ A0y
ViViYiycos (0; — 0 — o)  —ViYysin(0; — 0, — o) ] {AVJ
[—ViViYysin(0; — 0 — o) —V;Yicos (0; — Op — o) [ A0,
L ViViYicos (0; — Op — o) —ViYysin (0; — O — o) } [AVJ

0=+

—[d,.V,‘COS (51 — 91) +Iq, V;sin ((3, — 9,) + V,»ZVkYiksin (9, — 0 — OC,‘k)

#i
4
IdiV,‘Sin ((3, — 9,) —l—[qi Vicos ((31 — 9,) — ViZVkYikCOS (9, — 0, — Otik)
L 7
Isin (0; — 0;) +1,,cos ( [ZVkchos —0; — oc,-k)]
OPL.(V;
7V,'Yl'kCOS (9, — Gk — OCl'k) + SI‘EI ) |:A0m:|
AV,

Iycos(0; — 0;) —1,,sin (6; — 0;) ZVkY,ksm (0; — Op — o)

—Vinksin (0, — Ok — OCik) +Q(9L%V(,[)

[—VinY,-ksin(Oi—Ok—otik) VY,kCOS (0, Ok —O(,k):| |:A0m+1:| i
ViViYicos (0; — 0p — o)  —Vi¥usin(6; — O — o) | LAVt
|:—V,‘VkYikSiH(91‘ _9/( —Otik) —V Y,kCOS (0, ek —OC,k):| |: :|
ViViYicos (0; —0r — o)  —V;Yysin(6; — O — o)
(5.49)
Thus, fori=mand k=1, 2,. . .,m, the submatrix of the last row of the D, matrix can
be obtained from the equation. Again, fori=mand k=m+ 1, m+2,.. ., n, other sub-
matrix of the last row of the D5 matrix can also be computed from Equation (5.49).
The submatrices of D, and D5 for the intermediate rows corresponding to
i=2,...,(m—1) can be determined by the similar procedure.
Linearization of the network equations that pertain to load buses (PQ buses)
results in
oP, (V)

0=
ov;

AVI — ZVkYikCOS (9, — 0/( — OC,‘k) AV,‘
k=1

+| Y ViViisin (0; — 0 — o) | AO; — Vi [Yicos (0; — O — et ) | AV
#,1 k=1
—Vi> [Vi¥usin (0; — 0r — i) | AO, (5.50)

#i
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001 (V; - i

— ZV[VkY[kCOS (0, — Gk — aik) AG, — ViZ[YikSin (0, — Hk — O(,'k)}AVk
k=1

h k=1
#i

+ViZ[VkYikCOS (0 = Or — 0t )] AO
L;Il
(5.51)

fori=m+1, m+2,...,n (for the load buses). Equations (5.50) and (5.51) together
can be represented as

O:Dﬁ(i, k)AVg, +D7(i, k)AVL (552)

where in D¢(i,k), k=1, 2,...,m (for generator buses) and in D;(i,k), k=m+1,
m+2,...,n (for load buses), i.e., in matrix form,

0=DsAV, +D7AV) (5.53)
Here, [Dglox2m and [D7]5,x2, are full matrices of the form as given by
_D6m+l,l Dm+1,2 D Dm+l,m_ -Avgl_
Demiot Dmy2z - - o Do | | AV,
O:
L Deni Denp . . . . Deum 1 LAV |
_D7m+1,m+l D7m+l,m+2 LR D7m+1,n_ _AVI,,,H_
D7m+2,m+l D7m+2,m+2 e e D7m+2,n Avlmz
+ . ) .. ) . (5.54)
L D7n,m+1 D7n,m+2 e e D7n,n 4 L AVl,, d

e The submatrices of Dg and D can be derived as follows:

To obtain the submatrices of D¢ and D, Equations (5.50) and (5.51) are explored
fori=m+1, m+2,...,n (for the load buses).
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For i=m+1, Equation (5.50) gives

0= ZV[VkYikSin (0, — Ok — O(,'k) AO,,H_]
k=1

#i

oPL (V)

ZVkYikCOS (0; — 0, — O‘ik)] ) AV,

=1
—ViYiycos (8; — Oy — o )AVy — VY ycos (8; — O — otix ) AV, — - -
—VYiycos (0; — Oy — oix ) AV, — ViYycos (0; — 0 — ot ) AV iy — -+
—VYiycos (0; — 0y — o)AV, — V,V Yysin (0; — 0, — o ) AG,
—VViYusin(0; — 0p — oy )AOy — - -- — V;Vi Yisin (0; — 0, — o ) AO,,

—ViViYisin (0; — O — otig ) Al yp — - -- = ViV Yysin (0; — O — o )AO,  (5.55)

Rearranging the terms containing the variables AVy ...AV, and AV,
Equation (5.55) can be written as

LAV,

m+1

A6y
0 = [—V[VkY,-ksin (61 — Qk — OC,'k) — V[Y;kCOS (0, — Hk — O(,'k)} [ ‘|

AV,
AO,
+[7V,'VkYiksin (0, — Qk — O(fk) —V;Yjcos (9, — Gk — O(,'k)]
AV,
A0,
+[—VinYiksin (0, — 01( — Oka) — ViYikCOS (6, — Ok — OCik)]
AV,
& . oPy, (V; <
+ {;VinYik51n (9, — 0 — OC,‘k) gé.l ) - ;VijkCOS (91 — 0k — ocik)‘|
#i -
A0m+1
—V1Y,'kCOS (0, — Hk — Otik)]
AVm«H
A9m+2
—|—[—V,-VkY,-ksin (0, —0r — fxik) —V:Yycos (0, —0r— “ik)] +--
AVm—0—2
A0,
+[7V,~VkYiksin (0, —0r — Otl'k) — V.Y cos (9, —0r — O(,'k)]
AV,

(5.56)
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Similarly, for i=m+ 1, Equation (5.51) becomes

0= 7V,'ZV1(Y,~1<COS (9, - Gk - OC,'k)Aeerl
k=1
#i

00, (Vi - )
+ 5—&)—;%1’%8111(91—@—0%) AVig

—ViYusin (0; — O — o)AV — Vi Yysin (0; — O — otix ) AV, — - -
—Vi¥Yusin (6; — O — o)AV, — Vi ¥Yysin (68; — O — 00 ) AV — - -
—ViYysin (0; — Op — o)AV, + ViV Y icos (0; — 0 — oty ) AOy
+ViViYicos (0; — O — o) A0y + - - + V; Vi Y cos (0; — O — o1y ) AO,,

+V,;ViYicos (6, —0r — (X,‘k)Agm+2 +---+V;ViYicos (0, —0r — ocik)AH,, (557)

Rearranging the terms containing the variables AV, ...AV, and AV,
Equation (5.57) can be written as

m+1 "t n

A0,
0= [VinYikCOS (0, — Hk — fxik) - V,-Y,-ksin (0, — Hk — Otik)] [ ‘|

AV,
AO,
+[V,'Vle'kCOS (0, — 0, — O‘ik) —V,Yisin (0, — 0 — O‘ik)] —+ -
AV,
A0,
+[V,'Vle'kCOS (6, — 0 — Otik) — V. Yysin (0, — 0 — O‘ik)]
AV,
+|— V,'ZVkYikCOS (01‘701( 70(1‘]() 8Q+(VJ — ZVkYikSin (0, 70/( (X,’k)‘|
A;l Vi =1
AQm-H
—Vi¥isin (0; — O — ot )]
AVerl
A9m-&-2
+[ViViYicos (0; — O — o) —ViYisin (0; — O — o )] +
AVm+2
A0,
+[ViViYicos (0; — O — o) —Vi¥ysin (0; — 0x — o]
AV,

(5.58)
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Combining Equations (5.56) and (5.58) together in matrix form for i=m+1
results in

. [—VkaYiksin (9, — 91( — O(l‘k) —V,‘Y,'kCOS (9, — 91( — O(,'k):| |:A01 :|
N V,'VkY,'kCOS (0, — Gk — oc,-k) —Vl'Y,'kSiI’l (0, — Hk — oc,-k) AV1

—ViVi¥usin (6; — Oy — o) —VYiycos(0; — Or — o) ] [ A6,

[ ViViYircos (0; — O — aix) ViYikSin(eiek%k)] [AVJ "
—ViVi¥usin (0; — 0 — o) —V;Yicos(0; — O0p — )] [ AO,

[ ViViYicos (0; — Op — auir.) —ViYiksin(()i—Hk—a,k)] {Avm]

ZVinY,‘kSil’l (0, — Ok — O(ik)

”
+
ZVI‘V](Y,'](COS (0, - Hk — aik)
#i
8135'7‘51‘/’) - lZVkYikCOS (0, — 0 — O(,'k) —V.Yjcos (6, —Hk—fxik) .
0 . AVm-H :|
Q((];V(' ZVkY,kSIH (9 — Hk — OC,k)] — V,'Y,‘kSIIl (9, —9;<—rx,-k)
|:—V,‘VkY,‘kSIH (9, — Hk — OC,‘k) —V,'Y,‘kCOS (01 — 0]( — Otl‘k):| |:A9n :|
V,'VkY,'kCOS (0, — Qk — oc,-k) —V,-Y,-ksin (0, — Hk — OC,'k) AVn
(5.59)

Therefore, for i=m+1 and k=1, 2,...,m, the submatrix of the first row of the Dg
matrix can be obtained from Equation (5.59). Again, for i=m+1 and k=m+1,
m+2,...,n, other submatrices of the first row of the D, matrix can be calculated
from Equation (5.59).

For i =n, Equation (5.50) gives

ZVinYikSin (0, — Hk — OC,'k) A@n

#i

+ (aPL [ZVkY ikcos (0; — 0r — o)

—ViYicos (0; — Op — oix) AV — VY icos (0; — O — o)AV, — - -«

—ViYiycos (0; — O — o)AV, — Vi¥ircos (0; — 0x — atig ) AV i1 —

—ViYycos (0; — 0 — o)AV, — ViV Yysin (0; — 0 — oy ) AO,

—ViVi¥usin(0; — 0y — oy )AOy — - -- =V, V Yysin (0; — O — 01 ) A,
—ViVi¥asin (0; — 0 — 03 ) AOpy — -+ — ViV Yysin (0; — 0 — 00 ) A0, (5.60)

)M
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Rearranging the terms containing the variables AV, ...AV, and AV _ ...AVy,
Equation (5.60) can be written as
A0,
0= [—VinYiksin (9, — Qk — O(,‘k) — V,‘Y,‘kCOS (0, — Qk — oc,-k)]
AV,

[ AD,

+[—V,'VkYikSiIl (0, — 0 — O(,'k) —V.Yjcos (6, — 0 — Otik)] -+
AV,
[ A0,

+[—VinYiksin (0, — Hk — O(,'k) — VI‘Y,‘kCOS (0, — Ok — OC,‘k)]
AV,
_A0m+l

+[ ViViYusin (0 —0r — OC,k) — VY cos (0, — 0 — Oﬂik)] +
_Avm+l

+ ZVinijSin (9, — 0, — OC,‘k)

L;il
001,(Vi)
Y. —0, —
8V ;Vk ikCOS (0 0k 1k>
A0,
—V1Y,'kCOS (0, — Hk — Otik)]
AV,
(5.61)

Similarly, for i =n, Equation (5.51) becomes

= —ZVinY,‘kCOS (9, — Hk — OC,‘k)Agn

#i

001, (V)
o,

ZVkY,ksm(B — 0, — oclk)] AV,

—VYysin (0; — O — o)AV — VY yesin (0; — O — 00 ) AV, —
—V:Yusin (0; — 0, — oc,k)AV,,, ViYysin (0; — 0 — otix ) AV i1 —

—ViYusin (0; — 0y — o)AV, + ViV Yicos (8; — Or — o ) ABy
+ViViYicos (0; — O — oig )AOz + - - + V; Vi Yiecos (0; — O — 01 ) AD,,
+ViViYiycos (0; — O — oix)ABpy1 + - - + ViV Yircos (0; — 0 — o ) AB,
(5.62)

Rearranging the terms containing the variables AV, ...AV, and AV ...AV|,
Equation (5.62) can be written as
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A0
0 = [VinYikCOS (9, — 9k — DC,‘k) — V,'Y,‘kSil’l (9, — Hk — Otik)} |: : :|
AV,
. [ AD,
+[V1VkY;kCOS (9, — Hk — OC,‘k) — V,'Yl‘kSIH (9, — Hk — ocik)} + -
| AV
[ A0,
—‘r[V,'VkY,‘kCOS (9, — Hk — ocik) — V,-Yiksin (9, — Hk — (X,‘k)} AV
. -A0m+1
—‘r[V,'VkY,'kCOS (9, — 0 — OC,'/() — V,;Yysin (0, — 0 — OC,'/()}
AVWH»I
. -A0m+2
+[VinYikCOS (9, — 0 — OCl'k) —V;Yysin (9, — 0y — OC,'/{)}
_Avm+2

n

+ = V,‘ E VkY,'kCOS(O,' 7()1{ —
k=1
#i

Oﬁik)

901, (Vi)
v

ZVkY,ksm (0; — 0 — %k)]

ViYisin (0; — 0 )] Al (5.63)
—VilySm{U; — U — .
k k k AV,,
Combining Equations (5.61) and (5.63) in matrix form for i =n results in
. [—V,-VkY,-ksin (01 — Hk — O(,'k) —V,'YikCOS (01 — 01< — O‘ik):| |:A91 :|
N V,‘VkY,'kCOS (0, — ()k — OCl'k) *Vl'Y,‘kSiI'l (0 — Ok — Ot,k) AV]
[ —V,-VkY,-ksin (9, - Hk - O(,'k) —V,'Y,'kCOS (9, — 01( — OC,k) | -Aez :|
+ +
L V,‘VkY,'kCOS (0, — Gk — Otik) *V,'Y,‘kSII’l (0, Hk — 1\) ] _AVZ
I _—V,'VkY,'kSiIl(Gj - Ok - ocik) —Vl'Y,'kCOS (9, Gk — o k)_ ‘A(?m :|
L VinY,‘kCOS (61 — 91( — OC,'k) —V,‘Y,‘kSIH (9, Hk — o 1() ] _AV,,,
i '—VinYiksin(Hi — Gk — O(ik) —ViY,'kCOS ((‘), — Hk /\)_ _Aeerl :|
L ViViYicos (0; — O — o) —ViYisin(0; — O — o) | LAVt
ZV{VkYikSin (0, — ()k — O(,'k)
I\;l
+
ZV VkY,kCOS (0 — 0k — OCl'k)
L w
P
0 L ZVkY,kcos — 0y — “ik):| —ViYiycos (0; — O — oir) 0
A n]
0L, (Vi) AV,

|:ZV1(Y,1(SII1 (0 0k — Oﬁ,k)

oV, =

:| — V,-Y,-ksin (0, - Hk - O‘ik)

(5.64)
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Therefore, fori=nand k=1, 2,...,m, the submatrix of the last row of the Dg matrix
can be obtained from Equation (5.64). Fori=nand k=m+ 1, m+2,. . .,n, other sub-
matrices of the last row of the D; matrix can also be obtained from Equation (5.64).
The submatrices of Dg and D, for the intermediate rows corresponding to
i=m+2,...,(n—1) can also be determined by the similar method.

Rewriting Equations (5.28), (5.33), (5.38), and (5.53) together,

AX = A AX + B Al + B,AV, + E, AU (5.65)

0=C1AX +D,Al, +D,AV, (5.66)

0= C,AX 4+ D3Al, +D4sAV, + DsAV, (5.67)

0= DAV, +D7AV, (5.68)

where x=[xT xI ... x1]", X;=[0i w; E, Ej, Ew Vi Rg],
L=l 1y Iay 14y - I, 11", Ve=1[0, Vi 0, Va ... 0, V,]",

Vi= 10wt Vit Opiz Vs ... 0, V5, u=[ur uF ... UT]", and

Ui=[Twm, Veer,]'-

This is the linearized differential-algebraic model for the multimachine system.
This model is quite general and can easily be expanded to include frequency or volt-
age dependence at the load buses. The power system stabilizers (PSSs) and FACTS
controllers can also be included easily.

In the aforementioned model, Al ¢ is not of interest and hence is eliminated from
Equations (5.65) and (5.67) using Equation (5.66). Thus, from Equation (5.66),

Al,=—-D;'CiAX —D;'D,AV, (5.69)
Substituting Equation (5.69) into Equation (5.65),
AX =A|AX + B {—D7'C\AX — D 'D,AVy } +B,AV, +E|AU (5.70)
which after rearranging gives

AX = (A —B\D; 'C)AX + (By —B1D, " 'Dy) AV, +E|AU

Again, substitution for A/, in Equation (5.67) results in

0=C,AX +D3(—D;'CiAX — D 'D,AV,) +DsAV, + DsAV, (5.71)

or
0= (C2—D3D;'Ci)AX + (Ds — D3D{'D>) AV, + DsAV, (5.72)
.'.OZKzAX+K1AVg +DsAV; (5.73)

where K| = [D4 —D3D1_1D2} and K, = [Cz —D3D1_1C1}.
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Thus, the new overall differential-algebraic model becomes

AX = (A —B\D; 'C\)AX + (By—BiD, 'Dy) AV, +E AU (5.74)
OZKzAX+K1AVg +DsAV, (575)
0=DsAV, 4+ D7AV) (5.76)
Writing Equations (5.74)—(5.76) in state-space representation,
AX A, —B\D,"'Cy B,—B\D;"'D, 0] [AX E
0|= K> K Ds| |AVy [+ | 0 [AU (5.77)
0 0 Dg D; | [ AV, 0

which in more compact form can be written as

AX| [A B[ AX E,
= +| |AU 5.78
HREIEA 673
_ _ K> K\ Ds
where A'=A,-B,D\'Cy, B'=[B,-BD;'D, 0], C'= [ 0 ] D= {D; 1)7]’
AV, .
and AVy = {AV?]' Defining AVp = [AYL AYL],

T
Z[Ael AV ... AV, @ A0y ... AO, AV, ... AV,J

where AYg is the set of load-flow variables and AY( is the set of other algebraic
variables in the network equations; the differential-algebraic model can further be
written as

AX A" B} B, [AX E,

0 |=|C| D}, D,||AYc|+ | 0 |AU (5.79)

0 C, D), D), | |AYp 0

Now, D', is the load-flow Jacobian (J; ) modified by the load representation and
[D/n Dy

Dy Dj,
only the appropriate diagonal elements of D'y, and D', will be affected. Now,
the system matrix Ay obtained from Equation (5.79) is

} =J'\g is the network algebraic Jacobian. For voltage-dependent loads,

AX = Ay AX +EAU (5.80)
, 1-1|C]
where [ASys] TmxTm = [A/] - [B,1 B,Z} [JAE] |:Cé:|

This model can be used to examine the effect of small-signal disturbance on the
eigenvalues of the multimachine power system. When a PSS or any FACTS
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controllers are installed at any machine, the extra state variables corresponding to
these controllers will be added with the system matrix.

Reduced-order flux-decay model

This model is widely used in eigenvalue analysis and PSS design. If the damper-
winding constants are very small, then we can set them to zero, and from Equa-
tion (5.4), we have

0=—E)+ (X, =X}, g i=1.2,...m (5.81)
Using Equation (5.81), we can eliminate Eﬁji from Equations (5.2) and (5.8), and the
synchronous machine dynamic circuit will be modified as in Figure 5.2. In flux-

decay model, generally, a simplified exciter with one gain and one time constant
is considered, which is shown in Figure 5.3.

e The DAEs of generator with static exciter:

do;

o i s (5.82)

do; Tw, Eyl, (X;i—X&,.)ldeq,

- 5.83
dt M; M; M; ( )
iXg Ry, o JG=m/2)
AAAA A~ AL (IdiJr]Iqi)e
+
+ J(6i=7/2)

. _ Jjo;
(Vg +jV,)e =Ve™

Jj(&-7/2)
(X}, X1, +JE} Je -

FIGURE 5.2

Dynamic circuit synchronous machine flux-decay model (i=1, 2, 3,...,m).

Viet, + Ky Ey,

v

1+ 5Ty

FIGURE 5.3
One-gain and one-time constant static exciter (i=1, 2, 3,..., m).

.
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!
dt T(,ZIO,' T:jO; T({JO,' .
dE;,. Ef. Ka.
e =Y (AP (5.85)

dt TA’. Ta

i

fori=1,2,3,....m.

e Stator algebraic equations:

Assuming Ry=0, and substituting for E:j’, from Equation (5.81), we obtain the
stator algebraic equations in polar form as

V,‘Sil’l (5, - 91) _Xq,'llii =0 (586)

Vicos (51 — 9,) +X:i,-1di — E;I =0 (587)

e Network equations:

The network equations for an n-bus system can be written in the same form as
described for multimachine two-axis model represented by Equations (5.13)—(5.16).

COMPUTATION OF INITIAL CONDITIONS OF
THE STATE VARIABLES

The initial conditions of the state variables for the model are computed systemati-
cally by solving the standard load-flow equations of the network, first, and then com-
puting the other algebraic and state variables. The load-flow equations are part of the
network equations, as shown in the succeeding text.

o Load-flow formulation:

The standard load flow is computed on the basis of constant PQ loads and has
been the traditional mechanism for computing a proposed steady-state
operating point.

The net power injected at a bus is defined as

P; (51,1(1”1%, Vi, 9;) +j0i(0i04.d4,,Vi0i =
(PGI +PL,(V[)) +j(QG,. + QL, (V,')), fori=1,2,...,m. (588)
Thus, the real and reactive power-balance equations at the buses 1, 2,...,n are

Pi(8ira Ig,, Vis 0:) = ViVi¥ycos (0; — O — o) =0, i
k=1
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PL,.(V,') :ZV,‘V/(YHCCOS(QI‘ — 0 —Otik), i=m+1,m+2,...,n (590)
k=1

Qi (0114 1y, Vi 0:) = > ViVi¥ysin (6; — 0 — o) =0, i=1,2,....m. (5.91)
k=1

n
OL (Vi)=Y ViViusin(0; — O — o), i=m+1,m+2,....n (5.92)
k=1

The standard load-flow equations result from Equations (5.89) to (5.92) and the
chosen criterion:

Specify bus voltage magnitudes numbered 1 to m.

Specify bus voltage angle at bus number 1 (slack bus).
Specify net real power P; injected at buses numbered 2 to m.
Specify load power P, and Oy at buses numbered m+1 to n.

PN~

Thus, we have

n

0=—-P;+ Z ViVi¥icos(0; —0r — o) i=2,..., m. PV buses (5.93)
=1

n
0=—Pr,+ ZVinY,-kcos (0; — 0y —oy) i=m+1,..., m. PO buses (5.94)
=1

0=—Qi+ Y ViVi¥isin(0; — 0 —oy) i=12,..., m. PV buses (5.95)
k=1

0=—0Qr,+» VVi¥usin(0; — O — o) i=m+1,...,n. PQ buses  (5.96)
k=1

where P; (i=2,...,m), V; (1=2,....m), P, i=m+1,...,n), O, i=m+1,...,n),
and 0, are specified numbers. The standard load-flow program solves Equa-
tions (5.93)—(5.96) for 0,...0, and V,,,...V,. After the load-flow solution, the
net power injected at the slack bus and the generator buses are computed.
The generator powers are given by Pg, =P, — P, and Qg, = Q; — O, (i=1,...,m).
Again, from the synchronous machine dynamic circuit given in Figure 5.4, we have
Pg, +jQc, = Vilg, = Ve (I, — I, )e 7/
=Vi(cos0; + jsin0;) (Iq, —jl,,) (sind; + jcos ;) (5.97)

Now, equating real and imaginary parts of Equation (5.97) gives

Pg,=1,V;sin ((3, — H,) +1,Vicos (5, — 01) (598)

.
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} J(6—m/2)
N Ig =y +JjI, )e
X R G~ Vd; " g
J24, Si _—
\
+
+
- PL,-(Vi) V,-cjg"
LEq+ (X=X, +j0r, (V)
J(&—7/2)
+JE; 1 1 -
FIGURE 5.4
Dynamic circuit of synchronous machine.
QG, :IdiVjCOS (5, — 01) — Iq,. V,'SiIl (5, — 9,) (599)
and
I, =l6,e" = (14, +1,,)&%/? (5.100)

is the generator current injected at the generator bus.

In power system dynamic analysis, the initial values of all dynamic states and the
fixed inputs Ty, and Vg, (i=1, 2,...,m) are found from the base case load-flow solu-
tion. To see how this is done, let us assume that a load-flow solution of Equa-
tions (5.93)—(5.96) has been found, and then, the first step in computing the initial
conditions is to calculate the generator current from Equation (5.100):

e Stepl
(PG, —jQOg,)
v

1

TG, = IG/.CF’Y’ =

Since Pg, =P; — Py, and Qg, =0, — OL,,
1o o — (P Pr) —j(Qi = Or))

! V,'Gfﬂ?i ’
This current is in the network reference frame and is equal to (Id,. —|—Iq,.)ef(
In steady state, all the derivatives are zero in the differential equations (5.1)—(5.7).
The first step is to calculate the rotor angle J; at all the machines.
From Equation (5.4), setting E 4= 0,

=1,2,...,m (5.101)

8i—m/2)

E/di:(qu_X;,‘)Iqi’ i=12,....m (5.102)

Substituting Equation (5.102) into the complex stator algebraic equation (5.8), we
have
0=Vie" + Ry (I, +jlg,) &0~ + X 1,0 ~/D —X, I, &0/ — jE! &/(0-7/2)

(5.103)



5.3 Computation of Initial Conditions of the State Variables 153

Adding and subtracting jX,,1;, ¢/ /2 from left-hand side of Equation (5.103),

0=Vie + (R, +X), ) (la, + il )&/
- (5.104)
_j|:(Xqi _Xéi,-)ldi +E£I,] e/(o,fn/2)

vie""f+(Rsl +jX;i)IG,ef7i: {(Xq,—X(’ji)Idi—&—E;’}ef&f, i=1,2,....,m. (5.105)
The right-hand side of Equation (5.105) is a voltage behind the impedance
(RSI +jX;i> and has a magnitude [(qu*XZJ,)IdAJFE;,] and an angle
5; = angle of (v,-eief n (RS, n jX;,,)IG,.ef“/f)

e Step 2

J; is computed as &; = angle of (Vieﬂ)" + (RS,. +jX;i)IG,.ei"*’f).

e Step3

Computation of I, I,,, V4, and V,, for each machine from the equations is

Ly +jl, =160t i =1,2,... m. (5.106)

Vg 4V = Vi 002 =12, m. (5.107)
o Step4
Computation of Ei,l_ from Equation (5.9) is

E;l, =Va,+Rs 1y, _X;,-Iq,

= (X =X) Yl i=1.20000m, (5.108)
e StepS

Computation of E;I_ from Equation (5.10) is

E, =Vy+Ryly +X 1y, i=1,2,...m (5.109)

e Step6

Computation of Eyy, from Equation (5.3) after setting derivative equal to
zero is

Ew,—E, + (Xd,.—X’d,)Id,, i=1,2,....m. (5.110)
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e Step7

With the known field voltage Eyq,, the other variables R, Vg,, and Vi, can be
found from Equations (5.5) to (5.7) after setting the derivatives equal to zero:

VR, = (Kg, + Sk, (Exq,) )Exq, (5.111)
Kr.
Ry, =" Ey, (5.112)
Tr,
VR, )
Viet, =Vi+ | — ], fori=1,2,3,...,m. (5.113)
Ka,

e Step 8

The mechanical states w; and Ty, are found from Equations (5.1) and (5.2) after
setting the derivative equal to zero:

Wi = Wg

Ty, = Ejly +E, I, + (Xﬁh - Xt’,l_)lql.ld, (5.114)

This completes the computation of all dynamic-state initial conditions and fixed
inputs.

An illustration

The initial conditions or the steady-state variables of all the three machines of the test
system given in Figure 5.5 are computed here based on the solved load-flow data.
The machine data, exciter data, and the load-flow results are given in Section B.2
of Appendix B. All results are in pu.

Machine 1
e Stepl
_ Po —i
Iclenvl — ( G1 _!QGI)
Vi
B (0.719 — j0.546)
1.04 20°

=0.6913 —;0.5250
=0.8681~« —37.231°
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. Gen3 Gen3
Gen2 Station C
18.0kV Gen2 230kV 230kV 13.8kV
1.025 Pu 230KV 1.025Pu

()

~ > Z=0.0085 +0.072 ‘ Z=0.0119 +;0.1008 <
2 | > 7] ¥=00+j0075 T y=00+j0.1045 ) <

163MW < | N < | Tap = 13.8/230 85SMW
Tap = 18.0 /230 Lle g o Z=0.0+j0.0586
Z-00+j00625 5 |3 S 2 Y=00+j0.0
=0.0+j0. AN 100 MW F e
¥=0.0+;0.0 s [& 35MVAR S|
a2 Se
w = N=) —
Station A 2 ~ Station B
230kV — 230kV
5 6
125MW 90 MW
50MVAR 30MVAR
Z=0.01+;0.085 Z=0.017+;0.092
Y=0.0+,0.088 Y=0.0 +,0.079
4 Genl

230kV
Tap = 16.5/230 /\/\

Z=0.0+0.0576

Y=0.0 +0.0 _
Genl

16.0kV

@ 1.04pu

Slack bus

FIGURE 5.5
WSCC type 3-machine, 9-bus system; the value of Y'is half the line charging.

e Step 2
The machine rotor angle is

51 = Angle of{Vleigl + (RS, + jX;l)IGIef“/' }
— Angle of {1.04.20° + (0.089 +0.0969) x 0.8681.~ — 37.231°}
— Angle of {1.04+ (0.089 +0.0969) x 0.8681 x (cos37.231° — jsin37.231°)}
— Angle of {1.04+ (0.089 +,0.0969) x (0.6913 —j0.5250)}

=1.0080°
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e Step3
Idl +j[ql :[Gle/'("r’]—51+n/2)
— 0.8681 x e/(—37:231°—1.0080°+90°)
=0.8681 x e>1.761°
=0.8681 x (cos51.761° +sin51.761°)

—0.5376+0.6816
.1y, =0.5376 and I, =0.6816

le +jvql = Vlej(91*51+n/2)
=1.04 x ei<00*1.0080°+900)
=1.04 x (cos88.992° + jsin88.992°)

=0.01914j1.0398
V4, =0.0191 and V,, =0.0398

e Step4

Ep = (Xo =X, 1o
=(0.0969 —0.0969) x 0.6816
0

e StepS
E;I :VCII +R811111 +X;’|Id|
=0.398 4 0.089 x 0.6816 +0.0608 x 0.5376
=1.1332

e Step6
Ew, =) + (Xd, —x, )Idl
= 1.1332+ (0.269 — 0.0608) x 0.5376
—1.2451

e Step7
VR, = (Kg, + S, (Eta,))Eta,
= (Kg, 4+0.0039¢" 355 ) Egy
= {1.040.0039 x (193312451} 5 1.245]
=1.2788



5.3 Computation of Initial Conditions of the State Variables 157

Kr 0.063
R, =P Epy =2 12451 = 0.2241
RS, B =35 < 1:2451=0
Ve 1.2788
Viet, =Vi 4+ [ 2R0) = 1.04+—222° — 1.0765
ref 1+<KA]) + 35

T, = ) oy +EL I, + (x;l —x;,l)lqlld,1
=0x0.5376+ 1.1332 x 0.6816 + (0.0969 — 0.0608) x 0.6816 x 0.5376

=0.7856
Machine 2
e Step 1
Io.ef = (Pg, :jQGZ) _ 1.63 —;0.304
’ v, 1.025.29.48°
=1.6174 —;0.00308
=1.61772—1.0898°
e Step 2

The machine rotor angle
5, = Angle of {vzefﬁz n (RSZ n jxgh)lczavz}
= Angle of {1.02529.48° 4 (0.089 +j0.8645) x 1.6177 2 — 1.0898°}
= Angle of {(1.0110 —j0.1687) + (0.089 +,0.8645) x (1.6174 — j0.0308) }
= Angle of 1.1815+;1.2267
=46.098°

e Step3
Iy, +jly, = [Gze/(",'z—(52+n/2)
— 1.6177 x o(~1.0898°~46.098°+90°)
=1.6177 x e**81%
=1.6177 x (cos42.813° +sin42.813°)
=1.1871+,1.0989
=14, =1.1871 and [, =1.0989
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Va, +jVy, = Vaell2=0247/2)
=1.025 x ei<9-48°*46.098°+900)
=1.025 x (c0s53.382° +jsin53.382°)

=0.8457 +,0.5792
V4, =0.8457 and V,, =0.5792

o Step4
E/dz = (Xflz _Xih)qu
=(0.8645 —0.8645) x 1.0989 =0
e StepS
E’q2 =V, +Rg,1,, —|—X(’12],12
=0.5792+0.089 x 1.0989+0.1198 x 1.1871
=0.8192
e Step6
Bis, =By, + (X, =X, )
=0.8192+(0.8958 —0.1198) x 1.1871
=1.7404
e Step7

Vg, = (KEz + Sk, (Efdz))Efdz
= {1.0+0.0039 x e(1-555x 17404} 1 7404
=1.8420

K 0.063
RE, :T_:lEfdz =33 X 17404=03133

VR, 1.8420
Viet, =V 21 =1.025+——=1.0776
£, 2+ <KA2> + 35

T, = Elylas + Eplos + (X0, = X0, ) Ll
— 0 1.1871+0.8192 x 1.0989 + (0.8645 —0.1198) x 1.0989 x 1.1871
— 1.8717
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Machine 3
o Step 1
I, = (Pa, —jQc,) _ 0.85 —j0.142
’ v, 1.02524.77°
=0.8379 —;0.0691
=0.8408 £ —4.7190°
e Step 2

The machine rotor angle
33 = Angle 0f{V3er3 + (RSB + jX;3)I(;3ef"3}
= Angle of {1.025.24.77° + (0.089 +1.2578) x 0.8408 2« —4.7190°}

= Angle of {(1.0215 —j0.0852) + (0.089 +,1.2578) x (0.8379 —j0.0691)}
= Angle of 1.1830+;0.9626

=39.154°
e Step3
L, +Jl,, :1G3ej(7r(33+n/2)
—(0.8408 x ej(—4A7l9O°—39A154°+90°)
=0.8408 x 46127
=0.5830+,0.6058
~14,=0.5830 and 7, =0.6058
Vi, +jV,, = Vael=0377/2)
— 1.025 x o/(477°=39.154°+90%)
=0.7114+0.7380
~V4,=0.7114 and V,, =0.7380
e Step 4
Ejy = (Xoo =X, )1, = (12578 1.2578) x 0.6058 =0
e Step 5

E;3 = Vﬂh +R531113 +)(:131113
=0.7380-+0.089 x 0.6058 +0.1813 x 0.5830
=0.8976
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Step 6
Ew,=E, + (Xd3 _X/dg)IdS
—=0.8976 + (1.998 —0.1813) x 0.5830 = 1.9566
Step 7
VR, = (Kg, + Sk, (Efa; ) ) Efa,

={1.0+0.0039 x e(1:995x19566) 1 1 9566 =2.1166
Ky, 0063
T 035

VR 2.1166
Viet, = V3 + (K 3> =1.025 +T: 1.0855

Az

RE, % 1.9566 =0.3522

Tm:%@+%ﬁﬁ(gﬁx0%%
— 0% 0.5830 1 0.8976 x 0.6058 + (1.2578 — 0.1813) x 0.5830 x 0.6058
—0.9240

% MATLAB Program for ITlustration5.3.1
% COMPUTATION OF INITIAL CONDITIONS %

GFFIKFIRKKKAKA KKK I RAA KKK ARAAIAAA I AA AR AAIARA R A AR A A IR A AR A X KA AR AAKY

% MACHINE DATA%

Input PG; QG; Rs; Xd; X_d; T_d; Xq; X_q; T_qg; H; D; Ws
%EXCITATION SYSTEM DATA%

Input KA; TA; KE 5 TE; KF 5 TF ;

%LOAD FLOW DATA %

Input Voltage (V) ; THETA (0) ;

hhkkhkhkhkhkhkhhkkhhkhkhhhhkhkhhkhhkhhhkhkhkhrkhrhkhkhkhrhkhkrhkhkhrhkhkrkhkrhrhhkhkhkrhkrhkhkhkxkhx

formm=1:3; % For 3-Machine system
VV(mm) =V (mm)*exp(-i*THETA(mm))
IG(mm)=(PG(mm)-i*QG(mm))/VV(mm)

%stepl
DELTA(mm)=angle(VV(mm) + (Rs(mm)+i*Xq(mm))*IG(mm))
%step2

Idg(mm)=IG(mm)*exp(-i*(DELTA(mm) - pi/2)) ;
Id(mm)=real (Idq(mm))

Iq(mm)=imag(Idq(mm))
Vdg(mm)=VV(mm)*exp(-i*(DELTA(mm) - pi/2)) ;
Vd(mm)=real(Vdqg(mm))
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Vg(mm)=imag(Vdqg(mm))

%step3

E_d(mm) = (Xq(mm)-X_g(mm))*Iq(mm)

%stepd

E_g(mm) =Vg(mm)+Rs(mm)*Iq(mm)+X_d(mm)*Id(mm) ;

%stepb

Efd(mm) = E_qg(mm)+(Xd(mm)-X_d(mm))*Id(mm)

%step6b

VR(mm)=(KE(mm)+0.0039*%exp(1.555*Efd(mm)))*Efd(mm)
RFE(mm)=CKF(mm)/TF(mm))*Efd(mm)

Vref(mm)=V(mm)+VR(mm)/KA(mm)

TM(mm)=E_d (mm)*Id(mm)+E_q(mm)*Iq(mm)+(X_q(mm)-X_d(mm))*Id(mm)*
Iq(mm)

end

IDENTIFICATION OF ELECTROMECHANICAL
SWING MODES

Participation factor analysis

Participation factor is a tool for identifying the state variables that have significant
participation in a selected mode among many modes in a multigenerator power sys-
tem [5]. It is natural to say that the significant state variables for an eigenvalue 4, are
those that correspond to large entries in the corresponding eigenvector ¢,,. But the
problem of using right and left eigenvector entries individually for identifying the
relationship between the states and the modes is that the elements of the eigenvectors
are dependent on dimension and scaling associated with the state variables. As a
solution of this problem, a matrix called the participation matrix (P) is suggested
in which the right and left eigenvectors entries are combined, and it is used as a mea-
sure of the association between the state variables and the modes:

P=[P, P, ... P,]

with
Plp (plpl//pl
Py DoV
p=| =" (5.115)
Pl‘p q’)rplppr

where ¢,, is the element on the xth row and pth column of the modal matrix, @ is
the xth entry of the right eigenvector ¢, ¥, is the element on the pth row and
kth column of the modal matrix, and ¥ is the xth entry of the left eigenvector v,



-
162

CHAPTER 5 Small-Signal Stability Analysis

The element P, = ¢,.,\/,, is termed the participation factor. It is a measure
of the relative participation of the xth state variable in the pth mode, and
vice versa.

Since ¢,,, measures the activity of the variable X,. in the pth mode, and i},,,
weighs the contribution of this activity to the mode, the product P,, measures
the net participation. The effect of multiplying the elements of the left and right
eigenvectors makes the P,,, dimensionless. In view of the eigenvector normali-
zation, the sum of the participation factors associated with any mode >, P,
or with any state variable (Z;ZIPK,,) is equal to 1. For a given autonomous linear
system

AX = Ay AX (5.116)

the participation factor is actually a measurement of sensitivity of the eigenvalue 4,
to the diagonal element a,.,. of the state matrix A. This is defined as

07,

= e
KK

, k=1,2,...,r (5.117)

The participation factor may also be defined by

P, =
"V,

where /,,, and ¢,,, are the xth entries in the left and right eigenvector associated
with the pth eigenvalue.

[
EXAMPLE 5.1
Compute eigenvalues and the participation matrix (P) of the following system
matrix:

—-04 0 -0.01
A= 1 0 0
—14 9.8 —0.02

Solution
Eigenvalues are ;= —0.6565; 1,,43=0.1183 40.3678
The right eigenvectors are given by

(A=7pl) ¢ =0
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Therefore,
—04-7, 0  —001 b1y
1 . 0 by | =0
14 9.8 —0.02—7,] [ ¢
(0.4 7)1, —0.01¢h5, =0
P1p = 2pPay =0
—1.4¢,,+9.8¢,,+ (—0.02—7,) 3, =0

Solving this homogeneous equations for p =1, 2, 3 for the eigenvalues 4, 15, and 43,
respectively, the right eigenvectors are

—0.0389 —0.0128 +;0.0091 —0.0128 —0.0091
¢=1 0.0592 0.0123+4,0.0388 0.0123 —;0.0388

—0.9975 —0.9990 —0.9990
The left eigenvectors are normalized so that ¢ =1 and are given by
1 _adj(¢)
V=0 =
¢l

—14.6095 —7.2933 —j13.4578 —7.2933 +;13.4578
s =1 34262 1.7104 —j9.7317 1.7104 +9.7317
—0.2295  0.3859—;0.0532 0.38594-0.0532
Therefore, the participation matrix is
P PV b3
P= |V dn¥an ¢
P31¥1s Pz P33

1.€.,
0.5681 0.2159+4;0.01062 0.2159 +;0.01062

P=10.2029 0.3985—,0.0530 0.3985+;0.0530
0.2289 0.3855—;0.0532 0.3855+4,0.0532

Taking only the magnitudes,

0.5681 0.2406 0.2406 | x;
P=0.2029 0.4020 0.4020 | x,

0.2289 0.3892 0.3892 | x3
A A2 A3
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Swing mode and participation ratio

The swing mode of a power system can be identified by the criterion proposed here as
follows. Where authors used a swing mode identification index is called the swing-
loop participation ratio [6]. The participation ratio was originally introduced based
on the concept of participation factor. The characteristics of the swing modes are that
they are closely related to the electromechanical swing-loops associated with the rel-
evant state variables like rotor angle (Ad) and machine speed (Aw). The swing-loop
participation ratio (p) for the pth mode is defined by

l
_ ZK:]PKP
pp_ r P
ZK:/-H kp

where P, is the participation factor of the «xth state variable for the pth electrome-
chanical mode. Here, “¢” represents the number of relevant states belonging to the
state variable set [Ad, Aw], and “r” is the total number of states (relevant and non-
relevant) belonging and not belonging to the state variable set [Ad, Aw]. As the sum
of the participation factor for a particular mode corresponding to all relevant and
nonrelevant states is equal to 1, Equation (5.119) can also be written as

(5.119)

¢
K:IPKP
Pp=———— (5.120)
1= P
The proposed criterion states that for the swing modes, the oscillation frequency is in
the range of 0.2-2.5 Hz. and its swing-loop participation ratio (p) > 1.

AN ILLUSTRATION: A TEST CASE

The small-signal stability of a power system may be analyzed using any of the
methods applicable to linear systems. However, the modal analysis approach using
eigenvalue and swing-mode computation techniques is a very fundamental tool. The
poorly damped electromechanical oscillations have negative impact on the power
transfer capability in a power system, and in some cases, it induces stress in the
mechanical shaft. In this section, eigenvalues and swing modes of a multimachine
system have been computed prior to application of PSS, and the critical swing mode
is identified from them. In the following chapters, the improvement of damping of
this critical mode has been observed with the application of PSS and FACTS devices.

e Calculation of eigenvalue and swing mode:

A WSCC type 3-machine, 9-bus system (Figure 5.5) has been considered as a test
system. The base is 100 MVA, and system frequency is 50 Hz. The machine #1 is
treated as slack bus. Uniform damping has been assumed in all three machines.
The converged load-flow data are obtained by running the standard load-flow pro-
gram given in Table B.2 (Appendix B). The constant power loads are treated as
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Table 5.1 Eigenvalues and Swing Modes of the Study System
Swing-Loop
Frequency Damping Participation
# Eigenvalue (A) (N (H2) Ratio () Ratio (|p])
1 —2.4892 +j10.8650 1.7290 0.2233 10.1575
2 —5.1617+/11.2755 1.7943 0.4162 12.4678
3 —5.3063+,10.3299 1.6438 0.4569 0.0406
4 —5.6837 +10.3601 1.6486 0.4810 0.2146
5 —5.5957 +j10.3330 1.6443 0.4762 0.0102
6 —2.5226 0 1.0000 2.1054
7 0.0000 0 1.0000 00
8 —0.4087 4+ j0.8293 0.1320 0.4421 0.0625
9 —0.4759+0.5616 0.0894 0.6465 0.0933
10 —0.4164+j0.6618/ 0.1053 0.56325 0.0536
11 —3.2258 0 1.0000 0
12 —1.8692 0 1.0000 0
13 —1.6667 0 1.0000 0

injected into the buses. Steady-state variables and initial conditions are obtained by
the procedure described in Section 5.3. A MATLAB program has been developed to
obtain the system matrix (Ay) and the eigenvalues and the electromechanical
modes. The eigenvalues and the electromechanical modes of the system are listed
in Table 5.1 [7]. The frequencies (f) and damping ratios ({) of the electromechanical
modes are calculated by assuming that A=0 + jw, and { = \/ﬁ, where w,=2nf
(rad/s).

It has been observed from the Table 5.1 that among 21 eigenvalues, one has zero
magnitude, 4 are real, and the rest (16) are complex conjugate. The real parts con-
tribute damping, and the imaginary part is responsible for electromechanical oscil-
lation to the system. It is found from the 4th column of the Table 5.1 that the damping
ratio ({) of the electromechanical mode #1 (4;) is the smallest and therefore the
behavior of this mode is important to study the small-signal stability of the system.
This mode has been referred to as the critical swing mode. The mode frequency and
the participation factor analysis suggest that the nature of this critical mode is a local
mode and is strongly associated with the machine 2 and the system states (Ad, Aw).

The swing-loop participation ratios for each electromechanical mode have
been shown in column 5 of Table 5.1, which interprets that the mode #1 and mode
#2 are satisfying the criterion for the swing modes (Section 5.4.2) and among which,
mode #1 is the most critical swing mode.

Hence, the PSS should be placed at an optimum location, so that it can yield max-
imum damping to the electromechanical oscillation of the critical swing mode (#1).
The application of PSS and its optimum location have been discussed in the follow-
ing chapters.
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EXERCISES

51

5.2

5.3

54

5.5

O+

Write down the (i) DAEs and the (ii) stator algebraic equations of a synchro-
nous machine for two-axis (d—¢) model. Obtain the linearized state-space
equations from them.

In a multimachine system, write down the network equations pertaining to the
generator (P-V) buses and the load (P—Q) bus in power-balance and in current
balance forms. Formulate the load-flow equations in real power and reactive
power-balance form.

Explain the participation factor and participation ratio. Explain how swing
modes of any multimachine system can be identified applying participation
ratio analysis.

Find the participation factors of the eigenvalues for the following system
matrices, where x =Ax+ Bu

377
(a)A:[z 4}

21 1
(b)A=1]0 3 1
04 —1

The single-line diagram of two-area multimachine power system is given in
Figure 5.6. The system comprises four generators, 15 transmission lines,
and 6 numbers of load buses. Using two-axis model for the generator and con-
stant power load representation, obtain

(a) the initial conditions of the state variables of the system,

(b) eigenvalues and the swing modes of the system.

H WL%%F@

FIGURE 5.6

Two-area power system.
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The transmission line data, machine data, excitation system data, and load-
flow data are given in Section B.3 of Appendix B.

5.6 Repeat the problem given in 5.5 for 15% load increase in bus 9 and for one
tie-line outage between buses 9 and 10.
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CHAPTER

Mitigation of Small-Signal
Stability Problem Employing
Power System Stabilizer

INTRODUCTION

In Chapter 4, it has been discussed the need of installing a power system stabilizer
(PSS) in a power system in order to introduce additional damping to the rotor oscil-
lations of the synchronous machine. The enhancement of damping in power systems
by means of a PSS has been a subject of great attention in the past three decades
[1-4]. It is much more significant today when many large and complex power sys-
tems frequently operate close to their stability limits.

In this chapter, the problem of small-signal stability has been investigated by
applying the conventional PSS. A speed input single-stage PSS has been applied
in the linearized model of a SMIB power system, and then, the application of
PSS has been extended in a multimachine network. In both cases, investigation is
carried out by studying the behavior of the critical eigenvalue or the critical
swing mode.

A PSS is a lead-lag compensator; it uses any auxiliary stabilizing signal, like the
machine speed, as input and compensates the phase lag introduced by the machine
and excitation system and must produce a component of electric torque in phase with
the rotor speed change so as to increase the damping of the rotor oscillations. Though
there is a common perception that the application of PSS is almost a mandatory
requirement on all generators in modern multimachine power network, but in devel-
oping countries, where power networks are mostly longitudinal in nature, with con-
strained economic limits, the use of a costly PSS with each and every generator is not
done. In view of this requirement, this chapter also discussed the method of selection
of optimal location of a PSS in a multimachine power system. There are several
methods of PSS location selection that are available in the literatures [5-9], among
which participation factor (PF) analysis, sensitivity of PSS effect (SPE), and the opti-
mum PSS location index (OPLI) are discussed. A WSCC type 3-machine, 9-bus test
system has been taken as a test case.

THE APPLICATION OF PSS IN AN SMIB SYSTEM

A simple single-machine infinite bus (SMIB) system has been shown in Figure 6.1. It
is assumed that the machine is equipped with a fast exciter. In order to improve
small-signal oscillations, a PSS is incorporated in this system.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00006-8 1 69
Copyright © 2020 Elsevier Inc. All rights reserved.
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FIGURE 6.1
Single-machine infinite bus system with PSS.

Combined model of SMIB system with PSS [10]

A PSS is a lead-lag compensator, which produces a component of electric torque to
damp generator rotor oscillations by controlling its excitation. The basic block dia-
gram of a speed input single-stage PSS, which acts through excitation system, is
depicted in Figure 6.2.

Neglecting washout stage, the linearized Heffron—Phillips model of the SMIB
system, including PSS dynamics, can be represented by the following state-space
equations:

. 1 K, 1
AE =— AE —Z2AS+——AE 6.1
4 KST(/:IO 1 T(/io * T(/io & ( )
Ad = Av (6.2)
. K, K Dy 1
Av=——=AE —— A ———Av+—AT 6.3
YT M T T g Y ot (63)
- 1 KAKs KaKs Ka
AEty=——AFy — A — AE +—2AVp 6.4
fd TA O Th ¢t T el (6.4)
AVre:f
PSS
av | sTw KessIasTy |2 K] Ky
1+ 5Ty (1+5T5) + 1+ 5T
Washout Phase ) Exciter
compensation AV,

FIGURE 6.2
Exciter with PSS.




6.2 The Application of PSS in an SMIB System

. 1 KpssT K- KpssT| K
AV, = ——AV,— pssli B2 g BessliB o
p) T, 2H 1 T, 2H
Kpss KpssT1 Dy
— A 6.5
+< T, I 2H) ' (65)
OP, OP. . . .
where K, = OF and K, =95 Assuming the stator resistance R;=0, the electric
o
EqV

oo .
Xr sind, where Xt=X; +X..

Here, Equation (6.5) is added to the general equations (6.1)—(6.4) of the SMIB
system because of the installation of a PSS. The system matrix (A_PSS) of this com-
bined model has been presented in Equation (6.6). The system matrix without PSS
can be easily obtained by excluding the PSS output state (V):

power P, =

L _ K 0 LI
K3 Té‘o T(/jo T&O
0 0 Wy 0 0
— ﬁ — ﬁ - Do 0 0
A PSS— 2H 2H 2H
_ KaKs _ KaKs 0 1 Ka
Ta Ta Ta Ta
KT (Kpss> KT, (Kpss> <Kpss _ KpssT, Dws> 1
T, \ 2H T, \ 2H T, T, 2H T
(6.6)

The washout filter stage is neglected here, since its objective is to offset the dc steady-
state error and not have any effect on phase shift or gain at the oscillating frequency. The
application of washout stage is not a critical task. Its dynamics can be included easily
with suitable choice of the parameter Tyy. The value of Ty is generally set within 10-20 s.

Results and discussion

e Eigenvalue analysis

In this section, eigenvalues and the electromechanical swing modes of a SMIB
system are computed in MATLAB from the system matrix, A PSS, presented in
Equation (6.6). The machine and exciter data are given in Section B.1 of Appendix B.
The eigenvalues of the system without and with PSS are listed in Table 6.1. It is evi-
dent that the damping ratio of the electromechanical swing mode #2 (second row,
third column) is small compared to the other mode; therefore, the behavior of this
mode is more important to study the small-signal stability problem of this system
and this mode has been referred to as the critical mode. When a PSS is installed
in the system, the damping ratio of this critical mode #2 is enhanced significantly.
The value of the damping ratio with PSS has been shown in the second row, column
six of Table 6.1.

.
171
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Table 6.1 Eigenvalues Without and With PSS

Before Application of PSS After Application of PSS
Damping PSS Damping
# Eigenvalue Ratio Parameters Eigenvalue Ratio
1 —-2.6626 +£;15.136  0.1733 Kpss=1.0 —2.0541 +£/15.3253  0.1328
2 —0.05265 +7.3428 0.0072 T1=05s —0.4116 £,7.1110 0.0578
3 - - Te=01s 404989 1.0

e Time domain analysis

The small-signal stability response of this system has been examined further by
plotting the rotor angle deviation under different values of the PSS gain (Kpss) for a
unit change in mechanical step power input (ATy) with a reasonable simulation
time of 600 s. It has been observed that the application of PSS introduces significant
improvement in damping on the rotor angle oscillations and is shown in Figure 6.3a.
It has been further observed that the better enhancement of damping and settling time
can be achieved with the increase of the PSS gain and the corresponding plot is pre-
sented in Figure 6.3b. Thus, it may be reasonable to remark that the installation of
PSS in a SMIB system not only damps the rotor angle oscillations effectively but also
enhances its performance with increasing PSS gain.

MATLAB Program
% APPLICATION OF PSS IN SMIB SYSTEM

YF KKK RKK KKK KKK A RAA KKK ARAA I RAKAIRAA KA KRR A IR A A I AX KRR X AR A A hAh Ak hxk*x9

% PARAMETERS OF THE SYSTEM 1:

Input Td; H; TA; D; s KA; Xg; Xd; X_d; Re; Xe; Vinf; Rs;
Xeff=Xe; XT=X_d+Xeff

THETAl= (pi*THETA)/180; % Voltage angle in radian
THETA2=(pi*0)/180 ; % Voltage angle in radian

Vi=1.172; Vinf=1.0;
V1=Vi*exp(i*THETAL); V2=Vinf*exp(i*THETA2); IG=(V1-V2)/(Reti*Xeff);
% COMPUTATION OF INITIAL CONDITIONS %
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%stepl
Mag=abs(IG); ANG= (180*angle(1G))/3.14;

%step2
E=abs(V1+ (Rs+i*Xq)*IG); delta=(180*angle(V1+ (Rs+i*Xq)*1G))/3.14;

%step3
Idg=1G*exp(-1*(3.14*delta/180 - 3.14/2));
Id=real(Idq); Ig=imag(Idq);

Vdq=V1*exp(-i*(3.14*delta/180 - 3.14/2));
Vd=real(Vdq); Vg=1imag(Vdq);

%stepd
E_q=Vg+Rs*Igq+X_d*1d;

%stepb
Efd=E_q+(Xd-X_d)*Id;

%stepb
Vref=Vi+Efd/KA;
TM=E_q*Ig+(Xq-X_d)*Id*Iq;

bbbl bl bblohblolohlolohlolohhlh b
% CALCULATION OF K-CONSTANTS %
bk bbbl bl h bl hld bk h b lh b

DEL =Re*Re+(Xeff+Xq)*(Xeff+X_d);
K3_1=1+(Xd-X_d)*(Xg+Xeff)/DEL;
K3=1/K3_1;
K4=(Vinf*(Xd-X_d)/DEL)*((Xg+Xeff)*sin(3.14*delta/180)-Re*cos
(3.14*delta/180));
K2=(1/DEL)*(Iq*DEL-Iq*(X_d-Xq)*(Xq+Xeff)-Re*(X_d-Xq)*Id+Re*E_q);
KI=(-1/DEL)*(Iq*Vinf*(X_d-Xq)*((Xg+Xeff)*sin(3.14*delta/180)-
Re*cos(3.14*delta/180))+Vinf*((X_d-Xq)*Id-
E_g)*((X_d+Xeff)*cos(3.14*delta/180)+Re*sin(3.14*delta/180)));
K5=(1/DEL)*(((Vd*Xq/Vi)*(Re*Vinf*sin(3.14*delta/180)+Vinf*cos
(3.14*delta/180)*(X_d+Xeff))+(Vg/Vi)*(X_d*(Re*Vinf*cos(3.14*delta/
180)-Vinf*(Xq+Xeff)*sin(3.14*delta/180)))));
K6=(1/DEL)*((Vd*Xq*Re)/Vi-(Vg*X_d*(Xq+Xeff))/Vi)+Vq/Vi;
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% SYSTEM MATRIX *A” WITHOUT PSS

BANNAAAANAANAANNNNNAAAANNAANANANNNAAAAANAANANNANNAAAANNAANNANNNN

A=[ -1/(K3*Td) -K4/Td 0 1/Td ; 0 0 Ws 0 ; (-Vinf*sin(3.14*delta/180))/
(2*H*XT) (-E_g*Vinf*cos(3.14*delta/180))/(2*H*XT) -DX*Ws/(2*H) 0
-KA*K6/TA -KA*K5/TA 0 -1/TA T3

(’EIGEN VALUES OF THE SYSTEM WITHOUT PSS=")
eig_vall=eig(A)

% INPUT MATRIX "B’ ; OUTPUT MATRIX *C’; TRANSITION MATRIX *D* WITHOUT PSS
BANAANNANANANANNANANNANANNAAANNNANANANAANANNNNANANNANANNANANAN
B=[00;00;1/(2*H) 0 ; 0KA/TAT; C=[00101];D=[007;

% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEM WITHOUT PSS
e I
[NUM1,DEN1]=ss2tf(A,B,C,D,1);

T=0:0.01:10; % Simulation Time
r=step(NUM1,DEN1,T);

plot(r,’ -");

hold

% SYSTEM MATRIX A’ WITH PSS
BAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAANAAAAAAAAAAANAAAAAAN
KP=1.0; % PSS gain%
T1=0.50; T2=0.1; % Time constants of PSS
A_pss =[ -1/(K3*Td) -K4/Td01/Td0 ; 00Ws 00 ; (-Vinf*xsin(3.14*delta/
180) )/ (2*H*XT) (-E_g*Vinf*cos(3.14*delta/180))/(2*H*XT) -DX*Ws/(2*H) 0
0; (-KA*K6)/TA (-KA*K5)/TAOQ -1/TAKA/TA ;
(-KP*T1*Vinf*sin(3.14*delta/180))/(2*H*T2*XT) (-KP*T1*E_g*Vinf*cos
(3.14*delta/180) )/ (2*H*T2*XT) (KP/T2)-(KP*T1*DX*Ws)/2*H*T2 0 (-1/T2)];
e B S B L o e e )
% INPUT MATRIX *B’; OUTPUT MATRIX *C’; TRANSITION MATRIX D’ WITH PSS %
BANNANNANANANANNNANAANANNANNANANANANNNANANANNNAANNNANNANAANANNANNAND
B_pss=[00;00;1/(2*H) 0 ; O KA/TA; KP*T1/(2*H*T2)0]; C_pss=[001007;
D_pss=[0017;

% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEM WITH PSS

L A

[NUM2,DEN2]=ss2tf(A_pss,B_pss,C_pss,D_pss,1);
sys=ss(A_pss,B_pss,C_pss,D_pss);
[Ys,T]=step(sys);

T=0:0.01:10; % Simulation Time
s=step (NUM2, DEN2, T);

plot(s,’-")

hold

eig_val=eig(A_pss) ; % "EIGEN VALUES OF THE SYSTEMWITH PSS //
SIGMA=abs(real(eig_val)) ; % REAL PART OF THE DOMINANT EIGEN VALUE //
/=abs(eig_val); % Magnitude of eigenvalue //

LAl = (SIGMA./Z) % DAMPING FACTOR FOR DOMINANT EIGEN VALUE //
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FIGURE 6.3

Response of rotor angle deviation with different PSS gain (a) with Kpss=1 and (b) with
Kpss=4.

MULTIMACHINE SMALL-SIGNAL STABILITY
IMPROVEMENT

The small-signal model of a multimachine system with IEEE Type I exciter has been
described in Chapter 5 (Section 5.2.1). All equations relating to the performance of
the machine with exciter and network power flow were linearized around the
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nominal operating condition to obtain the dynamic model of the system for eigen-
value analysis and are represented by the following state-space equations:

AX=A;AX+B Al +B, AV, +E; AU (6.7)
0=CAX +D; Al + DAV, (6.8)
0=CrAX+D;3Al,+DsAV,+Ds AV, (6.9)
0=DsAV,+D7AV) (6.10)

Multimachine model with PSS
The multimachine model with a PSS has been formulated by adding the state variable
(V) associated with the PSS in Equations (6.7)—(6.9). Therefore, the order of the sys-
tem matrix and the number of eigenvalues of the system will be increased by one.
The added state equation corresponding to the PSS can be obtained from
Chapter 3, Section 3.8 as

Kpss Aw; . KpssT1 Aw;

6.11
T2 (O T2 (O ( )

: 1
AV == AV, +

Substituting the expression of A®; from Equation (5.21) (Chapter 5), the previously
mentioned Equation (6.11) becomes

. 1 K; KpssT1D;
AV, = —— AV, + [ =558 2PSSTIZI Ay,
' T, ' Trwy TrwsM;

< KpssTiE,,  KpssT1 X 1a, KPSST1X;,.1d,»>AI
- qi

 ToM; T M; TrwM;
(6.12)

TrwsM; TrwM; TrwsM;

_ KpssTil, AE _ KessTlg, | KpssTy
TooM;, — % TroM; % T,oM,
The state variables are then modified as

( KpssTiE,  KpssTiX,1,, KPSSTIXj,/,)AI
_ .

ATy,

i

AX=[AXT AXT ... AxT]"

where
AX;= [AS; Aw; AE, AE, AEy AVy ARp AV,]"
Aly=[Aly, Al, Aly, Al, ... Al Al,]"
AVy=[A0, AV, A0, AV, ... AD, AV, ]"
AVi=[AOpi1 AViy1 AOpin AV ... AO, AV,]"
AU=[AUT AUT ... AUT)
AU; = [ATy, AViet,]"
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fori=1,2,...,m(the number of PV buses) and i=m+1,m+2,...,n (the number of
PQ buses). Here, in AX;, the state variable of the PSS AV, is included.
Eliminating A/, from the respective equations (6.7)—(6.9), the overall state-space

model is
AX] A B[AX ] | [E
O)=le o]l +[5]ee 619
where AVy =[AV, AVI]";A'=[A, —B\DY'C11;B'= [B, —BiDT'D; 0;C'= [[f)z];
and p' = | K1 Ds with K| = [Dy —D3D, ' D] and K> = [C; —D3D; ' C]
D¢ D7 '

Therefore, the system matrix A _PSS for a multimachine system with a PSS can

be obtained as

[A_PSS], \=[4-[BD)7'[C] (6.14)

Tm+1)x (Tm+1
This model has been used in the following section to study the effect of small-signal
disturbance on the eigenvalues of a multimachine power system and their improve-
ment with the application of a PSS. The system matrix without PSS can be obtained
excluding the state-space variable AV,.

An illustration-computation of eigenvalues and swing modes

In Chapter 5, the computation of system matrix (Asy,) and the electromechanical
swing modes without PSS has been illustrated for a WSCC type 3-machine, 9-bus
test system and results are presented in Table 5.1. In this section, the PSS has been
applied to this proposed test system in order to improve the damping ratio of the crit-
ical swing mode #1. The parameters of the PSS are assumed as Kpgs =20, T; =0.15,
and T, =0.11. Even though the critical swing mode has a 22% damping without PSS,
further enhancement of the system stability is achieved by the application of PSS via
shifting the critical swing mode to a more desirable position in the s-plane. The PSS
is installed with each machine separately and the eigenvalues, frequency, and its
damping ratios are listed in Tables 6.2, 6.3, and 6.4, respectively.

It can be seen that the swing modes get affected with the installation of the PSS at
any of the three machines. However, with the response of the critical swing mode
being of prime concern, it has been observed that the improvement in the critical
swing mode is of highest degree (Table 6.3) if the PSS is installed in machine 2.
The value of damping ratio ({) for the installation of PSS in machines 1, 2, and 3
are, respectively, obtained as {=0.2262, 0.3120, and 0.2224.

A study of root locus of the critical swing mode with variation of PSS gain has
also been investigated. The root-locus plots for the installation of PSS at three
machines are shown in Figure 6.4a, b, and c, respectively.

In these figures, the real axis and the imaginary axis represent the real part (—o)
and the imaginary part (+jw) of the critical swing mode (at different values of the
PSS gain Kpgg), respectively. The negative imaginary part (—jw) can be obtained
from symmetry. It has been found that with the installation of a PSS in machine 2,
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Mode #

O N O OB WN =

- 4 a4 a4 ©
MW N 2O

Eigenvalue (1)

—2.5291 + j10.8920
~9.1046
~5.1630 +/11.3145
~5.2715 +/10.2838
—5.6843 +j10.3443
—5.5913 + j10.3325/
—2.5070

0.0000
—0.5562 + j0.5387
—0.3346 +j0.7015
~0.4086 +,0.6217
—3.2258
—1.8692
—1.6667

Frequency (f) (Hz)

1.7333
0

1.8005
1.6365
1.6461
1.6443
0

0

0.0857
0.1116
0.0989

Table 6.2 Eigenvalue, Frequency, and Corresponding Damping Ratio with PSS
Installed at Machine 1

Damping Ratio (¢)

0.2262
1.0000
0.4151
0.4562
0.4816
0.4759
1.0000
1.0000
0.7183
0.4306
0.54983
1.0000
1.0000
1.0000

Mode #

W ~NO O~ 0N -

©

10
11
12
13
14

Eigenvalue (A)

—3.5586 + j10.8354
-9.2182
—4.9144 £ 11.2478/
—4.7038 £/ 10.3468/
—5.6886 +/ 10.3285/
—5.3437 £/ 10.2399/
—2.5030

0.0000
—0.4198 £, 0.8407i
—0.5257 £/ 0.5070i
—0.3291 £/ 0.5646/
—3.2258
—1.8692
—1.6667

Frequency (f) (Hz)

1.7243
0

1.7899
1.6465
1.6436
1.6295
0

0

0.1338
0.0807
0.0898

Table 6.3 Eigenvalue, Frequency, and Corresponding Damping Ratio with PSS
Installed at Machine 2

Damping Ratio (¢)

0.3120
1.0000
0.4004
0.4139
0.4824
0.4626
1.0000
1.0000
0.4467
0.7198
0.5036
1.0000
1.0000
1.0000

the damping of the critical swing mode increases and simultaneously oscillation
decreases, unlike the case for machine 1 where with the increase of PSS gain, damp-
ing improves, but oscillation also increases. In the application of PSS in machine 3,
the critical mode moves towards instability with marginal increase in the gain of PSS.
In view of this result, it may be concluded that machine 2 should be the possible
choice of installation of the PSS.
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Table 6.4 Eigenvalue, Frequency, and Corresponding Damping Ratio with PSS
Installed at Machine 3

Mode # Eigenvalue (A) Frequency (f) (Hz) Damping Ratio (¢)
1 —2.4834 +j 10.8865 1.7324 0.2224

2 —5.4393 £/ 12.4858i 1.9869 0.3994

3 —9.2964 0 1.0000

4 —5.3085 £/ 8.9013/ 1.4165 0.5122

5 —5.3364 £ 10.3270i 1.6434 0.4591

6 —5.5996 +, 10.3330/ 1.6443 0.4765

7 —2.5030 0 1.0000

8 0.0000 0 1.0000

9 —0.4160 £/ 0.8356/ 0.1330 0.4457

10 —0.4609 £/ 0.4637/ 0.0738 0.7050

11 —0.4005 +/ 0.6596/ 0.1050 0.5189

12 —3.2258 0 1.0000

13 —1.8692 0 1.0000

14 —1.6667 0 1.0000

DEVELOPMENT OF A LOCATION SELECTION
INDICATOR OF PSS

During the application of PSS to a multimachine power system to achieve the larg-
est improvement in damping, first, the best location of PSS must be identified
among a number of interconnected machines. Study reveals that the PSS displaces
the swing mode from its critical position to a more desirable position, changing the
response of the excitation system. Based on the change of the exciter transfer
function, a simple and easy indicator called OPLI [9] has been introduced in
Section 6.4.3 to identify the best location of the PSS in a multimachine system.
The results of OPLI method have also been compared with the existing SPE method
and the PF analysis method. The special emphasis has been given on the compar-
ison between OPLI and SPE methods as it has been reported in [8] that SPE method
is more accurate than PF analysis method. It appears that the proposed OPLI
method gives identical prediction with the existing methods (SPE and PF) on
the selection of optimum location of PSS. It has been further observed that both
OPLI and SPE bear almost similar characteristics with variation of PSS gain.
The computation of OPLI and its comparison with SPE have been illustrated for
a 3-machine, 9-bus test system, and its validity has also been tested in an IEEE type
14-bus test system.
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Root locus of the critical swing mode when PSS is installed at (a) machine 1, (b) machine 2,
and (c) machine 3.
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Participation factor

The concept of PF has been discussed in Chapter 5, Section 5.4. Here, this PF anal-
ysis method has been applied to find the best location of a PSS in a multimachine
power system. The PF is a quantitative measure of how a particular mode (eigen-
value) is affected by the various state variables in the system. In a multimachine sys-
tem, the PF (PF;) for the ith machine considering speed deviation (Aw;) as the
respective state variable is defined by

PF; = (/)j,Aw, l//j,Aw[ (6 15)
where ¢; A, is the right-eigenvector entry and yJ; A, is the left-eigenvector entry of
the jth electromechanical swing mode corresponding to the state variable Aw; of the
ith machine. The machine having the highest PF for the most poorly damped swing
mode signifies the most effective location of stabilizer application.

Sensitivity of PSS effect

The PSS installed on a machine in a power system is a closed-loop controller. If a
machine is selected for installation of PSS, for best effect, first, the amplitude of PSS
input that is measured by the right eigenvector corresponding to speed change Aw
should be relatively large, and second, the control effect of PSS measured by the
coefficient S;; should be strong.

The control effect of PSS on the system (by the PSS output state AV, and the sys-
tem mode /;) can be calculated by Sj;; =;, Ay, » Where i, ARy, 18 the left-eigenvector
entry of the jth mode (4;) corresponding to the state variable AEfd of the ith machine. In
order to take into consideration the effect of both the PSS input and the PSS control in
selecting the PSS location, SPE for the ith machine has been considered as

SPE; = a0V am, (6.16)

for i=1, 2,...,m (the number of machines) where ¢, 5, is the right-eigenvector
entry and lk A, is the left-eigenvector entry of the ]th mode corresponding to
the state Aw, and AEjgy, of the ith machine. SPE measures both the activity of PSS
input (Aw;) participating in a certain oscillatory mode and the control effect of
PSS, on this mode. The larger the magnitude of the SPE, the better is the overall per-
formance of the PSS. In a multimachine power system, there may be several swing
modes that are of interest, and for each mode, a set {SPE;,i=1, 2,...,m} can be cal-
culated by Equation (6.16). The SPE with the largest magnitude of any ith machine
identifies the best location of PSS.

Algorithms of calculation of SPE
. Compute the initial conditions of the state variables.
2. Install the PSS at any ith machine and obtain the system matrix [A
eigenvalues.
3. Identify the critical swing mode.
4. Derive the right-eigenvector matrix [¢] and a left-eigenvector matrix [i/].

—

] and

Sys.
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3. The right-eigenvector entry ¢; 5, corresponding to the state variable Aw; (PSS
input) and the left-eigenvectorentry y; A Fu, corresponding to the state variable AEg,
(PSS control effect) are noted for the jth critical swing mode for the ith machine.
Calculate ISPE,| for the ith machine using Equation (6.16).

. Repeat steps 1-6 for each machine.

~o

Optimum PSS location index

The newly proposed concept of OPLI is based on the change of exciter transfer
function with respect to the PSS transfer function in a certain swing mode. The
PSS on a machine is a closed-loop controller and that considers usually the machine
speed or power as its input and introduces a damping so that the system moves from
a less stable region to a more stable region. As the PSS acts through the excitation
system, the effect of displacement of swing modes due to the installation of PSS
will change the response of the excitation system. The response of the excitation
system at a swing mode A’ can be obtained by replacing A’ for “s” in its transfer
function Ge,(s).

The change of response of the excitation system with respect to the PSS
response for a swing mode A’ is determined by the proposed index OPLI and is
defined by

|(Gexi(i/) — Gexf()'o))|
|Gpss(2)]
for i=1, 2,...,m (the number of machines).

Here, 4° and /’ are the critical swing modes before and after the installation of
PSS, respectively. The magnitude of OPLI measures the effect of PSS on the exciter
response in a swing mode A’ of interest. The larger the value of the OPLI, the larger is
the control effect of PSS on the exciter and the better is the overall performance of
PSS in the power system.

|OPLIL| = (6.17)

Algorithms of calculation of OPLI

Derive the transfer function of the excitation system G,(s).

Calculate the G..(/4°); here, A° is the most critical swing mode, before the
application of PSS.

N —

Kpss (ST] + 1)
(ST2 + 1)
Compute the system matrix A _ PSS and eigenvalues after the application of PSS.
Note the critical swing mode A’ to obtain G.,(4) and Gpgs(4).
Calculate the OPLI applying Equation (6.17).
Repeat steps 1-6 for each machine.

Install the PSS at any machine. Here, Gpss(s) =

Nogop,r

The transfer function of the exciter for the ith machine Gy, (s) = V—I(s) can be
obtained following Equations (2.113) and (2.114) (Chapter 2). 5
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An illustration

The PSS location selection indicators PF, SPE, and OPLI are calculated using Equa-
tions (6.15)—(6.17) for a WSCC type 3-machine, 9-bus test system. The machine data
and exciter data are taken from Appendix B. The magnitudes of OPLI, SPE, and PF
are listed in Tables 6.5, 6.6, and 6.7, respectively.

In Table 6.5, for the critical swing mode #1 (j=1), the right-eigenvector entry
®; Aw, and the left-eigenvector entry ¥, 5, corresponding to the state Aw; for the
installation of PSS in the ith machine are computed from the right-eigenvector matrix
[¢] and the left-eigenvector matrix [i], and IPF;l are calculated correspondingly.

In Table 6.6, for the critical swing mode #1 (j=1), the right-eigenvector entry
®1,A0; corresponding to the state Aw; and the left-eigenvector entry ALy, COTTE-
sponding to the state AEg, after the installation of PSS in the ith machine are

Table 6.5 PF When PSS is Installed in Individual Machine

PSS Right Eigenvector of Left Eigenvector of

Installed Critical Swing Mode Critical Swing Mode #1 |(PF)|

in #1 |(¢1,Aw,—)| }(l//1,Aw,-)| (i=1,2,3)
Machine #1 0.15345 0.6269 0.0962
Machine #2 0.26739 3.3132 0.8856
Machine #3 0.15627 0.0525 0.0084

Table 6.6 SPE When PSS is Installed in Individual Machine

Right Eigenvector Left -Eigenvector of
PSS of Critical Swing Critical Swing |(SPE))|
Installed in Mode #1 | (¢, 1., )| Mode #1 | (v .z, )| i=1,2,3)
Machine #1 0.15345 0.07926 0.01216
Machine #2 0.26739 1.8630 0.49814
Machine #3 0.15627 0.0270 0.00421

Table 6.7 OPLI When PSS is Installed in Individual Machine
Swing Mode (X°) Swing Mode (A')
Before Installation PSS After Installation ) i
of PSS Installed in of PSS |OPLI| :W
—2.4892 + j10.8650 Machine #1 —2.5291 4 10.8920 0.00215

Machine #2 —3.5586+10.8354 0.05174

Machine #3 —2.4834 +j10.8865 0.00096

183
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computed from the right-eigenvector matrix [¢] and the left-eigenvector matrix [i/],
and ISPE,| are calculated for each machine for i=1, 2, 3.

Therefore, Gey, (s) for i=1, 2, 3 for the study system are computed in MATLAB
and are obtained as

G 318.47135+909.9181
T3 411.24525% 4+ 98.23125 4 48.4012

G 318.47135+909.9181
27 53 411.9388s2 + 103.68055s + 58.309

and

G 318.47135s+909.9181
3§34 11.433352 +99.709s +51.088

respectively.
Calculation of OPLI for application of PSS at machine 1
The critical swing mode A’ =—2.5291 +;10.8920.

L 20(0.151 41
Gpss(i)zw

Gen, (1°) = (318.47131° 4+909.9181)
T 203 £ 11.2452/°2 4+ 98.23124° 4-48.4012

and

(318.47134' +909.9181)
2% +11.245207 +98.2312)/ +48.4012

Gex, (i/) =

|(Gex, (#) = Gex, (7))

OPLI,| =
[OPLL Gros (7))

=0.00215.

Calculation of OPLI for application of PSS at machine 2
The critical swing mode 2’ =—3.5586+10.8354.

|(GEX2 (/“/) — Gexz (io)) ‘

=0.05174.
|Gpss(4)]

|OPLIL,| =

Calculation of OPLI for application of PSS at machine 3
The critical swing mode 2'=—2.4834+10.8865.

[(Gex, (#) = Gex, (7))

=0.00096.
|Gpss(4)]

|OPLI;| =
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It has been observed from these tables (fourth column, second row) that the values of
OPLI, SPE, and PF are large for the installation of PSS in machine 2 compared to the
values for the other two locations. In view of root locus of the critical swing mode and
the magnitudes of these three indicators, it is possible to conclude that machine 2
should be the best location of PSS.

Implication of PSS gain in SPE and OPLI characteristics

The characteristics of OPLI with variation of PSS gain have been described and it is
compared with the characteristics of SPE. With PSS installed in machines 1 and 2,
both the SPE and OPLI characteristics show increment with increase in PSS gain. For
machine 3, both of these sensitivity parameters exhibit decrement with increasing
PSS gain (Figures 6.5¢ and 6.6¢). It has been further observed that the slopes of
the profile of SPE and OPLI both are high for the optimum location of the PSS
(Figures 6.5b and 6.6b). Thus, it appears that the proposed index OPLI bears similar
characteristics as SPE and can be effectively used instead of SPE to predict the opti-
mum location of PSS.

The validation of the OPLI characteristics has also been tested separately in an
IEEE type 14-bus test system where there are 2 generators and 3 synchronous com-
pensators. This bus system is also suitable for small-signal stability analysis [11]. In
our study, the investigation has been made on generator 1. The magnitudes of SPE
and OPLI for the installation of PSS in generator 1 are, respectively, plotted in
Figure 6.7a and b with increasing PSS gain. These plots also interpret that the
SPE and OPLI bear almost similar characteristics and are applicable to indentify
the best location of PSS in this system.

EFFECT OF LOAD

The nonlinear equations of different types of load and its linearized model have been
described in Chapter 3, Section 3.7, which is represented here for the purpose of
small-signal stability analysis.

For constant power-type load, we have

AP, =0 (6.18)
AQr, =0 (6.19)
and for constant current-type characteristics, we have
P,
APy, =-L2 AV, (6.20)
Vi
AQ, _QLuyy, (6.21)

Vi
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SPE versus PSS gain when PSS is installed in (a) machine 1, (b) machine 2, and (c)
machine 3.
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(a) SPE versus PSS gain when PSS is installed at generator and (b) OPLI versus PSS gain
when PSS is installed at generator 1.

and when load is considered a constant impedance type, we have

Py,
AP, =212 VAV, (6.22)

0

O,
(Vio ) :

AQ =2 VAV, (6.23)
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In order to study the effect of the different types of load on small-signal stability,
Equations (6.18)—(6.23) are to be incorporated into the linearized network equa-
tions (6.9)—(6.10) of the dynamic model of the multimachine power system. It is
to be noted that the small-signal stability problem of the 3-machine, 9-bus test system
has been studied in Section 6.3.2, based on eigenvalue analysis, and their assumed
load is of the constant power type. In this section, this issue has been investigated
further in the said multimachine system when load is being of the constant current
and constant impedance type.

Effect of type of load
e Constant power-type load at buses 5, 6, and 8

In this case, loads in buses 5, 6, and 8 are treated as constant power type. There-
fore, Equations (6.18) and (6.19) are incorporated into the linearized network equa-
tions for the corresponding buses 5, 6, and 8, and the eigenvalues of the study system
are computed from the system matrix.

e Constant current-type load at buses 5, 6, and 8

In this study, loads in buses 5, 6, and 8 are assumed of the constant current type.
Therefore, Equations (6.20) and (6.21) are incorporated into the linearized network
equations of the corresponding buses 5, 6, and 8, and the eigenvalues of the study
system are computed from the system matrix.

e Constant Impedance Type Load at Buses 5, 6, and 8

Here, the linearized load model given by Equations (6.22) and (6.23) for the con-
stant impedance-type load is included in the linearized network equations of the mul-
timachine system for the respective buses 5, 6, and 8.

The eigenvalues for various kinds of load are shown in Tables 6.8 and 6.9. It is
evident from this table that for a nominal load (Pps,Q1s=1.25,0.5pu; Py,
016=0.9,0.3pu; and Py 5,01 g=1.00,0.35pu) at buses 5, 6, and 8, the system is sta-
ble for all types of load and it has been observed that the damping ratio of the critical
swing mode #1 is comparatively greater for the case of the constant impedance-type
load than the constant current- and constant power-type load.

In case of constant power-type load, it has been further observed that an increase
of load at bus 5 (Pr5,015=4.5,0.5pu), one of the eigenvalue moves to the right half
of the s-plane, which makes the system dynamically unstable, whereas for the other
two types of loads, all the eigenvalues are stable.

Thus, in view of these results, it is possible to conclude that the proposed multi-
machine system is relatively more stable in constant impedance-type load rather than
in constant current- and constant power-type load. It can be further concluded that the
system is suitable for mixed loading only at nominal load because in this situation,
the system is stable for all kinds of load and with the increase of load, the small-signal



Table 6.8 Eigenvalues for Different Types of Load at Buses 5, 6, and 8 When P 5, Q s=1.25,0.5pu; P, Q.6=0.9,0.3pu;

and PL& Q|_8: 1.00, 0.35 pu

Constant Power

Eigenvalue (A)

—2.4892+ j10.8650
—5.1617+/11.2755
—5.3063+,10.3299
—5.6837 4,10.3601
—5.5957 +/10.3330
—2.5226
—0.0000
—0.4087 £+, 0.8293
—0.47594/0.5616
—0.4164+,0.6618
—3.2258
—1.8692
—1.6667

Damping
Ratio (¢)
0.2233
0.4162
0.4569
0.4810
0.4762
1.0000
1.0000
0.4421
0.6465
0.5325
1.0000
1.0000
1.0000

Constant Current

Eigenvalue (A)

~1.1236 -+ j7.6409

—7.4798+10.262

~5.1195+/10.174

—5.7054+10.319

~3.18124+/11.630

—0.6811+/1.7112
0.000

—0.4099+/0.9254

—0.4667 +0.5912

—2.7557

~3.2258

~1.870

—1.666

Damping
Ratio ()
0.1454
0.5890
0.4495
0.4838
0.2638
0.3698

y

0.4050
0.6196

—_ 4

Constant Impedance

Eigenvalue (A)

~2.8153+j11.072
~7.3738+/10.242
—4.6961+/10.464
—5.67394/10.332
~2.9029+ j5.9838
~8.1798
0.000
~1.3574+/1.5898
—0.39734/0.9244
~0.4582+0.5823
~3.2258
~1.8692
~1.6667

Damping
Ratio ({)
0.24642
0.58429
0.40945
0.48135
0.43647
1

y
0.64934
0.39489
0.61839
1

y

y

061
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Table 6.9 Eigenvalues for Different Types of Load at Buses 5, 6, and 8 When P 5, Q s=4.5,0.5pu; P, Q6=0.9,0.3pu;
and Pg, Qg=1.00,0.35pu

Constant Power

Eigenvalue (A)

—2.1644+ j5.3949
~13.8814/10.913
—5.8667+/10.212
~3.15004/10.424
~9.45124/9.889
3.7189
0.000
~3.1906 +0.9831
~0.4632+/0.8270
~0.6504+0.1968
~3.2258
~1.8692
~1.6667

Damping
Ratio ({)
0.3723
0.7861
0.4981
0.2892
0.6909

1

1

0.9556
0.4886
0.9571

Constant Current

Eigenvalue ()

—1.8474£j7.5445

—12.226+8.7109

—7.4156+/10.487

—3.4284+10.576

—5.5264/10.369

—1.2701£/0.5462
0.0000

—0.3993+/0.8301

—0.2787 +/0.2040

—0.8469

—3.2058

—1.8692

—1.6667

Damping
Ratio ({)
0.2378
0.8144
0.5773
0.3083
0.4703
0.9186

1

0.4334
0.8069

- 4

Constant Impedance

Eigenvalue ()

—1.81661,7.6093
—12.217+/8.6820
—7.3793+/10.4490
—3.4298+,10.5870
—5.5003+,10.3590
—-1.317

0.000
—0.35857 £/0.8503
—0.92432+/0.4193
—0.4407 £/0.4273
—3.2258
—1.8692
—1.6667

Damping
Ratio (¢)
0.2322
0.8151
0.5768
0.3082
0.4689

1

1

0.3885
0.9106
0.7178
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stability of the system deteriorates because of the effect of constant power-type com-
ponent and finally becomes unstable at very high magnitude of load.

The method of load modeling and the effect of various kinds of load presented in
this section can be applied to any multimachine system suitable for small-signal sta-
bility analysis.

Effect of load on critical swing mode

The real or reactive load (constant power type) at a particular bus is increased in the
steps for the said 3-machine, 9-bus test system.

Case 1: The real load Py is increased at load bus 5 (heaviest load bus) from a base
load of 1.25 to 3.5 pu, at constant reactive load Q; =0.5pu.
Case 2: The reactive load Q; is increased at load bus 5 (heaviest load bus) from a
base load of 0.5 to 1.5 pu, at constant real load P =1.25pu.

For each step, the execution of load flow program followed by the computation
of initial conditions of the state variables is carried out to get the system matrix and
eigenvalues. The critical eigenvalue is noted for each case without and with instal-
lation of PSS, and when PSS is installed at the optimum location, i.e., machine 2,
the obtained eigenvalues and corresponding damping ratios are presented in
Table 6.10. This table illustrates that with an increase of load (real or reactive)
without PSS, the damping ratio of the critical swing mode decreases, and with
the installation of PSS, the damping ratio of this mode improves significantly. It
has also been confirmed in this study that the relative improvement of stability
at the selected optimum location of PSS is more in comparison to the other two
locations (machines 1 and 3).

Effect on PSS location indicators

The effect of load on SPE and OPLI has also been investigated in this section. The
magnitudes of SPE and OPLI for the previously mentioned load variations are com-
puted in Table 6.11 employing algorithms given in the previous sections. It has been
observed that even with increasing load, both the sensitivity parameters are reason-
ably accurate. The present study also reveals that the proposed index, OPLI, is suit-
able for the application of PSS even during heavy loading condition and till the
system approaches its critical operating limit.



Table 6.10 Effect of Load on Critical Swing Mode

Real Reactive Critical Swing Mode (X°) Critical Swing Mode (1)

Load Load (Q) Before the Installation Damping for Optimum Location Damping
# (PL) (pu) (pu) of PSS Ratio of PSS (Machine #2) Ratio
Base load 1.25 0.5 —2.4892+10.8650 0.2233 —3.5586+,10.8354 0.3120
Case #1 1.5 0.5 —2.4745+j10.9692 0.2201 —3.3502+,10.9232 0.3932

2.5 0.5 —2.40314:11.3400 0.2073 —3.0547 4+j11.3793 0.2593

3.5 0.5 —2.3074+,11.6323 0.1946 —2.7576+,11.6532 0.2303
Case #2 1.25 1.0 —2.4468+10.6290 0.2243 —3.4368+,10.4549 0.3123

1.25 1.5 —2.42104+,10.8862 0.2171 —3.2897 +/10.8578 0.3030

PeOT JO 10943 G'9
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Table 6.11 Effect of Load on PSS Location Indicators
Real Reactive OPLI at
Load (P,) Load (Q) SPE at Optimum Optimum
# (pu) (pu) Location of PSS Location of PSS
Base load 1.25 0.5 0.4981 0.0517
Case #1 1.5 0.5 0.3258 0.0395
2.5 0.5 0.2076 0.0239
3.5 0.5 0.1334 0.0145
Case #2 1.25 1.0 0.4176 0.0537
1.25 1.5 0.3198 0.0395
EXERCISES
5.1. Write down the Heffron—Philips state-space model of a SMIB power system
without and with PSS. Obtain the system matrix with and without PSS.
5.2. In a SMIB system, the machine and exciter parameters are given as follows:
R.=0,X.=0.5pu, V;£0°=1215°pu, V., £0° =1.0520°pu,
H=3.2s, T}, =9.6s, Ky =400, Ty =0.2s, R;=0.0pu,
X,=2.1pu, Xy =2.5pu, X, =0.39pu, D =0, and o, =314rad/s.
(i) Calculate the system matrix and eigenvalues of the system without and
with PSS.
(ii) Identify the critical swing mode and explain the effect of PSS on improv-
ing small-signal stability of this system.
Assume the PSS parameters are Kpgs=10; 71 =1.0; and T, =0.5.
5.3. Discuss the methods and algorithms for the calculation of the following PSS
location selection indicators:
(1) SPE and (ii) OPLI. Explain their significance.
5.4. The transfer function of a multistage PSS is given by the equation
STW 1 —|—ST1 "
Gpss =K,
PSS TS (1 1 sTw) (1 +st)
where Kpgs is the PSS gain, Ty is the washout time constant, and T, and T, are
the lead-lag time constants. For n=2, derive the state-space equation of the
PSS for application in a multimachine power system.
5.5. The machine data and exciter data of an IEEE type 14-bus test system are given

in Appendix B. Find the optimal location of PSS applying the method of SPE.
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CHAPTER

Application of FACTS
Controller

INTRODUCTION

The potential benefits of using PSS to damp low-frequency electromechanical oscil-
lations for enhancing power system stability are discussed in Chapter 6. In recent
times, the development of power electronics devices, like FACTS [1], has generated
rapid interest from the researchers to mitigate various problems in the operation and
control of modern power systems. In addition to the small-signal stability problem,
they have various roles such as scheduling power flow, reducing net loss, providing
voltage support, limiting short-circuit currents, and mitigating subsynchronous res-
onance. FACTS controllers are capable of controlling network conditions in a fast
manner, and this feature of FACTS can be exploited to improve several power sys-
tem problems [2,3]. Though PSS associated with generators are mandatory require-
ments for damping of oscillations in the power system, the performance of the power
network still gets affected by changes in network configurations, load variations,
etc., and is liable to cause small-signal oscillations. Hence, the installation of FACTS
device has been suggested in several literatures [4,5] to achieve appreciable damping
of system oscillations.

Depending on the power electronic devices used in the control, the FACTS con-
trollers can be categorized as (a) variable impedance type (b) voltage source con-
verter (VSC) type.

The variable impedance-type controllers include the followings:

(i) Static Var compensator (SVC) (shunt-connected)
(ii) Thyristor-controlled series capacitor or compensator (TCSC) (series-connected)
(iii) Thyristor-controlled phase shifting transformer (combined shunt and series)

The VSC-based FACTS controllers are as follows:

(i) Static synchronous compensator (STATCOM) (shunt-connected)
(ii) Static synchronous series compensator (series-connected)
(iii) Unified power flow controller (combined shunt and series)

Among the variable impedance-type FACTS devices, SVC and TCSC are proven
to be robust and effective in mitigating power system operation problems. In this
chapter, these two prominent FACTS devices along with one VSC-based FACTS
device (STATCOM) are simulated for application in single-machine infinite-bus

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00007-X 1 97
Copyright © 2020 Elsevier Inc. All rights reserved.
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power (SMIB) as well as in multimachine power systems. The performance of SVC,
TCSC, and STATCOM controllers is compared with the performance of PSS.
It has been revealed that these FACTS controllers are more effective than PSS in
mitigating small-signal oscillations. It has been further revealed that the performance
of both STATCOM and TCSC controllers is reasonably better than the SVC
controller.

Finally, in this chapter, the small-signal stability problem of a regional longitu-
dinal power system (24-machine, 203-bus system) has been investigated in the face
of three major types of power system contingencies, e.g., load increase, generation
drop, and transmission line outage.

FACTS TECHNOLOGY [6]

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.”
FACTS could be connected in series with the power systems (series compensation)
and in shunt with the power systems (shunt compensation) or both in series and shunt
with the power systems.

Series compensation

In series compensation, the FACTS devices are connected in series with the power
system transmission line and work as a controllable voltage source. In long transmis-
sion lines, series inductance occurs that causes a large voltage drop when a large cur-
rent flows through it. To compensate it, series capacitors (Xc) are connected in
transmission network (Figure 7.1a), which modify line reactance (X) by decreasing
its value so as to increase the transmittable active power. However, more reactive

jxi

a ) T

jXI

A
~

FIGURE 7.1a

Transmission network and phasor diagram.



7.2 FACTS Technology

power must be provided. The expression for active and reactive power flow through
the transmission line is given by

sind (7.1)

or
VZ
P=————sind 7.2
X(1-K)) sin (7.2)
Xc ) . L
where K. :Y; 0<K.<1 is the degree of compensation of the transmission line

reactance. It is to be noted that sending end voltage (V) =receiving end voltage
(V,)=V (say) for or a loss less line.

The reactive power supplied by the series capacitor is given by Q. =1°X.. From
the phasor diagram (Figure 7.1b), the expression for line current is

2Vsing
J 2SIy (7.3)
X(1—Ko)
Therefore,
4V?%sin?
Qc=PX.=— 2 KX (7.4)
2(1-K.)
After simplification, this gives
2V K
e=———°  _(1—cosd 7.5
0= (1= eosd) (75)

As the series capacitor is used to cancel part of the reactance of the line, it increases
the maximum power, reduces the transmission angle at a given level of power trans-
fer, and increases the virtual natural load. Since effective line reactance is reduced,

jXi —J Xcl
4—

FIGURE 7.1b

Series compensation.

.
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it absorbs less of the line-charging reactive power, so shunt reactors may be needed.
A line with 100% series compensation would have a resonant frequency equal to the
power frequency, and since the damping in power systems is low, such a system
would be hypersensitive to small changes. For this reason, the degree of series com-
pensation is limited in practice to about 80%.

Shunt compensation

In shunt compensation, FACTS are connected in parallel with the power system trans-
mission line. It works as a controllable current source. A reactive current is injected
into the line to maintain constant voltage magnitude by varying shunt impedance.
Therefore, the transmittable active power is increased but at the expense of increasing
the reactive power demand. There are two methods of shunt compensations:

(i) Shunt capacitive compensation.

This method is used improve the power factor. Whenever an inductive load is
connected to the transmission line, power factor lags because of lagging load
current. To compensate it, a shunt capacitor is connected, which draws current
leading to the source voltage. The net result is improvement in power factor.

(ii) Shunt inductive compensation.

This method is used either when charging the transmission line or when there
is very low load at the receiving end. Due to very low or no load, a very low
current flows through the transmission line. Shunt capacitance in the transmission
line causes voltage amplification (Ferranti effect). The receiving end voltage (V,)
may become double the sending end voltage (V) (generally in case of very long
transmission lines). To compensate it, shunt inductors are connected across the
transmission line.

Figure 7.2a and b show the arrangement of the ideal midpoint shunt compensator,
which maintains a voltage, V., equal to the bus bar voltage such that V=V, =V _=V.
Each half of the line is represented by a m equivalent circuit. The synchronous
machines at the ends are assumed to supply or absorb the reactive power for the left-
most and rightmost half sections, leaving the compensator to supply or absorb only
the reactive power for the central half of the line. It can be seen that the compensator
does not consume real power since the compensator voltage, V. and its current, /.,
are in quadrature. If the compensator can vary its admittance continuously in such a
way as to maintain midpoint voltage V.=V, then in the steady state, the line is sec-
tioned into two independent halves. The power (P) transferred from the sending end
to the midpoint is equal to the power transferred from the midpoint to the receiving
end and is given by

Vising V2 6§

. .. . 2V . ..
The maximum transmissible power is - twice the steady-state limit of the uncom-

pensated line. It is reached when 6/2 = /2, that is, with a transmission angle ¢ or 90°
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(a) Ve=Ve= Vo=V (b)
FIGURE 7.2
Shunt compensation (a) Voltage phasor, (b) Voltage and current phasor.

across each half of the line and a total transmission angle of 180° across the whole
line. The reactive power generated by the compensator, (Qp), is generally given by
the relation Q,=1.V.=I.V. From the phasor diagram, /. can be expressed in terms

of I, and o:
0
1. =21 sinZ (7.7)
Therefore,
2Vsin2 | o
Op=1V.=2 X/24SHIZV (7.8)
This can be rearranged as
4v? 0
QP_7<1_COS§> (7 9)

APPLICATION OF SVC IN SMALL-SIGNAL STABILITY
IMPROVEMENT

SVC is a FACTS device, used for shunt compensation, to maintain bus voltage mag-
nitude and hence power system stability. SVC regulates the bus voltage to compensate
continuously the change of reactive power loading. The configuration of the basic SVC
module and the block diagram of an SVC controller were shown in figures 3.11 and
3.13, respectively, in Chapter 3. The machine speed, Av(=Aw/wy), is taken as the con-
trol input to the auxiliary controller. AV is the output signal generated by the auxiliary
controller. The firing angle (x) of the thyristor determines the value of susceptance
(ABy,) to be included in the network in order to maintain bus voltage magnitude.
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Model of SMIB system with SVC

For small-signal stability studies of an SMIB power system, the linear model of
Heffron-Phillips has been used for many years, providing reliable results. The gen-
eral Heffron-Phillips model of the SMIB system is given in Section 4.2 (Chapter 4).
The inclusion of an SVC controller in this system results in an addition of state vari-
ables, Axg. =[AVy Aa ABSVC]T corresponding to the SVC controller. Therefore,
state-space equations of the SMIB system are modified with additional state-space
equations of the SVC controller. The single line diagram of an SMIB system with an
SVC controller is shown in Figure. 7.3.

The combined state-space representation of an SMIB system with an SVC con-
troller is then given by

. 1 Ky 1

AE = — AE —=2AS+—AE 7.10
a KSTélo 1 T(’iO +T(,10 & ( )
Ad = wAv (7.11)

. K> K K, Doy 1
Av=——=AE ——AS ——Ao. — Av+—AT; 12
Y=o TR0 T o T e Y gt (7.12)

1 KAKj KAK6 / KA
AEfg = ——AEsy — Ad — AE +——=AV, 7.13
fd TAOE T T, Tn q+TA ref (7.13)

KsvcT K KsvcT1 K
sveli Ka o Ksveli Ky
T, 2H ¢ T, 2H

K KsycT1 D 1
4 (Zsve ZAsvel Wy Av——AV,
p) T, 2H Ip)

KsvcT1 K, KsveTh
- A AT; 7.14
20T, T omr, AT (7.14)

Aée = —K AV + KAV — KiAV e (7.15)

V,£6° V.. L0°

: 7
YaVi YN
A® Re Xt: K

svC
Controller

Ao

FIGURE 7.3

Single line diagram of an SMIB system with SVC.



7.3 Application of SVC in Small-Signal Stability Improvement

1 1
— A ———
T T

ABSVC = T
sve

ABgye (7.16)

Here, Equations (7.14)—(7.16) are added due to the installation of SVC in the
Heffron-Phillips model. Assuming stator resistance R;=0, the electrical power

E;V:>O sind
Pe:T’ where X=X+ X and X=X, +Xo(®). K5, K;, and K,
T
OP. Vysind
are  obtained from the following equations: K= — Yoo ¥l ,
OE, Xt
OP. E;Voccosé oP, OBy
= =———— and K, =——=E_Vsind
106 Xr o gu e =My

The system matrix (A_SVC) of this model has been presented in Equation (7.17).

An illustration: Simulation result

In this section, the system matrix and the eigenvalues of the SMIB power system with
the SVC controller have been computed using Equation (7.17) and then compared
the performance of the SVC controller with that of the PSS.

[ 1 K4 1 )
L. =l 0 — 0 0 0
K3T4o Tio T
0 0 s 0 0 0 0
K> K, Doy, Ky
22 il - 0 0 ) 0
2H 2H 2H 2H
KaKs KAKs 1
ASve=| == — 0 o 0 0 0
_KoTh (Ksve\ _KiTh (Ksve) (Ksve  KsveliDog\ o 1 KsveTiK,
T, 2H 2H T, 2H 2H T, 2HT,
0 0 0 0 K 0 0
1 1
0 0 0 0 0 - -
L Tsve Tsvc
(7.17)

The parameters of the SMIB system and SVC are given in Sections B.1 and B.1.1
of Appendix B, respectively. Simulation studies of the two cases are carried out in
MATLAB: SMIB system without SVC and with SVC. The computed eigenvalues
are shown in Table 7.1. It is observed that the electromechanical mode #2 is the critical
mode. The damping ratio of this mode is enhanced substantially (more than 78%) with
the application of an SVC controller compared to the PSS. The time domain analysis
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Table 7.1 Eigenvalues Without and with the Application of PSS and SVC

Eigenvalues Damping Eigenvalues with
# Without Controller Ratio PSS
—2.6626 + j15.136 0.1733 —2.0541 + j15.325

—0.05265 + j7.3428 0.0072

—0.4116 + j7.1110
—10.498

O b~ O N =

Damping Ratio

0.1328
0.0578
1.0

Eigenvalues with SVC

~2.2268 + j16.949
~1.4422 + j13.887
~0.9531
—5.6543
—50.063

Damping Ratio

0.1303
0.1033
1.0
1.0
1.0

144
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FIGURE 7.4

Rotor angle response (a) with and without PSS control and (b) with and without SVC control.

presented in Figure 7.4 also reveals that the application of SVC imparts significantly

better settling time (less than 50%) compared to the PSS.

MATLAB Program
%7%%% %% %% %6 %% % %% % 7o % %0 %6 % %o %o %0 1 %o 70 %6 %o %o % 76 %0 70 %6 %o %o %0 7o %0 %0 %6 %o %o %o o %o 70 %6 %o % % %o %0 %6 %6 %o %o o %0 70 %6 %o %o
% APPLICATION OF SVC IN SMIB SYSTEM %

YFrxFh*khkkhhkkhhkhhkhkhhkhhhrdhhrhhkhhhrhhrdhhkhhhxhhrkdhhkxrhhxkx9

% DETERMINATION OF SVC REACTANCE AT APARTICULAR VALUE OF FIRING ANGLE %
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GFrrFhkkhkkkhhkkhhkhhhrkhhrhhhrhhrrhhrhhhrhhrrhhrhhrkrhhrrhhrhhrxkxy

pbeta_in=150 ; % Firing angle typical value
beta=(beta_in*pi)/180 ; % Inradian%

%XL & XC SVC INDUCTIVE AND CAPACITIVE REACTANCE

XL=0.225; XC=0.3708
omega=2*pi*50;
BSVC=(pi*XL-XC*(2*(pi-beta)+sin(2*beta)))/(pi*XC*XL)

% Computation of SVC susceptance
dBSVC=-2*(cos(2*beta)-1)/XL

% INPUT SVC CONTROLLER PARAMETERS
Input KSVC; KI; T1; T2; Tsvc;
%PARAMETERS OF THE SYSTEM 1:

%+H+++++++++H+

Input Td; H; TA; D; @s; KA; Xqg; Xd; X_d; Re; Xe; Vinf; Rs;

%Xeff=Xe; XT=X_d+Xeff ; ZWITHOUT SVC %

XSVC=1/BSVC
Xeff=Xe+XSVC; % WITH SVC %

XT=X_d+Xe ; YT=1/XT;
Yeff=YT+BSVC

THETAl= (pi*THETA)/180; THETA2=(pi*0)/180 ;

Vi=1.172; Vinf=1.0;
V1= 1.172%exp(i*THETAL); V2=1.0%exp(i*THETA2);
1G=(V1-V2)/(Re+i*Xeff);

% CALCULATE INTIAL CONDITIONS AND K-CONSTANT WITH SVC %

% As described in Chapter 6 %
A T I %

% SYSTEM MATRIX *A” WITH SVC
BANNNANNAANNANNNNANNANNANNANANNNANNANNAANANNANNAAANAAAAAANNAANN

A_svc=[ -1/(K3*Td) -K4/Td 0 1/Td 0 0 O; 0O Ws 000 O0; (-Vinf
*Yeffrsin(pi*delta/180))/(2*H) (-E_g*Vinf*Yeff*cos(pi*delta/180))/
(2*H) -D*Ws/(2*H) 0 0 0 (-E_g*Vinf*sin(pi*delta/180))/(2*H) ; -KA*
K6/TA -KA*K5/TA O -1/TA 0 00; (-KSVC*T1*Vinf*Yeff*sin(pi*delta/
180))/(2*H*T2) (KSVC*T1*E_qg*Vinf*Yeff*cos(pi*delta/180))/
(2*H*T2) (KSVC/T2)-(KSVC*T1*D*Ws)/(2*H*T2) 0 (-1/T2) 0
T1*E_g*Vinf*sin(pi*delta/180))/(2*H*T2); 00 00 -KI 0 0; O
-1/Tsvc -1/Tsvc];

(-KSvC*
0000
eig_val=eig(A_svc) % *EIGEN VALUES OF THE SYSTEMWITH SVC //
SIGMA=abs(real(eig_val)) ; % REALPART OF THE DOMINANT EIGEN VALUE //
/=abs(eig_val) ; % Magnitude of eigenvalue //

ZAT=(SIGMA./Z) % DAMPING FACTOR FORDOMINANT EIGEN VALUE //
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%INPUT MATRIX *B” ; OUTPUT MATRIX *C’; TRANSITION MATRIX ’D’
BANNAANANNAANANAANNNAANNANNNNAANANANNNAANANANNNANANANNANNANANNNANNNANANNANNAN
B_svc=[000;000;1/(2*H) 00; OKA/TAO; KSVC*T1/(2*H*T2)00;000;
000];

C_sve=[00100001; D_svc=[0001;

% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEMWITH SVC

Pt b b
[NUM2,DEN2]=ss2tf(A_svc, B_svc, C_svc, D_svc, 1);

T=0:0.01:10; % Simulation Period
r=step(NUM2,DEN2,T);

plot(r,’*")

hold

% CALCULATE INTIAL CONDITIONS AND K-CONSTANT WITHOUT CONTROLLER %
% As described in Chapter 6 Z

% SYSTEMMATRIX *A” WITHOUT CONTROLLER
BANNAANANNAAAANNNAAANANANAAAAANAAAAANNNNANANAANANNAAAAAAANAAAANNNAAN

A=[ -1/(K3*Td) -K4/Td 0 1/Td ;0 0 Ws O ; (-Vinf*sin(3.14*delta/
180))/(2*H*XT) (-E_q*Vinf*cos(3.14*delta/180))/(2*H*XT) -DX*Ws/
(2*H) 0 ; -KA*K6/TA -KA*K5/TA 0 -1/TA 1;

(’EIGEN VALUES OF THE SYSTEMWITHOUT SVC=")
eig_vall=eig(A)

%INPUT MATRIX *B” ; OUTPUT MATRIX *C’; TRANSITION MATRIX *D’
BANANAANANANNANANAAAANNANANAAANNANANNANAANAAANNAAANAANANNN
B=[00;00;1/(2*H) 0; 0OKA/TA1;C=[001 01;D=[00];

% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEM WITH CONTROLLER
e

[NUML,DEN1]=ss2tf(A,B,C,D,1);

T=0:0.01:5;
r=step(NUM1,DEN1,T);
plot(r,’0”)

hold

APPLICATION OF A TCSC CONTROLLER IN AN
SMIB SYSTEM

This section describes the application of a TCSC controller in an SMIB system in
order to improve small-signal stability through series compensation. Simulation
results established the superiority of the TCSC controller over PSS and SVC control-
lers. With changes in the firing angle of the thyristors, the TCSC can change its
apparent reactance smoothly and rapidly. Because of its rapid and flexible regulation
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ability, it can improve transient stability and dynamic performance and is capable of
providing positive damping effect to the electromechanical oscillation modes of the
power systems.

Model of an SMIB system with a TCSC controller [7]

A simple SMIB system with TCSC controller has been shown in Figure 7.5. The
small-signal model of the TCSC controller has been described in Section 3.9.3
(Chapter 3).

The state-space model of SMIB system with a TCSC controller can be formulated
by adding the state variables Axisc =[Ax AXTCSC]T corresponding to the TCSC
controller in the general Heffron-Phillips model of SMIB system. Therefore,
combined state-space model of the SMIB system with a TCSC controller can be
represented by the following equations:

: 1 K, 1
AE = — AE — 22 AS+—AE 7.18
a K3Télo 1 T(/iO * (/10 “ ( )
Ad = wAv (7.19)
. K> K Kz D(Us 1
Av=——2AE — LA+ 25 Ao — Z S Av+— AT, 7.20
Y=ot TR0 T oyt T o AV oA (7.20)
. 1 KAKs KaKs  , Ka
AEgy = —— AEgy — AS — AE. +22AV, 721
fd A Ta q+TA ref (7.21)

TCSC
controller

FIGURE 7.5
SMIB system with TCSC.
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_ KrescTi K> KrcscTi Ky

Ad —=AFE' —Ad
=, et T,
K KrescT) Do
4 —2Tesc Tcsct 1 Do Av
T, T, 2H
1 —KrcscT1K, KrescTi
— — ) |Aa— AT, 7.22
+< T2+< 2HT, )) T oHr, °M (7.22)
. 1 1
AXTCSC = — AOC — AXTCSC (723)
Trcsc Trcsc

Equations (7.22) and (7.23) are added due to the installation of the TCSC. Here,

K,= gg,e, K= %I;e, and K, :%. The electrical power (P.) assuming the stator
q

!
resistance R;=01is P, = %—Toosin 0, where X1 =X';+ Xegr and X=X — X1csc(00).

“o” is the firing angle of the thyristors. The system matrix (A_TCSC) of the corre-
sponding model can be obtained as

r 1 K 1 7]
- _o4 0 0 0
K3Té|0 Tl;n Té(?
0 0 [ON 0 0 0
K> K Doy K, 0 0
2H 2H 2H 2H
A_TCSC= KaKs KaKs 0 1 Ka 0
Ta Ta Ta Ta
KT, (Kresc KT (Kresc ( Krese | KrescliDos) 0 1 n —KrescT1K, 0
T, \2H ) T, \ 2H T, T, 2H T, 2HT,
1 1
0 0 0 0 — —
L Trcsc Trcscd
(7.24)

An illustration: Eigenvalue computation
and performance analysis

The system matrix of an SMIB system with a TCSC controller is simulated in
MATLAB following Equation (7.24). The eigenvalues of the system are computed
without and with the TCSC and PSS. It is found that the damping ratio of the critical
mode #2 (Table 7.2, second row and third column) is improved satisfactorily with the
application of both the PSS and the TCSC controllers, but the improvement is rea-
sonably more with the application of the latter one.

A comparison between the performances of the PSS and the TCSC controllers is also
made by increasing in steps the TCSC conduction angle (¢ = 7t — «) for different values of
the line compensations (Table 7.3). The TCSC has been designed with resonance at firing
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Table 7.2 Eigenvalues Without and with PSS and TCSC

3+

AN =

Eigenvalues Without

Controller

—2.6626 + j15.136
—0.05265 + j7.3428

Damping
Ratio

0.1733
0.0072

Eigenvalues with
PSS

—2.0541 + j15.325
—0.4116 + j7.1110
—10.498

Damping
Ratio
0.1328
0.0578
1.0

Eigenvalues with
TCSC

—2.9411 £ j10.655
—1.6463 + j5.9836
—40.0000
—24.2581

Damping
Ratio
0.2661
0.2653
1.0

1.0

o1¢

19]|0Jju0) S10V4 JO uonedlddy £ ¥3LdYHI




Table 7.3 Comparison of the Performance of PSS and TCSC Controllers

PSS and TCSC
Controller Gain

0.5
1.0
2.0
3.0
4.0
5.0

Critical Eigenvalues
with PSS

—0.2401 £ j7.2342
—-0.4116 £ j7.1110
—0.7008 + j6.8372
—0.9205 + j6.5510
—1.0820 + j6.2719
—1.1991 £ j6.0096

Damping
Ratio

0.0332
0.0578
0.1020
0.1391
0.1725
0.1957

TCSC Conduction

Angle (o) and % of Line

Compensation

5° (8.93%)
10° (14.16%)
15° (20.27%)
20° (28.26%)
25° (40.75%)
30° (67.30%)

Critical Eigenvalues
with TCSC

—0.1139 + j7.4245
~0.1922 + j7.4334
~0.3968 + 7.3285
~0.7851 + /6.9840
~1.4200 + j5.6944
—1.3046 + j2.7470

Damping Ratio

0.0158
0.0258
0.0541
0.1117
0.2420
0.4290

WalSAS gIINS UB Ul J3Jjouo) 9SO € Jo uonedlddy 4z
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angle (o, = 140°). The gain for the PSS and the TCSC controllers is kept identical for each
step. The operating region of the TCSC has been kept in the capacitive zone. It has been
observed from Table 7.3 that with the variation of conduction angle up to ¢ =20°, away
from the resonant point, damping effect of the TCSC controller is less compared to the
PSS. It has been further observed that with conduction angle near the resonant point
(o >25°),enhancement of damping of the critical swing mode is appreciable with respect
to the damping introduced with PSS (Table 7.3, row fifth and row sixth). This establishes
that it is possible to achieve better enhancement of damping with TCSC controller com-
pared to the PSS when operating region of the TCSC is kept near its resonant point.

The small-signal behavior of the system is next examined in time domain when it
is being subjected to a change of unit mechanical step power input (ATy). The time
response analysis program is simulated in MATLAB.

The rotor angle deviations without and with TCSC controller are plotted in
Figure 7.6a and b for line compensations around 40% and 67%, respectively. It
has been found that the oscillations damp faster with the application of TCSC con-
troller compared to that of the PSS (Figure 7.2a). Another important observation is
that the impact of TCSC is relatively better with higher value of line compensation.
In view of these results, it may be reasonable to conclude that TCSC is a more effec-
tive controller than PSS in mitigating small-signal oscillations.

Figure 7.6a and b employing TCSC with different line compensations is also
compared with Figure 7.4b, which was obtained with the application of an SVC con-
troller (Section 7.3.2). It is evident that the TCSC controller can provide better set-
tling time and damping in rotor angle oscillations compared to an SVC controller.

MATLAB Program

GFrrFhkkhkxkhhkkhhkhhhkhhhdhhrhhhrhhrdhhrdhrrhhrhhhrhhrrhhxhkrxkxy

% APPLICATION OF TCSC IN SMIB SYSTEM %
9 ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok *hk kKKK KKK * kK k kK Kk R Kk k Kk kK Kk R *h kK kKK Kk R KKK KKKY
% DETERMINATION OF TCSC REACTANCE AT A PARTICULAR VALUE OF FIRING
ANGLE %

%******************************* """ * Kk kK kkk kK * %k Kk kk kK *******%
beta_in=145 % initial value of firing angle
beta=(beta_in*pi)/180 ; % Inradian%
del=pi-beta ; % Conduction angle %

omega=2*pi*50;
%XL & XC TCSC INDUCTIVE AND CAPACITIVE REACTANCE

XL1=2.6; XC1=10.0; % Assumed typical value %

L=XL1/omega ;

C=1/(omega*XCl);

omega_zero=sqrt(1/(L*C));

omega_bar=omega_zero/omega;

XL=XL1/529.02 ; XC=XC1/529.02; % Expressed inpu, where base
impedance =529.02 %

XLC=XC*XL/(XC-XL); C_1=(XC+XLC)/pi; C_2=(4*XLC*XLC)/XL*pi;
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% CACULATION TCSC EQUIVALENT REACTANCE XTCSC

XTCSC=-XC+C_1*(2*(del)+sin(2*(del)))-C_2*(cos(del))2*
(omega_bar*tan(omega_bar*(del))-tan(del))

% CACULATION of delta(YTCSC)

partl= -2*C_1*(1+cos(2*beta))+ C_2*sin(2*beta)*(omega_bar*
tan(omega_bar*(pi-beta))-tan(beta));
part2= (((omega_bar)2)*((cos(pi-beta))?2))/((cos(omega_bar*

(pi-beta)))?2) ;
dXTCSC=partl+C_2*(part2-1) ;

% : PARAMETERS OF THE SYSTEM 1: %
e a2 L ]

Input Td; H; TA; D; os; KA; Xqg; Xd; X_d; Re; Xe; Vinf; Rs;
Xeff=Xe+XTCSC; XT=X_d+Xeff ; %WITHTCSC %

THETAl= (pi*THETA)/180; THETA2=(pi*0)/180 ;
Vi=1.172; Vinf=1.0;

V1= 1.172*%exp(i*THETAl); V2= 1.0*exp(i*THETAZ2); IG=(V1-V2)/

(Re+i*Xeff);

b T Tt T T T s TS s o s oo m oo %
% CALCULATE INTIAL CONDITIONS AND K-CONSTANTWITHTCSC %
% As described in Chapter 6 %
A i I T Z
% TCSC CONTROLLER PARAMETRS

% ANAANANAANNNNANNAANNANNNANANANNNANNNAANANNNANAANANANANNANNANNAANAN
Input KP; T1; T2; TCSC;

% SYSTEM MATRIX A’ WITH TCSC
BANNNAAAAAAANAANANANANAANANNAAAANNAAAAAAAANAANANNAANANANNAAANANAANN
A_tcsc=[ -1/(K3*Td) -K4/Td 0 1/Td 0 0; 0O MWs 00 O0; (-Vinf*
sin(3.14*delta/180))/(2*H*XT) (-E_q*Vinf*cos(3.14*delta/180))/
(2*H*XT) -DX*Ws/(2*H) 0 (E_g*Vinf*dXTCSC*sin(3.14*delta/180))/
(2*H*XT*XT) 0; -KA*K6/TA -KA*K5/TA 0 -1/TA 0 0;
(KP*T1*Vinf*sin(3.14*delta/180))/(2*H*T2*XT) (KP*TI*E_qg*Vinf*cos
(3.14*delta/180) )/ (2*H*T2*XT) (-KP/T2)+(KP*TI*DX*Ws)/ (2*H*T2) 0O
(-1/T2)+(-KP*TI*E_g*Vinf*dXTCSC*sin(3.14*del1ta/180) )/ (2*H*T2*XT*XT)
0;0000-1/TCSC -1/TCSCT;

e
(’EIGEN VALUES OF THE SYSTEMWITH TCSC=")
eig(A_tcsc)

%INPUT MATRIX "B’ ; OUTPUT MATRIX *C’; TRANSITION MATRIX *D* WITH TCSC
B ANANANNANNAANNNANAANNNAAAAANAANAAANNANANNNNAAANNAAAAAANNANAANNNANAN
B_tcsc=[00;00;1/(2*H) 0; OKA/TA; -KP*T1/(2*H*T2)0;00]; C_tcsc=
[001000]; D_tcsc=[007;
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% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEMWITH TCSC
%+

[NUM2,DEN2]=ss2tf(A

C_tcsc

tcsc,B_tcsc

T=0:0.01:10;
q=step(NUM2,DEN2,T);
plot(qg,’0”)
hold
eig_val=eig(A_tcsc) ; % *EIGEN VALUES OF THE SYSTEMWITHTCSC //
SIGMA=abs(real(eig_val)); % REALPART OF THE DOMINANT EIGEN VALUE //
/=abs(eig_val); % Magnitude of eigenvalue //
ZAT=min(SIGMA./Z) % DAMPING FACTOR FORDOMINANT EIGEN VALUE //
0.03
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~ TCSC
el
£
= 001 j
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g
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3 i
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s 001 comp.
]
o
. 3
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2L ¢ With TCSC
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= -0.01 comp. i
8
o
~
-0.02 \j T
-0.03 1 A 1 ! !
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(b) Time (s)
FIGURE 7.6

Rotor angle responses (a) without and with TCSC (40% line compensation) (b) without and
with TCSC (67% line compensation).
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MULTIMACHINE APPLICATION OF SVC
Multimachine model with SVC

An SVC is here included in a multimachine system. The linearized small-signal
model of a general multimachine system combining exciter, PSS, and network equa-
tions has been described in Section 6.3 (Chapter 6). This model has been used
here for the installation of an SVC, and respective equations are rewritten for

convenience:
AX = A1AX + B Al + BAVy + E| AU (7.25)
0=CiAX+D;Al,+D,AV, (7.26)
0=CyAX +D3Al, +D4AV, + DsAV, (7.27)
0=DsAV, +D;AV, (7.28)

The installation of an SVC in this model results in an addition of state
variables, Axg.=[AVy Aa ABSVC]T, corresponding to the SVC controller in
Equations (7.25)—(7.27) and the SVC power flow equations in the network
Equation (7.28).

Referring to equation (3.80) from Chapter 3, the linearized SVC power flow
equations at bus n are given by

{AP } [0 0 w21 0 22) A0,
= V(1 —cos2a) | | AV (7.29)

-2 1stc - "

AQn 0 VI XL AOC

Therefore, state variables of the general multimachine model with PSS and SVC
controllers are modified as follows:
AX = [AX,T AX,T - AXmT}T,

where AXI- = [Aél A(Ul' AE’Q, AE;;I AEfd’. AVR’. AR]:,. AVS,' AV()’ AOC,‘ ABSVCI.]T
for the ith generator at which SVC control Tunit is connected and
AX;=[Ad; Aw; AE, AE, AEw, AVy, ARp AVg]' for the remaining i=1,
2,3, ..., (m—1) generators. AV; is the state variable of the PSS.

Eliminating A/, from the respective Equations (7.25)—(7.27), the overall modi-
fied m-machine system matrix with SVC controller can be obtained as

ams3y(anss) = (A= [BIID][C] (7.30)

The structures of matrices [A’], [B'], [C'], and [D’] without controller are described in
Section 5.2.2 (Chapter 5). Dimensions and elements of these matrices will be mod-
ified correspondingly in addition to SVC equations.

In the following section, this model has been used for eigenvalue computation
and small-signal stability analysis.

[A_SVC),
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An illustration

The WSCC-type 3-machine, 9-bus system described in Chapter 6 has been recon-
sidered here as a test system (Figure 7.7). For each generator, a speed-input PSS is
equipped, and the SVC is installed in load bus 8. It is to be noted that the location of
the SVC is not selected optimally; instead, it is placed arbitrarily at bus 8 in order to
study the small-signal performance and to compare it with that of the PSS. The
voltage input to the SVC is taken from bus 8 where it is connected. The size as
well as the parameters of the SVC controller is mentioned in Section B.2.1 of
Appendix B, following literatures [8]. During simulation, the initial value of the
firing angle of the SVC is assigned in the capacitive zone («x=136°). The initial
value of the firing angle is generally set within +=10 — 15° of the resonant point
where the susceptance variation of the SVC with firing angle is sharp. The choice

Station C
o110 ©

~_ Z=0.0085 +,0.072 Z=0.0119 +0.1008
Y=0.0 +,0.0745 Y=0.0 +,0.1045
Tap = 18.0 /230 :-’ J
163 MW Z=0.0 +0.0625 R Tap = 13.8 /230
o . 85 MW
Y=0.0 +,0.0 s |8 < |~ Z=00+/00586
I ] ol Y=0.0+;0.0
z & 218
|2 A |8
SVC bl R SvC S {
CONTROLLER 3 =
Station A Station B
230 KV — | 230 KV
125 MW J 90 MW
50 MVAR 30 MVAR
Z=0.01+;0.085  Z=0.017+,0.092
Y =0.0 +,0.088 v E0.0+,0.079
Tap = 16.5/230 @
Z=0.0 +0.0576
Y=0.0+,0.0
PSS @ Slack Bus
Genl
- 16.0 KV
1.04 pu
FIGURE 7.7

3-Machine, 9-bus system with PSS and SVC controllers.



7.6 Application of TCSC in a Multimachine Power System 217

of firing angle determines the amount of susceptance to be included with the SVC
bus. The eigenvalues of the system with PSS and SVC controllers are computed
using Equation (7.30) in MATLAB.

There are 21 eigenvalues of the system (refer to table 5.1, Chapter 5) excluding
the PSS and SVC dynamics, among which 8 are complex conjugate eigenvalues that
are separately listed in Table 7.4. There are two numbers of electromechanical modes
of this multimachine system, which are mode #1 and mode #2, respectively. The
electromechanical mode #1 is identified as the critical swing mode following swing
mode identification criterion [9], which is stated in Section 5.4 of Chapter 5. The
study of this mode is of our prime interest in mitigating small-signal oscillations.
As this mode is found strongly associated with machine 2, the auxiliary control input
(Aw) should be selected here from this machine. After application of an SVC, it may
be observed from the first row of Table 7.4 that though the PSS introduces adequate
damping to this critical swing mode #1, additional improvement can be achieved
with the installation of the SVC controller. The improvement of another swing mode,
i.e., mode #2, is also found satisfactory.

In the following section, the small-signal performance of the said multimachine
system has been investigated further applying a TCSC controller. The purpose is
to study the impact of TCSC controller in comparison with SVC when it is installed
in addition to PSS in a multimachine system. The combined model of a multimachine
system with PSS and TCSC controller and eigenvalue analysis is described as
follows.

APPLICATION OF TCSC IN A MULTIMACHINE
POWER SYSTEM

The linearized model of a multimachine system referred in the previous article has
been taken further here for the installation of a TCSC. A schematic block-diagram
representation of a power system with PSS and TCSC controllers is depicted in
Figure 7.8. The TCSC controller comprises the basic building blocks of a damping
controller (controller gain, lead-lag time constants, and washout stage) and the TCSC
internal delay. Therefore, the structure of the TCSC controller can be considered
similar to the PSS except for the TCSC delay. The model of a TCSC controller is
described in Section 3.9.3 of Chapter 3.

Multimachine model with TCSC

The installation of a TCSC results in an addition of state variables corresponding to
the TCSC controller (Axcsc = [Ax AXTCSC}T) in Equations (7.25)—(7.27) and the
TCSC power flow equations in the network Equation (7.28). Therefore, the modified
state variables with PSS and TCSC controllers are obtained as

AX=[AX," AX)T - AX,T]T



Table 7.4 Eigenvalue and Damping Ratio Without and with PSS and SVC

H*

O ~NO OO~ WON =

Eigenvalue Without
Control

—2.4892 + j10.8650
—5.1617 + j11.2755
—5.3063 + j10.3299
—5.6837 + j10.3601
—5.5957 + j10.3330
—0.4087 + j0.8293
—0.4759 + j0.5616
—0.4164 + j0.6618

Damping
Ratio

0.2233
0.4162
0.4569
0.4810
0.4762
0.4421
0.6465
0.5325

Eigenvalue with PSS
Only

~2.829 + j6.7010
~5.0991 + j9.9843
~5.0464 + j8.2216
~5.2357 + j7.7298
~4.8846 + j8.7741
~0.5069 + j1.3179
~0.50382 + j0.6433
—0.46775 + j0.8376

Damping
Ratio
0.38894
0.45483
0.52312
0.5608
0.58487
0.35898
0.61654
0.48755

Eigenvalue with PSS
and SVC

—3.1655 + j6.6907
—5.1139 + j9.8357
—4.8477 + j8.1447
~5.2384 + j7.7716
—4.9226 + j6.9043
—0.43508 + j1.1899
—0.44368 =+ j0.5984
~0.41218 + j0.7784

Damping
Ratio
0.42767
0.46131
0.51146
0.55893
0.58053
0.3434
0.59556
0.46796
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FIGURE 7.8
Block diagram: Power system with PSS and TCSC controller.

where AX;=[Ad; Aw; AE, AE, AEy AVy, ARp AV, Aw; AXresc,]" for
the ith generator from which TCSC control unit receives auxiliary input signal
(Av)and AX; = [Ad; Aw; AE, AE, AEgq, AVR, AR, AVS,-]T for the remaining
i=1,2,3, ..., (m—1) generators.

It is to be noted that in AX;, the state variable AV ; is corresponding to the PSS, Ao,
and AXycgc; are the state variables of the TCSC controller, and the other variables
are already described in general multimachine model (Section 5.2.2, Chapter 5).

The linearized TCSC power flow equations at nodes ‘s’ and ‘t’ (figure 3.17,
Chapter 3) are obtained referring to equations (3.127) and (3.128) (Chapter 3) and
are given by

rOP, 0Py OP
80s 6VS Oa. Aoq

| 005 005 00

0= 0. 3. 9n AV, (7.31)
oP, 0P, 0P| LA
Lo0;, OV Oo
891 8Vt oo AQ[
8Qt an aQs

0= | = == AV, 7.32
00, 9V, ou ' (7.32)
oP, 0Py 0P| LA*
_agt 8‘/; Oa

where

Py= Vszgst —VVi(gstcos Oy + by sin ) (7.33)
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O = —Vszbst —ViVi(ggsinOy — by cos O) (7.34)
with
Y= . 1 :Rst_j(Xst_XTCSC)
Ry +j(Xa —Xtcse)  R2 + (X — Xrese)
=85t —Jbst (7.35)

where R and X, are the resistance and reactance of the transmission line, which
connect a TCSC between nodes s and t.

These linearized TCSC power flow equations are incorporated in the network
Equation (7.28). Therefore, the overall system matrix with a PSS and a TCSC for
an m-machine system can be obtained as

[ATCSC](ngrz)x(gWhLz) = [A/] - [B/] [Dl}il [C/} (736)

where dimensions and elements of the matrices [A'], [B'], [C'], and [D’] will be modified
corresponding to the equations of the TCSC controller. The system matrix without PSS
and only with TCSC controller can be obtained excluding the state of the PSS (AV ) from
the state variable matrix AX;. In the following section, this model will be used for eigen-
value computation and small-signal stability analysis of the said test system.

An illustration: Study of small-signal stability

In order to study the small-signal performance of the said 3-machine, 9-bus test system
with TCSC controller, the TCSC module has been placed in branch 5-7 (Figure 7.9)
associated with the highest load bus 5, and for each generator, a speed-input PSS has
been equipped mandatorily. The size of the TCSC module and the parameters of the
TCSC controller are given in Section B.2.2 of Appendix B. The initial value of the
TCSC firing angle has been set at «=146.5° with capacitive compensation around
60%. It is already mentioned that (Section 7.5.2) the initial value of the firing angle
is generally set within £10— 15° of the resonant point. Any particular value of the
firing angle within this range can be decided depending upon the series compensation
needed. The eigenvalues of the system with PSS and TCSC controllers are computed in
MATLAB using Equation (7.36) and are listed in Table 7.5.

It has been found from the first row of Table 7.5 that the damping ratio of the
critical swing mode #1 is enhanced substantially in the presence of the TCSC con-
troller in this multimachine system. The small-signal performance of the system has
been once again investigated in the time domain. The mode frequency and right
eigenvector analysis suggests that this critical swing mode is a local mode and
strongly involved with the generator 2. Therefore, analysis of angular speed devi-
ation response of generator 2 is particularly important in this study. The angular
speed deviation response of generator 2 has been plotted in Figures 7.10 and
7.11 for different modes of control with simulation time of 10s. It appears that
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3-Machine, 9-bus system with PSS and TCSC.

the installation of the SVC controller in addition to PSS introduces better damping
in rotor speed deviation response compared to that of the PSS only. Again, plots of
Figure 7.11 confirm that the installation of TCSC not only reduces peak overshoot
but also introduces better settling time compared to the installation of SVC

and PSS.

Thus, in this study, it has been established that TCSC in addition to PSS helps to
damp out transient oscillations faster compared to the SVC with PSS in this multi-

machine system.
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Table 7.5 Eigenvalue Analysis Without and with PSS and TCSC

3+

O ~NO O WON =

Eigenvalue Without
Control

—2.4892 + j10.8650
—5.1617 + j11.2755
—5.3063 + j10.3299
—5.6837 + j10.3601
—5.5957 + j10.3330
—0.4087 + j0.8293
—0.4759 + j0.5616
—0.4164 £+ j0.6618

Damping
Ratio
0.2233
0.4162
0.4569
0.4810
0.4762
0.4421
0.6465
0.5325

Eigenvalue with PSS

Only

—2.829 + j6.7010
—5.0991 + j9.9843
—5.0464 + j8.2216
—5.2357 + j7.7298
—4.8846 + j6.7741
—0.5069 + j1.3179
—0.50382 + j0.6433
—0.46775 £ j0.8376

Damping
Ratio
0.38894
0.45483
0.52312
0.5608
0.58487
0.35898
0.61654
0.48755

Eigenvalue with PSS

and TCSC

—2.9357 + j4.9231
—5.5884 + j10.427
—5.5244 + j8.4601
~5.2931 + j7.9360
—5.3071 + j6.7796
—0.40502 + j0.8956
—0.5184 + j0.5893
—0.54097 + 0.9696

Damping
Ratio
0.51216
0.47238
0.54675
0.55488
0.61641
0.41205
0.66044
0.48722

acc

13]]043u0) S10V4 o uonedlddy £ Y3LdVHI
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VOLTAGE SOURCE CONVERTER-BASED FACTS
DEVICE (STATCOM)

The STATCOM resembles in many respects a synchronous compensator but without
the inertia. The basic electronic block of a STATCOM is the VSC, which in general
converts an input dc voltage into a three-phase output voltage at fundamental fre-
quency, with rapidly controllable amplitude and phase angle. In addition to this, the
controller has a coupling transformer and a dc capacitor (Figure 3.14, Chapter 3).
The control system can be designed to maintain the magnitude of the bus voltage con-
stant by controlling the magnitude and/or phase shift of the VSC output voltage.
The STATCOM is modeled here using the model described in [9], which is a fun-
damental frequency model of the controller that accurately represents the active and
reactive power flows from and to the VSC. The model is basically a controllable volt-
age source behind impedance with the representation of the charging and discharging
dynamics, of the dc capacitor, as well as the STATCOM ac and dc losses.

SMIB system with the STATCOM controller

Figure 7.12 is a SMIB system installed with a STATCOM. A voltage control strategy
is assumed for control of the STATCOM bus voltage, and additional control block
and signals are added for oscillation damping, given in Figure 3.16 (Chapter 3). The
linearized state-space model of an SMIB system with the STATCOM controller can
be formulated by the following equations:

-y 1 Ky

A, = AE —Kips e 1 AE, (7.37)

- K 3 T</io ! TL/iO Tdo

| ) STATCOM v
CONTROLLER
I
C
STATCOM

FIGURE 7.12
SMIB system with STATCOM.
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Ad = wAv (7.38)
Dw
Av=— AE’——A — *“A —ZAv AT, .
V=g AE oy 0 i AVse =5 +2 M (7.39)
. 1 KaK KaK
AEfd = _T—AEfd - AZS Aé - ]A_, 6AE/ AAVref (740)
A
; 1 K 1
AX, =———AX,, +T_wAw_T_AVmeas (7.41)
, K KpK K
AX,, = (—T—P+KI> X, + =7 A~ AVipeas (7.42)
m m m
7 T KP T]KPKA Tle
AV = AVSC + AX% +T2 <_T—m+KI) AXSZ + Tsz”A(J) _Tsz AVineas
(7.43)

where Equations (7.37)—(7.40) correspond to the SMIB power system and additional
Equations (7.41)—(7.43) are included for the STATCOM controller.
The coefficients Ky, K, and Ky_ can be derived from the following relations:

OP OP. OP,
K, :6—5", K, = 8E” and Ky, = 8V:C’ where P, is the generator power and V. is

the STATCOM bus voltage. The generator power (P.) and the STATCOM bus volt-
age (V) are related by the following equations [10]:

- (xe1 —|—xf,)xezE;VOCIS sind E;VOO sind
¢ (xel + Xe, +xg)G1 (xe1 + Xe, +x;,)

(7.44)

G Xe, + X)X,
L (e, ) =3 (7.45)
Xey +xe2 +xd Xey +Xez +Xd

Vsc =

where

2
G = \/ (50 (5 ) Vi) 200 2,5 Ef Voo
Eliminating STATCOM current / from Equation (7.44), the equation for P, becomes
E; Voo Ve sind

e =
Gy
The system matrix (A_STATCOM) of the corresponding model can be obtained as

(7.46)
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The eigenvalues of an SMIB power system with the STATCOM controller have been
computed in Table 7.6. The performance of this controller in comparison with SVC
has also been illustrated. It has been observed that the damping of the critical swing
mode #2 is enhanced more than 98% with the application of the STATCOM control-
ler compared to the SVC controller. The deviation of generator speed response is also
demonstrated in Figure 7.13 for the three cases: (i) without control, (ii) with SVC
control, and (iii) STATCOM control. It is found that both SVC and STATCOM con-
trollers provide satisfactory settling time for a step change in input with simulation
time of 300 s, but the contribution of the latter is significantly better. Thus, it is pos-
sible to conclude that STATCOM is a superior controller than SVC in mitigating
small-signal oscillations problem.

Eigenvalues
# with SVC
1
2 —1.4422 + j13.887
3 —0.9531
4 —5.6543
5 —50.063

Damping
Ratio

0.1733
0.1033
1.0
1.0
1.0

STATCOM
Controller
Parameters

Kp:OS
Ki=0.0
T,=02s
T2=O1 S
K,=10
7,=0.1

Table 7.6 Eigenvalues Without and with SVC and STATCOM

Eigenvalues with
STATCOM

-6.5881 £ j19.275

~3.0243 + j14.422

~9.0279 + j4.7604
0.00

Damping
Ratio

0.3234
0.2052
0.8845
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Generator speed response: (i) without control, (ii) with SVC, and (iii) STATCOM control.

MATLAB Program

GFrFF I K Ik kkhhkkhkkhhkkdkkkk *hkkkkhhkkkhkkkhkrhhkhhhrkhhrdhkrdhrxkxy

%

APPLICATION OF STATCOM IN SMIB SYSTEM

GFrxFxhxhhkkhhkkhhkhkhhrhhrkhhhrhhrrhhrhhrkrhhrrhhrhhkrhrhhrhhhxhhrxkxy

%
%+

PARAMETERS OF THE SYSTEM 1:

Input Td; H; TA; D; os; KA; Xqg; Xd; X_d; Re; Xe; Vinf; Rs; Vsc; THETA
Xel=Xe/2 ; Xe2=Xe/2 ; SWITH STATCOM %

THETAL= (pi*THETA)/180; THETA2=(pi*0)/180 ;

Vi=1.172; Vinf=1.0;

V1= 1.172%exp(i*THETALl); V2=1.0*exp(i*THETA2); IG=(V1-V2)/(Re

+i*Xe);

R e e T T %
% CALCULATE INTIAL CONDITIONS AND K-CONSTANT WITH STATCOM %
% As described in Chapter 6 Z
YA Z

%

STATCOM CONTROLLER PARAMETRS

% ANAAANANAAAAAAANAANAAAANAANNAAANAANAANAANNANANAAANNAANNAANANANANNANAN
Input KP; T1; T2; KI; Kw; Tm;

227
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% SYSTEM MATRIX *A” WITH STATCOM
BANNANNANAAAAAAAAANANAAANNANNAANAANNNAAAANAAAANAANAANAANANNANANANAANN
A_STATCOM=[ -1/(K3*T_d) -K4/T_d 0 1/T_d000; 0 0 Ws0 0 0 0; -K2/
2*H -K1/2*H -D/2*H000 -KVsc/2*H;  -KA*K6/TA -KA*K5/TA 0 -1/
TAOOO; O0Kw/TmO -1/Tm0 0;0 0 KP*Kw/Tm 0 ((-KP/Tm)+KI)00; 00
(TI*KP*Kw)/T2*Tm 0 (T1/T2)*((-KP/Tm)+KI) 1/T2 -1/T2 ]

e o o s B
("EIGEN VALUES OF THE SYSTEM WITH STATCOM=")

eTg(A_STATCOM)

% INPUT MATRIX "B’ , OUTPUT MATRIX *C’, TRANSITION MATRIX D" WITH
STATCOM
BANNNNNNAAAANAAAAANNNNNAAANAANAANNNAAAAANAAAANNNNNNAANAANAANAN
B_STATCOM=[0;0;0;0; -1/Tm; -KP/Tm; -KP*T1/(Tm*T2)1; C_STATCOM=[00
100007; D_STATCOM=[01;

% CLOSED LOOP TRANSFER FUNCTION OF THE SYSTEMWITH STATCOM
I o o S T e i o S S S S A A
[NUM2,DEN2]=ss2tf(A_STATCOM,B_STATCOM,C_STATCOM,D_STATCOM,1);
T=0:0.01:10;

sys=tf(NUMZ,DEN2)

g=step(sys.T);

plot(q,’'r-")

hold on

eig_val=eig(A_STATCOM) ; % *EIGENVALUES OF THESYSTEMWITHPSS //
SIGMA=abs(real(eig_val)) ; % REALPARTOFTHEDOMINANTEIGENVALUE//
/=abs(eig_val); % Magnitude of eigenvalue //
ZAT=(SIGMA./Z)

ZAIm=min(SIGMA./Z) % DAMPING FACTOR FORDOMINANT EIGEN VALUE //

Multimachine model with STATCOM

The linearized model of a multimachine system combining basic power system
components, has been reconsidered here for installation of an STATCOM controller.
The installation of a STATCOM in a multimachine system results in an addition of
state variables of the STATCOM controller, AXstatcom = [AXs, AXj, AVSC}T,
with the machine DAE equations and the STATCOM power flow equations in
the network equation. The state variables of a multimachine system with PSS and
STATCOM are now then modified as follows:

AX:[AXlT AXQT AXmT]T,

where AX;=[AS; Aw; AE, AE, AEw, AV, ARe AV AX,, AX, AV]"
for the ith generator from which the STATCOM controller receives auxiliary
input signal (Aw) and the state variable
AX;=[Aé; Aw; AE, AE; AEw, AVk, ARy, AVS,-]T for the remaining i=1,
2,3, ..., (m—1) generators.
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It is assumed that the STATCOM is connected to any jth load bus, the
power flow equations of a STATCOM can then be obtained as (refer to
Section 3.9.2, Chapter 3)

Py = [Vie’Gie — |Vie| [V}| [Gse €08 (S5c — 0;) + Bycsin (e — 0;)] (7.48)
Osc = —|Vie|"Bse — [Vie||V;| [Gic sin (05 — 0;) — By cos (35 — 0;)] (7.49)

where V. 20, is the inverted voltage (ac) at the output of STATCOM and
Ysc =Gy +JjBs.. Gy and By, are the conductance and susceptance of the line between
the jth load bus and the STATCOM. Therefore, linearized real and reactive power flow
equations of the jth load bus can be represented by the Equation (7.50). Here, voltage
magnitude V. and phase angle J. are taken to be the state variables. The power flow
equations for the other i=m+1, m+2, ..., (n— 1) load buses remain unaffected:

[ 0P, 0P, OB, OP;]
0, OV; o Vi

AP, 00, 00, 00, oP; | [ AY;
AQ; | | 90, 9V, Bb. Vi || AV 7.50)
AP, 0Py 0Py 0Py OP | | Ady '
AO.. 90; 9V, 3de Vs | | AV,

aQSC aQSC 8QSC aQSC
90, 90, 95, OVi

The system matrix with the STATCOM controller for an m-machine system can then
be obtained as

[A7STA TCOM] (8m+3)x(8m+3

y=[AT- BT C] (7.51)
Dimensions and elements of these matrices will be modified with the addition of the
state variables corresponding to the STATCOM controller and the STATCOM power
flow equations. In the following section, this model will be employed for eigenvalue
computation and small-signal stability analysis in a multimachine power system.

Small-signal performance analysis

The performance of the WSCC-type 3-machine, 9-bus system will be investigated here
with the installation of a STATCOM controller. For each generator, a speed-input PSS
is equipped, and the STATCOM is installed with the load bus 5 (Figure 7.14). The
STATCOM is placed arbitrarily at load bus 5 in order to study the small-signal per-
formance of the system and to compare it with the performance of the SVC. The power
flow result indicates that the STATCOM generates 43.8 MVAR in order to keep the
nodal voltage magnitude at 1.00 p.u. The STATCOM parameters associated with this
reactive power generation are V.= 1.025pu and ;.= —20.5°. G;.=0.0253pu and
By =5.0250pu are, respectively, the conductance and susceptance of the line between
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3-Machine, 9-bus system with PSS and STATCOM.

the jth load bus and the STATCOM. The eigenvalues of the system with PSS and
STATCOM controllers are computed using Equation (7.51).

It has already been described in Chapter 5 that the multimachine system under
consideration has 21 eigenvalues (refer to table 5.1, Chapter 5) at nominal operating
conditions. There are two numbers of electromechanical swing modes. The electro-
mechanical mode #1 is identified as the critical swing mode, which is of our prime
interest in mitigating small-signal oscillations. As this mode is found strongly asso-
ciated with machine 2, the auxiliary control input (Aw) for STATCOM is selected
from machine 2. In the presence of PSS and STATCOM controllers in this system
results in 27 eigenvalues, among which 16 are complex conjugate, 9 are real, and 2
are zero magnitude. Only complex conjugate eigenvalues are listed in Table 7.7, and



Table 7.7 Eigenvalue Analysis Without and with SVC and STATCOM

3+

O N0 OO~ WON =

Eigenvalue Without
Control

—2.4892 + j10.8650
—5.1617 + j11.2755
—5.3063 + j10.3299
—5.6837 + j10.3601
—5.5957 + j10.3330
—0.4087 + j0.8293
—0.4759 £ j0.5616
—0.4164 £ j0.6618

Damping
Ratio
0.2233
0.4162
0.4569
0.4810
0.4762
0.4421
0.6465
0.5325

Eigenvalue with PSS
and SVC

—3.1655 + j6.6907
~5.1139 + j9.8357
—4.8477 + j8.1447
—5.2384 + j7.7716
—4.9226 + j6.9043
—0.43508 + j1.1899
—0.44368 =+ j0.5984
~0.41218 + j0.7784

Damping
Ratio
0.4276
0.4613
0.5114
0.5589
0.5805
0.3434
0.5955
0.4679

Eigenvalue with PSS and
STATCOM

~4.9697 + j7.9606
~5.2673 + j9.4063
—5.6035+,7.2264
—2.3273+j7.0746
~10.841 +/2.3575
~0.35903+/1.3694
~0.541194/0.57209
~3.6922+j0.7971

Damping
Ratio
0.5296
0.4886
0.6128
0.3125
0.9772
0.2536
0.6872
0.9775
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Table 7.8 Comparison Among PSS, SVC, STATCOM, and TCSC

Mode of Control Critical Swing Mode Damping Ratio
Without control —2.4892 + j10.8650 0.22330

With PSS only —2.8290 + j6.7010 0.38894

With PSS and SVC controllers —3.1655 + j6.6907 0.42767

With PSS and TCSC controllers —2.9357 + j4.9231 0.51216

With PSS and STATCOM —4.9697 + j7.9606 0.5296

the effect of STATCOM on swing modes #1 and 2 is highlighted. A comparison with
SVC and STATCOM is also simultaneously presented. It may be observed from the
first row of Table 7.7 that though the PSS with SVC introduces adequate damping to
this critical swing mode #1, additional improvement around 24% more can be
achieved with the installation of a STATCOM controller, improvement of another
electromechanical swing mode, that is, mode #2, is also found satisfactory. Follow-
ing these results, it is possible to conclude that STATCOM is a more effective con-
troller than SVC in mitigating power system small-signal stability problem.

The effect of different control modes on the WSCC-type 3-machine, 9-bus system
is separately illustrated in Table 7.8. It is clear that by applying STATCOM or TCSC in
addition to PSS, it is possible to achieve higher level of damping compared to the appli-
cation of SVC with PSS or application of PSS only in this multimachine system.

APPLICATION OF TCSC IN A LONGITUDINAL
POWER SYSTEM

Small-signal stability of power systems using a TCSC controller has been studied in
literatures mostly on standard test systems or sample systems only rather than on real
power systems. Furthermore, simulations have been carried out using reduced-order
models considering generator buses only. In this section, a real longitudinal multi-
machine power system has been taken as a test case, and simulations are carried out
considering the full-order linearized model including all types of network buses. In
addition to this, based on critical eigenvalue variations, a new indicator being termed
as small-signal stability rank (SSSR) is proposed in Section 7.8.3 for the assessment
of effectiveness of the TCSC controller in three commonly occurring contingencies,
e.g., load increase, generation drop, and transmission line outage.

Description of the test system and base case study

The power system under consideration is one of the largest power networks of East-
ern India. The whole power network has been configured as a 14-area, 24-machine
system which consisting of 203 buses with 266 branches. It has 108 numbers 132 kV
lines, 30 numbers 220 kV lines, 15 numbers 400 kV lines, and 6 numbers 66 kV
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lines. The whole network includes 35 numbers 3-winding line transformers and 37
numbers 2-winding load transformers. The actual tap positions of the transformers
are included during simulation. Bus 1 is treated as a slack bus. There are 6 generators
(1,2, 3,5, 17, and 20) having high capacity (540-600 MW), while 8 generators (4, 6,
7, 10, 11, 12, 13, and 19) have medium capacity (150-380 MW), and the rest (10
generators) are of low capacity (20-90 MW). All machines are assumed to be
equipped with the IEEE Type I excitation system. For each machine, a speed-input
power system stabilizer has been incorporated to ensure adequate damping of its
local modes. The nodal voltage magnitudes and angles were solved by the conven-
tional N-R load flow, while a separate subprogram was solved at the end of each
iteration to update the state variables for the FACTS in order to meet the specified
line-flow criteria.

The eigenvalues of this system are calculated following multimachine model
with TCSC controller. The proposed system has a total of 168 eigenvalues for the
base case. Among which 23 are identified as swing modes and are listed in
Table 7.9. The frequency and damping ratio corresponding to each swing mode
are also given in this table. It is evident that the damping ratio of the swing mode
#16 is smallest compared to other swing modes and is referred to as the critical swing
mode (1). Therefore, the behavior of this mode is of prime concern for the study of
small-signal oscillation problem in this system. The mode frequency and right eigen-
vector analysis suggests that the mode #16 is an interarea mode involved with almost
all machines and in particular it has a strong association with machine 20. The part of
the study system associated with the machine 20 is shown in Figure 7.15.

The network branches associated with the machine 20 (lines 15, 16, 21, 167, 168,
239, and 240) between two load buses (Figure 7.15) are selected for probable instal-
ling locations of the TCSC module. The TCSC has been placed in network branch 16.
The compensations (Xtcsc/Xiine) Of the each selected lines were kept to be around
60%, and therefore, X; , X, and o for the TCSC are chosen according to the reactance
of the selected lines. The initial value of the firing angle (&) of the TCSC is kept
within capacitive compensating zone. The size of the TCSC module for branch
16 is specified in Section B.5.1 of Appendix B.

Impact of TCSC in the face of power system disturbances

In order to analyze the impact of TCSC in the face of power system disturbances, a
MATLAB program is developed for the said 203-bus test system, and a simulation is
carried out for three independent types of disturbances: (i) load increase at a partic-
ular bus, (ii) outage of transmission line, and (iii) reduction of real and reactive power
generation. It is worthwhile to mention that PSS is attached here to all the machines
in the network and the TCSC is placed at the line 16, i.e., between buses 152 and 154
(Figure 7.15). The PSS and TCSC controller parameters are set as per Section B.5.1
of Appendix B following literatures [8,9,11-14]. The performance with PSS only
and the combined effect of PSS and TCSC controllers are investigated with variation
of TCSC firing angle from oy = 145° to op=160°. It is to be noted that this range of
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Table 7.9 Base Case Swing Modes Without PSS and TCSC
Frequency Damping
# Swing Modes (A Ratio (¢) Remarks
1 —3.0845 + j12.882 2.0503 0.23286 Swing modes #1-15
2 —3.0668 + j12.151 1.9339 0.24471
3 —3.0733+/11.660 1.8558 0.25487
4 —3.1172 £ j10.963 1.7449 0.27348
5 —3.3891 + j8.1479 1.2968 0.38405
6 —3.0920 + j8.1006 1.2892 0.35661
7 —3.3347 + j7.9905 1.2717 0.38514
8 —3.1006 £ j7.7754 1.2375 0.37040
9 —3.1915 £ j7.7091 1.2269 0.38251
10 —3.1702 + j7.4950 1.1929 0.38956
11 —3.1783 + j6.8383 1.0883 0.42148
12 —3.2243 + j6.7030 1.0668 0.43348
13 —3.0431 + j6.0689 0.9659 0.44823
14 —3.3906 + j5.8905 0.9375 0.49886
15 —3.3215 £ j5.7429 0.9140 0.50066
16 —1.0363 + j4.3800 0.6971 0.23023 Critical swing mode #16
17 —-3.4131 £ j5.0370 0.8016 0.56095 Swing modes #17-23
18 —3.2044 + j4.9464 0.7872 0.54370
19 —3.8535 + j4.0865 0.6503 0.68607
20 —3.2680 + j4.5548 0.7249 0.58296
21 —3.3024 + j4.3813 0.6973 0.60191
22 —3.3031 + j4.4201 0.7034 0.59860
23 —2.9858 + j2.5168 0.4005 0.76460
#172 #139
239 168 |
Gen.20
/\/ | 232 | 21 + 16 240 |
| > | TCSC > |
#20 #156 #173
#152 #154
167 14|5
#121 #151
FIGURE 7.15

Part of the 14-area, 24-machine, 203-bus system with TCSC.
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firing angle is set within +(10° — 15°) around the resonant point where TCSC sen-
sitivity is high, i.e., small variation of firing angle results in sharp variation in TCSC
reactance.

Case I: Load increase

In this case, small-signal performance of the proposed system has been investi-
gated when real and reactive loads of bus 154 are increased from its nominal value
(PL=0.75pu and Q;=1.85pu) to (PL=090pu and Qp=2.159pu) and
(PL=1.15pu and Q; =2.459pu). It has been observed that the damping ratio of
the critical swing mode decreases with increasing load but recovers reasonably with
the installation of PSS. It has been further observed that the application of both TCSC
and PSS controllers enhances the damping ratio significantly over that with PSS
alone and this effect is again different for different values (oo =145-160°) of the
TCSC firing angle.

Case II: Generation drop

The effect of a generation drop on small-signal stability of the system has been
investigated here by reducing the total generation (15% and 20%) of three machines
(generators 2, 3, and 5) of medium capacity and one machine (generator 20) of higher
capacity. It has been found that the damping ratio reduces with the generation drop
and improves substantially after application of PSS. Further enhancement of this has
been achieved with simultaneous application of PSS and the TCSC controllers, but
the impact of TCSC controller is different for different values of TCSC firing angle.

Case III: Transmission line outage

The study of small-signal stability of the proposed test system has been extended
further when the system is subjected to a contingency like outage of transmission
lines 121-152 and 145-149 with ratings 220 kV and 400 kV, respectively. The supe-
riority of TCSC and PSS control over only PSS control is also experienced here. An
appreciable enhancement of damping has been observed with variations of TCSC
firing angle.

The profile of damping ratio of the critical swing mode with load increase, gen-
eration drop, and transmission line outage has been, respectively, plotted in
Figure 7.16a—c. It is evident from these plots that the TCSC in addition to the
PSS is an effective means for damping small-signal oscillations against all the three
cases of power system disturbances. It can be further noticed from these plots that the
damping effect of the TCSC controller on the critical swing mode is reasonably bet-
ter near its resonance point (o, = 150°).

e Time domain study

A comparative study of the time response analysis of the system with PSS only and
with PSS and TCSC controllers has been shown here by finding the angular speed var-
iations of machine 20 inducing different types of disturbances. The deviation of the
angular speed response with and without control has been plotted in Figure 7.17a—
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for a simulation time of 10 s for all three cases of disturbances. It is evident from these
figures that the TCSC controller is an effective FACTS device in mitigating the con-
tingency of transmission line outage in addition to load variation and generation drop.

At this stage, therefore, it may be useful to identify cases of contingency for
which the installation of TCSC in addition to PSS is comparatively more effective
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in mitigating small-signal oscillations. In order to investigate this issue, an indicator
being termed as Small Signal Stability Rank (SSSR) has been proposed in [15]. The
concept of SSSR is described as follows.

Small-signal stability rank

The SSSR is an index based on the change of the real part of the critical swing mode
at a certain contingency with and without control considering the base case as a ref-
erence. The TCSC in a power network is a closed-loop controller that considers usu-
ally the machine speed or power as its input and introduces a damping so that the
critical swing mode moves from a less stable region to a more stable region. The
SSSR for a certain contingency is therefore defined by

(|Real(2)| — |Real(1°)])

|Real(4)]
where 2" and A° are the critical swing modes with and without TCSC control and 4 is
the critical swing mode for the base case. The magnitude of SSSR measures the effect
of TCSC on the critical swing mode. A higher value of the SSSR implies more effec-
tive control to a contingency. The SSSR values for different cases of contingencies
can be computed following Equation (7.52). The values of SSSR for the said 24-
machine, 203-bus system are given in Table 7.10. This result interpreted that PSS
and TCSC controllers are more effective in mitigating contingencies like load var-
iation and generation drop compared to that for the outage of transmission line in this
multimachine system.

It is also to be noted that the SSSR conceived in this work is based on a change
of the real part of the critical swing mode instead of a change of imaginary part,
though the imaginary part of the critical swing mode also decides the value of the
damping ratio. This is because the system settling time is decided particularly by
the real part than the imaginary part. Hence, the structure of SSSR considers the
real part of critical swing mode only.

|SSSR| = (7.52)

Table 7.10 SSSR Values with PSS and TCSC Controllers
TCSC Firing Magnitudes of SSSR
Angle
Load Increase Generation Line Outage
(PL=0.90, Q, =2.15) Drop (15%) (121-152)
145° 1.8715 1.4773 0.9212
147° 1.8856 1.4561 0.9039
150° 1.9620 21117 1.2124
152° 1.8362 1.9995 1.0447
155° 2.0434 2.0816 0.9394
160° 1.7698 2.0208 0.9220
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Computation of SSSR

(i) For a=145°, base case without control A= —1.0363 +;4.380.
Load increase (Py,=0.90; Oy, =2.15):

Without TCSC, 21° = —1.0145 +4.402; with TCSC, ' =—2.954 4,5.0804.
Following Equation (7.52),

(2.954—1.0145)
1.0363

ISSSR| = —1.8715

Generation drop (15%):

Without TCSC, A°=—0.7175+j4.5671; with TCSC,
A'=-22485+j4.6177.

(22485 —0.7175)
1.0363

=1.4773

ISSSR| =

Line outage (121-152):

Without TCSC, A° =—0.0554 +j4.2337; with TCSC,
/'=-1.0102+,3.2614.

(1.0102 — 0.05549)

1.0363 =09212

|SSSR| =

(ii) For a=147°, base case without control A= —1.0363 +;4.380.
Load increase (P;,=0.90; Oy, =2.15):

Without TCSC, 4° =—1.0145 +j4.402; with TCSC, 1’ =—2.9686 +5.0778.

Following Equation (7.52),

(2.9686 —1.0145)
1.0363

ISSSR| = =1.8856

Generation drop (15%):

Without TCSC, A°=—0.7175+j4.5671; with TCSC,
' =—2.2265+j4.3810.

(2.2265—-0.7175)
1.0363

=1.4561

ISSSR| =

Line outage (121-152):

Without TCSC, A° =—0.0554 +j4.2337; with TCSC,
' =-0.99229 +3.1765.

(0.99229 — 0.05549)
1.0363

=0.90398

ISSSR| =
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EXERCISE

7.1. Classify types of different FACTS devices. Explain how FACTS devices can
modulate power flow in a lossless transmission line through series and shunt
compensation.

7.2. Derive the Heffron-Philips state-space model of an SMIB power system with
SVC and TCSC controllers. Obtain the system matrix and eigenvalues in each
case. The machine and exciter parameters are given as follows:

R.=0, X.=0.7pu, V,20°=1215°pu, and V., 2£0°=1.05~20°pu.
H=37s, T4,=85s, Kx=350, To=03s, R,=0.0pu, X,=25pu,
X,;=2.8pu, X';=0.40pu, D=0, and w,=314rad./s.

Where SVC and TCSC parameters are considered as

X1, (pu) Xc (pu) a(®) Internal delay (ms)
SvVC 0.275 0.4708 155 Tsyc=17
TCSC 0.0069 0.0289 148 Trcsc=20

Comment upon the results.

7.3. Formulate the state-space equations of an SMIB power system with a STAT-
COM damping controller. Obtain the system matrix and eigenvalues. The
parameters of the STATCOM controllers are given by Kp=2.25, K;=50,
and K, =6. Assume time constants of the lead-lag block are 7;=1.2 s and
T,=0.12 s, respectively.

7.4. The data of an IEEE type 14 bus system are given as in Section B.4 of Appendix
B. Assume that a single-stage PSS is equipped with generator 1 and generator 2.
Install a TCSC in series with the transmission line between bus 6 and bus 7.
Study small-signal stability of the system for the following cases:

(i) without the application of any controller,
(i) with the application of PSS only, and
(iii) with the installation of PSS and a TCSC controller together.
For PSS, Kpss =15.48, 71 =2.0 s,and T, =0.0342 s. For TCSC, Krcsc=5.57,
T,=2.0s,and T,=0.01 s.

7.5. For the system given in problem 7.4, install an SVC in bus 10. Investigate the
small-signal performance of the system for two independent disturbances:
(i) real and reactive load increased by 15% of nominal value at bus 9 and
(ii) the outage of a transmission line (4-13).
Assume SVC controller parameters are K, =20.0,T1=1.0s,and T, =0.15 s.
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CHAPTER

Optimal and Robust Control

INTRODUCTION

It has been explored in the previous chapters that controllers such as PSS and FACTS
are effective means for mitigating small-signal oscillations in single machine and in
multimachine power systems. However, the performances of these controllers highly
depend upon the parameters and their suitable placement in any power network.
Several methods are reported in literatures to find these parameters and locations
in a power network. This chapter employs heuristic optimization methods to select
the optimal location and setting optimal parameters of the FACTS controllers. The
conventional optimization techniques are time-consuming, require heavy computa-
tional burden, and have slow convergence rates. Many heuristic search methods such
as artificial neural network, simulated annealing, fuzzy logic, and particle swarm
optimization (PSO) [1-4] have gradually been used for handling power system opti-
mization problems. Each one has its own advantages and drawbacks. They need less
computational efforts and have faster convergence characteristics and good accu-
racy. This chapter gives an overview of the GA and the PSO; they have been used
then for parameter optimization and finding optimal location of a TCSC controller
for application in a multimachine power system.

It should be pointed out that in reality, a control system without any robustness
cannot perform normally because the outputs will be out of their permissible region
with the effect of unavoidable disturbances. If the output of a stable closed-loop sys-
tem is not sensitive to disturbance inputs of the system, in other words, if the influ-
ence of disturbance inputs to the outputs of a system is small enough, then we say that
this system has enough robustness to disturbances. If under the action of a control, a
stable closed-loop system can sufficiently reduce the influence of disturbance inputs
to outputs of the system, then we say this control is a robust control. This chapter
addresses this issue and a multi-input, single-output (MISO) (four-input, single-
output) mixed-sensitivity-based H, robust controller based on LMI (linear matrix
inequality) approach with pole placement constraint has been designed for a TCSC
in order to achieve robust damping of interarea oscillations in a multimachine power
system. In our arrangement, first, the background and general concept of H, control
theory have been described, and then, it is employed to design a FACTS (TCSC)
controller. Finally, the performance of this controller has been examined for different
operating scenarios of a multimachine power system.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00008-1
Copyright © 2020 Elsevier Inc. All rights reserved.
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GENETIC ALGORITHM-BASED OPTIMIZATION

Genetic algorithms (GAs) [5] are essentially global search algorithms based on the
mechanics of nature (e.g., natural selection, survival of the fittest) and natural genet-
ics. GAs have been used for the optimization of the parameters of control system that
are complex and difficult to solve by conventional optimization methods. Particu-
larly, GAs are practical algorithm and easy to implement in the power system anal-
ysis. GAs are considered to be robust method because no restrictions on the solution
space are made during the process. The power of this algorithm comes from its ability
to exploit historical information structures from previous solution and attempt to
increase performance of future solution structures. GA maintains a population of
individuals that represent the candidate solutions. Each individual is evaluated to
give some measure of its fitness to the problem from the objective function. In each
generation, a new population is formed by selecting the more fit individuals based on
particular selection strategy. Two commonly used genetic operators are crossover
and mutation. Crossover is a mixing operator that combines genetic material from
selected parents. Mutation acts as a background operator and is used to search the
unexplored search space by randomly changing the values at one or more positions
of the selected chromosome. Following sections describe an overview and applica-
tions of GA based optimization method.

Overview of GA

GA starts with a random generation of initial population, and then, the “selection”,
“crossover”, and “mutation” are preceded until the maximum generation is reached.
Important steps of GA are described as follows.

e Selection

The selection of parents to produce successive generations plays an important role
in GA. The goal allows the fittest individuals to be more often selected to reproduce.
A group of selection methods are available in the literature [6]: “stochastic universal
sampling”, “uniform”, “ranking” and “tournament” etc. “Stochastic universal sam-
pling” selection is employed in this book from “Genetic Algorithm and Direct Search
Toolbox” in MATLAB. In this selection, parents are created using “roulette wheel” and

“uniform sampling”, based on expectation and number of parents.
e Crossover

Crossover is an important operator of the GA. It is responsible for the structure
recombination (information exchange between mating chromosomes) and the con-
vergence speed of the GA, and it is usually applied with high probability (0.6-0.9).
After selection operation, simple crossover proceeds. The main objective of cross-
over is to reorganize the information of two different individuals and produce a
new one. The function “crossover scattered” is used in this chapter from “Genetic
Algorithm and Direct Search Toolbox” in MATLAB. It is a position-independent
crossover function that creates crossover children of the given population.
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e Mutation

Mutation is a background operator, which produces spontaneous changes in var-
ious chromosomes. In artificial genetic systems, the mutation operator protects
against some irrecoverable loss. It is an occasional random alteration of the value
in the string position. Mutation is needed because even though reproduction and
crossover effectively search and recombine extent notions, occasionally, they may
lose some potentially useful genetic material. In this book uniform multipoint muta-
tion function, “mutation uniform” is employed in MATLAB toolbox. Mutated genes
are uniformly distributed over the range of the gene.

Parameter optimization applying GA
e Optimization problem

The problem here is on finding the optimal location and setting the optimal
parameter of the SVC and the TCSC controller using GA. This results in the mini-
mization of the critical damping index (CDI), which is defined by

CDI=J=(1-¢) (8.1)
Here, {;=—o0;/ m is the damping ratio of the ith critical swing mode. The

objective of the optimization is to maximize the damping ratio ({) as much as pos-
sible. There are four tuning parameters of the SVC and the TCSC controllers,
namely, the controllers gain (K), lead and lag time constants (T} and T5,), and the
location number (N),.). These parameters are to be optimized by minimizing the
desired objective function “J” given in Equation (8.1). With a change of parameters
of PSS and TCSC controllers, the damping ratio ({) as well as J varies. The problem
constraints are the bounds on the possible locations and controller parameters. The
optimization problem can then be formulated as follows:

Minimize J (asin (8.1))

Subject to
Kmin < K < KMax (8.2)
T, min < T, <T,Max (8.3)
szin <T, < T,Mmax (8.4)
NP < Nige < Nt (8.5)

The objective is to find the optimal locations and parameters for the SVC and TCSC
controllers within the inequality constraints given in Equations (8.2)—(8.5). Each
“individual” in GA is encoded by four parameters: the controllers gain (K), lead

.
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and lag time constants (T} and T5), and the location number (N),.). The initial “pop-
ulation” is generated randomly for each particle and is kept within a typical range.
The minimum and maximum values of the SVC and the TCSC controller parameters
along with their location number are depicted in the configurations of the individuals.
The entire initial population of size N;,q has been calculated by repeating the indi-
viduals for Nj,q times as shown in Figure 8.1a and b corresponding to the SVC and
the TCSC controllers, respectively.

. L] L] L

|6|10 12|14

/oot ]02s

e o o« Jom]os Niee
01 o4« o « o o650 /

7 T,
1 10 e o o o 17 | 20 T,
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L] e o L] . L J L]
Ning 6 |unfeeee]o |ua
/I 0.01 |0.45 e o o o | 0.2 |0.5
0.1 [os [ o o« o351
1 12 e o o o 13 | 20
Minimum Maximum
range range
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| 12| 14 o o o o 16 |20
/I 0.01 | 025 e o o o |0‘09 0.5 7 Nige
0.1 |04 | o o ° [065][1.0
| 7 T,
1 10 e o o o 17 | 20 T,
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FIGURE 8.1
Configurations of individuals and entire population: (a) SVC controller; (b) TCSC controller.
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TCSC
controller

FIGURE 8.2
14-bus test system with application of SVC and TCSC.

The possible locations of the SVC and the TCSC controllers are selected here
from the test system given in Figure 8.2. In this system, there are nine load buses
(buses 6,7,8,9,10, 11, 12, 13, and 14) and nine transmission lines or branches (lines
12,13,14,15,16, 17, 18, 19, and 20) between two load buses. As the SVCs are shunt-
connected FACTS devices, the optimal location of the SVC controller is identified
among the load buses. Again, TCSCs are series-connected FACTS devices, and
therefore, the optimal location of the TCSC controller is identified among the trans-
mission lines between two load buses.

Thus, for the configuration of “individuals” in GA of the SVC controller, all the
nine load buses of the test system are proposed to find optimal location of the SVC.
Among these nine load buses, the minimum bus number, bus 6, and the maximum
bus number, bus 14, are considered as Njar and Nin*, respectively; as a consequence,
other seven buses remain within this minimum range and maximum range
(Figure 8.1a).
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Similarly, for individual configuration of the TCSC controller, the network
branches between two load buses are chosen for locations of the TCSC, and in this
case, the minimum line number, line 12, and the maximum line number, line 20, are
assigned for Nja and Nn2, respectively, so that other seven branches remain within
this minimum and maximum line number (Figure 8.1b).

In the following section, first, the algorithm of the implemented GA is explained,
and then, the application of this method has been shown in the proposed test system.

e Algorithm of implementation of the GA

The “Genetic Algorithm and Direct Search Toolbox” consists of a main program
associated with a bunch of useful subprograms and routines that are utilized as per
requirements. In this work, the main program “ga.m” has been implemented for the
said optimization problem. In the main function (“‘ga”), the first argument is the “Fiz-
nessfcn” followed by the “GenomeLength” and “Options”. To find the optimal value
of the objective function (J), and the optimal parameters of the controllers, this main
program uses the user-defined fitness computation program, say, “gasvc.m” and
“gatcsc.m” for SVC and TCSC, respectively, as a subprograms. “GenomeLength”
sets the dimensions of the design variables that are to be optimized. Several steps
of GA starting from “population creation” to final GA “output” can be controlled
by the “options” structure created in “gaoptimset”. In the structure of “gaoptimset”,
suitable subroutines for the computation of steps such as “selection”, “crossover”,
and “mutation” are declared. A default routine “PlotFcns.m” is used by the GA to
plot the best value of the fitness function for the specified generation limit. Optimal
controller parameters, location, and associated minimized output of the fitness func-
tion are evaluated by the following function in “Genetic Algorithm and Direct Search
Toolbox” in MATLAB:

function [X, fval, Output, Population, Scores]=ga (Fitnessfcn, GenomelLength, Options)

X, fval Returns the value of the fitness function “Fitnessfcn” at the solution X

Output Returns a structure OUTPUT with the following information: <Total
generations > < Total function evaluations > < GA termination
message >

Population Returns the final POPULATION at GA termination

Scores Returns the SCORES of the final POPULATION

Fitnessfcn String of MATLAB function to be run for parameter optimization (gasve.

m and gatcsc.m)

Genomelength Dimension of inputs to the function (here, number of inputs=4; K, T+,
T2y and Nloc)

Options Each of the GA steps (population generation > fitness > scaling >
selection > crossover > mutation > scoring> output) is controlled by
the options structure configured by ‘gaoptimset’

Some important parameter and constant settings in ‘gaoptimset’ are given in
Table 8.1.
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Table 8.1 Parameter Settings in ‘gaoptimset’

GA Parameters Value
Population type Double vector
Maximum generations 200

Number of variables 4

Population size 15

Elite count 2

Population creation Uniform

Stall generation limit 50

The implemented GA-based algorithm is described here by following steps:

Step 1: Specify parameters for GA: population size, generation limit, number of
variables, etc.

Step 2: Generate initial population for the SVC and the TCSC controller
parameters: K, Ty, T,, and Ny,.

Step 3: Run small-signal stability analysis program for the proposed test system.
Step 4: Evaluate objective function (J) and hence fitness value for each individual
in the current population.

Step 5: Determine and store best individual that minimizes the objective function.
Step 6: Check whether the generation exceeds maximum limit/stall

generation limit.

Step 7: If generation < maximum limit, update population for next generation by
“crossover” and “mutation” and repeat from step 3.

Step 8: If generation > maximum limit, stop the program and produce output.

An illustration: GA-based TCSC controller

The validity of the proposed GA-based algorithm has been tested here on the study
system given in Figure 8.2. The small-signal models of the multimachine system
with SVC and with TCSC controllers described in Chapter 7 (Sections 7.5 and
7.6) are used for eigenvalue computation and small-signal stability analysis. It is
to be noted here that the performances of the SVC and the TCSC controller are exam-
ined without application of PSS. Therefore, simulation is performed by excluding the
state variable of the PSS (AV;) from the said models. The performance of the system
has been carried out for two independent disturbances: (i) real and reactive load
increased by 15% of nominal value at bus 9 and (ii) outage of a transmission line
4-13. The swing modes of the study system before installation of SVC and TCSC
controllers are listed in Table 8.2. It may be observed from Table 8.2 that mode
#4 is the critical one as the damping ratio of this mode is smallest compare to other
modes. Therefore, parameters of SVC and TCSC controllers and their locations are
to be selected in such a way that it can yield maximum damping to this critical swing
mode #4.



Table 8.2 Swing Modes Without SVC and TCSC
Nominal Load (P_=0.295 pu,

H*

A WON 2

Q_=0.166 pu)

Swing Modes

—1.6071+,7.5211
—1.4987 &+ j6.5328
—1.2074+ j6.1633
—0.9461 4 j5.8552

Damping Ratio

0.20896
0.2236

0.19225
0.15953

Load Increased at Bus 9
(P_=0.339 pu, Q,_ =0.190 pu)

Swing Modes

—1.5446+ j7.5274
—1.4244+ j6.5313
—1.1590+ j6.1460
—0.8831+,5.8324

Damping Ratio

0.2010
0.2130
0.1853
0.1497

Transmission Line (4-13) Outage

Swing Modes

—1.56482 £ j7.5222
—1.4291 £ j6.5339
—1.1501 £ j6.1659
—0.8845+ /5.8336

Damping Ratio

0.2015
0.2136
0.1833
0.1499
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Table 8.3 GA-Based Controller Parameters and Location

GA-Based SVC GA-Based TCSC TCSC
Parameter SVC Location Parameter Location
Keo=11.972 Bus 9 Kigso=9.986 Branch 17
T,=0.8892 T,=0.9967

7,=0.014 7>=0.1118

GA algorithms generate the best set of parameters as well as the best location of
the SVC and TCSC controllers (Table 8.3) by minimizing the desired objective
function J (8.1). The transmission line compensation (Xtcsc/Xiine) 1S kept to be
around 60% for each of the selected line, and therefore, values of X;, X, and o
for the TCSC are chosen according to the line reactances (Xj;,.). The initial value
of the firing angle (o) of the TCSC is kept within capacitive zone. The maximum
iteration number is adopted to be 200 to stop the simulated evolution. The con-
vergence rate of the objective function J toward best solutions with population
size 15 and number of generations 200 has been shown in Figure 8.3a and b.
The convergence is guaranteed by observing the value of J, which remains
unchanged up to eight decimal places. The GA-based SVC and TCSC controllers
are installed at their optimal location, and the corresponding values of the damping
ratio of the critical swing mode #4 with SVC and TCSC controllers are presented in
Table 8.4.

It has been found from Table 8.3 that GA produces optimal location of the SVC
controller, which is bus 9, and optimal location of the TCSC controller, which is
branch 17. It has been further found from Table 8.4 that installation of GA-based
TCSC controllers at their optimal location introduces substantially more damping
to the critical swing mode #4 compared to the installation of GA-based SVC
controllers.

PARTICLE SWARM OPTIMIZATION

Particle swarm optimization (PSO) was developed in 1995 by Eberhart and
Kennedy [7] rooted on the notion of swarm intelligence of insects, birds, etc.
PSO begins with a random population of individuals, here termed as “swarm of
particles”. Each particle in the swarm is a different possible set of unknown param-
eters that are to be optimized. The parameters that characterize each particle can be
real-valued or may be encoded depending on the particular circumstances. The
objective is to efficiently search the solution space by swarming the particles
toward the “best-fit solution” with the intention of encountering better solutions
through the course of the iteration process and eventually converging on a single
best-fit solution. Following sections describe an overview of PSO and its applica-
tion in power system small-signal stability problem.
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FIGURE 8.3

Convergence rate of the objective function employing GA (a) with SVC; (b) with TCSC.

Table 8.4 Application of GA-Based Controller

With GA-Based SVC With GA-Based TCSC
Applied Critical Swing Damping  Critical Swing Damping
Disturbances Mode #4 Ratio Mode #4 Ratio
Loadincreased —0.88107+,5.6195 0.1549 —-0.9764+ j5.7114  0.1685
(15%)
Line outage —0.88313+/5.6140 0.1554 —-0.92474+ /57731  0.1581
(4-13)
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Overview of PSO

The PSO algorithm begins by initializing a random swarm of “M” particles, each
having “R” unknown parameters to be optimized. At each iteration, the fitness of
each particle is evaluated according to a selected “fitness function”. The algorithm
stores and progressively replaces the most-fit parameters of each particle (“pbest;”,
i=1,2,3,..., M) as well as a single most-fit particle (gbest) as better-fit parameters
are encountered. The parameters of each particle (p;) in the swarm are updated in
each iteration (n) according to the following equations [8]:

vel;(n) = w#vel;(n — 1) 4+ accy#rand, *(gbest — p;(n — 1))
+ accy*rand, * (pbest; — p;(n— 1)) (8.6)

pi(n)=pi(n—1)+vel;(n) (8.7)

where veli(n) is the velocity vector of particle i/, normally set to 10-20% of the
dynamic range of the variables on each dimension. Velocity changes in Equa-
tion (8.6) comprise three parts, that is, the momentum part, the cognitive part, and
the social part. This combination provides a velocity getting closer to pbest and
gbest. Every particle’s current position is then evolved according to (8.7), which pro-
duces a better position in the solution space.

accy and acc, are acceleration coefficients that pull each particle toward gbest
and pbest; positions, respectively, and are often set in the range € (0,2). Low values
of these constants allow particle to roam far from the target regions before being
tugged back. On the other hand, high values result in abrupt movement toward or
past the target region. rand, and rand, are two uniformly distributed random num-
bers in the ranges € (0,1). w is the inertia weight of values € (0,1). Suitable selection
of the inertia weight provides a balance between global and local explorations, thus
requiring less iteration on an average to find a sufficiently optimal solution. As orig-
inally developed, w is often decreased linearly, the purpose being to improve the con-
vergence of the swarm by reducing the inertia weight from an initial value of 0.9 to
0.1 during run. In general inertia, weight w is set according to the equation [9]:

W= Wmax fwxlter (8.3)
Itermax

where wy,. 1s the final weight and w,,;, is the initial weight. Iter,,,, is maximum
iteration number (generations), and Iter is the current iteration number.

e PSO parameters

The performance of the PSO is affected by the selection of its parameters. There-
fore, a way to find a suitable set of parameters has to be chosen. The selection of the
PSO parameters follows the strategy of considering different values for each partic-
ular parameter and evaluating its effect on the PSO performance. In this work, dif-
ferent values for the PSO parameters are selected from “PSO toolbox” in MATLAB
[10] during implementation of PSO algorithm.
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e Particle

The “particle” is defined as a vector that contains the desired variables to be opti-
mized. There is a trade-off between the number of particles and the number of iter-
ations of the swarm, and the fitness value of each particle has to be evaluated using a
user-defined function at each iteration. Thus, the number of particles should not be
large because computational effort could increase dramatically. Swarms of 5-20
particles are normally chosen as appropriate population sizes.

e Fitness function

The PSO fitness function used to evaluate the performance of each particle cor-
responds to a user-defined objective function.

Optimal placement and parameter setting of SVC
and TCSC using PSO

This section describes the method of selection of optimal location and parameters
of SVC and TCSC controllers using PSO. The small-signal performance of the
PSO-based SVC and the TCSC controllers is studied by applying two commonly
occurring contingencies, for example, load increase and transmission line outage
in a multimachine power system. The behavior of the critical swing mode as well
as transient response reveals that the PSO-based TCSC and the SVC controllers
are more effective in mitigating small-signal stability problem than their GA-based
design even during higher loading.

e Optimization problem

The optimization problem presented in Section 8.2.2 has been reconsidered here
with the same objective function [CDI=J=(1 —{;)] and with finding four tuning
parameters of the SVC and TCSC controllers (K, T, T, and Ny,.). These parameters
are to be optimized by minimizing the objective function J through PSO. Any change
of location and parameters of the controllers changes the damping ratio ({) and hence
J. The constraints of optimization and the optimization problem have been formu-
lated as follows:

Minimize J(asin (8.1)) (8.9)
Subject to

kmin < g < gmax (8.10)

TMin < 1) < Max (8.11)

TN <7, <Tmax (8.12)

Nmin < ymax (8.13)

loc loc
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e Particle configuration

The “particle” defined by the vector in Equation (8.14) contains the SVC and the
TCSC controller parameters and is given in

Particle: [K Ty T Nioc] (8.14)

Here, K stands for the respective gains of the SVC and the TCSC controllers and is
termed K, and K., respectively. The initial population is generated randomly for
each particle and is kept within a typical range. The minimum and maximum values
of the SVC and the TCSC controller parameters along with their location number are
given in the particle configurations. The particle configuration corresponding to the
SVC and TCSC controllers is presented in Figure 8.4a and b, respectively.

The possible locations of the SVC and the TCSC controllers are selected from the
test system given in Figure 8.2. The minimum range (M) and maximum range
(N1oe¥) are as described in Section 8.2.2 for individual configuration in GA. Thus,
for particle configuration of the SVC controller, bus 6 and bus 14 are considered
as MM and NIn2 | respectively, in Figure 8.4a. Similarly, for particle configuration
of the TCSC controller, line 12 and line 20 are assigned for Njn" and Nn®, respec-
tively, in Figure 8.4b.

¢ Implementation of PSO algorithm

The implementation of the PSO algorithm has been described here along with its
flowchart in Figure 8.5. To optimize Equation (8.9), MATLAB routines from PSO

Location
6 | 9 o o o o 10 |14
Lead-lag
0.01 [0.09| e o o ¢ (02 (05
Time /] | | 7 Nloc
01 Jo3 [+ o o e or]ig vk
Gain 1 8 o o o o 13 | 20 T,
. . KSVC
Minimum Maximum
range range
(a)
Location
| 12 | 14 [o o o o 16 Iio
Lead-lag
0.01 [0.25]| & o o © 3 0.5
Time /I | 03 | Nloc
0.1 [04 e o o « oos 10 .
Gain | | 10| © o o o [ 17|20 T,
. . chsc
Minimum Maximum
range range
(b)

FIGURE 8.4
Particle configurations: (a) SVC controller, (b) TCSC controller.
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Specify parameters for PSO:
initial velocity, no. of particles,
max iteration

!

Generate initial population

l Tter.=1

Run small signal stability and
eigenvalue analysis program

!

Compute objective function for
each particle in the current Iter.=Iter. + 1
population A

|

For all particles determine
and store pbest, gbest

A

Update velocity and
particle position

ITter. >
Max.Iter.?

Output Result

FIGURE 8.5

Flowchart of the implemented PSO algorithm.

toolbox [10] are used. The “PSO toolbox” consists of a main program that is asso-
ciated with some subprograms and routines that are utilized as per requirements. In
this work, the main program “pso_Trelea vectorized.m” has been implemented for
“Common”-type PSO as a generic particle swarm optimizer. To find the optimal
value of the objective function (J), this main program uses the user-defined eigen-
value computation program “psosvc.m’ or “psotcsc.m’ as a subprogram for SVC and
TCSC, respectively. A default plotting routine “goplotpso.m” is used by the PSO
algorithm to plot the best value of the objective function gbest for the specified
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generation (epochs) limit. Optimal inputs and associated minimized output of the
objective function are evaluated by the following function in PSO toolbox
environments:

[OUT, tr, te]=pso_Trelea_vectorized (functname, D, mv, VarRange, minmax,
PSOparams, plotfcn)

where

OouT Output of the particle swarm optimizer containing optimal TCSC controller
parameters and the best value of the objective function

tr, te Optional outputs, gbest at every iteration and epochs to train, returned
as a vector

functname String of user-defined MATLAB function (say psosvc.m or psotcsc.m)

D Dimension of inputs to the function (number of inputs=4; K, T4, Ty,
and Nioc)

mv Maximum particle velocity (default=4)

VarRange Matrix of ranges for each input variable

minmax 0, function-minimized (default set=0)

PSOparams PSO parameters to select (Table 8.5)

plotfcn Optional name of plotting function, default “goplotpso.m”

The PSO parameters required to be specified in the PSO algorithm are given in
Table 8.5. Choice of these parameters affects the performance and the speed of
convergence of the algorithm. The PSO algorithm generates the best set of par-
ameters as well as the best location (Table 8.6) corresponding to both the SVC
and the TCSC controllers by minimizing the objective function “J”. The conver-
gence rate of the objective function “J” toward gbest with the number of particles
15 and generations 200 has been shown in Figure 8.6a and b. The effectiveness of
the design is demonstrated through the simulation of the problem carried out in the
next section.

Table 8.5 Parameters Used for PSO Algorithm

PSO Parameters Value PSO Parameters Value

Swarm size 15 Epochs before error gradient 100
criterion terminates run

Dimension of inputs 4 accy, acco 2,2

Maximum generation 200 Wstart, Wend 09,04

(epoch)

Number of particles 5 rand,, rands 0, 1)

Minimum error 1xe® PSO type Common

gradient terminates “0”

run
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Table 8.6 PS0-Based Controller Parameters and Location
PSO-Based SVC SVC PSO-Based TCSC
Parameter Location Parameter
Keve=20.0 Bus 10 Kicsc = 16.809
T1=1.0 Ty=1.0
T,=0.15 T,=0.2264
0.837304 = psosve( [ 20, 1, 0.15, 10])
T T T
1070074 ___,_____,____,A___________,,___,: ..................................
10—0.075 ”L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
E
i
on
1070076 ____________________________________________________________________
1070.077 ------- TI-»----»;----»-»----»»---1'»-----»----------i ---------------- o
0 50 100 150 200
(a) epoch
0.822607 = psotese( [ 16.8092, 1, 0.22649, 161])
1070072 gy i | R r— T m
100074 ___________________________________ ________________ i
1070076 | __] ________________ i
ERRP YTy I IS O S T i
3
o : H
1070.08 Lzefensmsaevnsndisumn o samarueral sreua s el s s des s st s e |
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FIGURE 8.6

Convergence rate of the objective function employing PSO (a) with SVC; (b) with TCSC.
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Table 8.7 Application of PSO-Based Controllers

With PSO-Based SVC With PSO-Based TCSC
Applied Critical Swing Damping Critical Swing Damping
Disturbances Mode #4 Ratio Mode #4 Ratio
Load increased = —0.98121+6.0070 0.16121 —1.0611+/5.7341  0.1819
(15%)
Line outage —0.98224 + j6.0568 0.16008 —1.0602+ j5.7519 0.1812
(4-13)

Performance Study of PS0-based SVC and TCSC

The validity of the proposed PSO algorithms has been tested on the study system
(Figure 8.2). The performance of this system has been investigated further, apply-
ing PSO-based SVC and TCSC for two said disturbances: (i) real and reactive load
increased by 15% of nominal value at bus 9 and (ii) outage of a transmission
line (4-13). The damping ratio of the critical swing mode with the application
of PSO-based SVC and the PSO-based TCSC controllers has been presented
in Table 8.7. Comparing this result with the results (without controller) given
in Table 8.2, it is found that both the controllers substantially improve damping
of the critical swing mode for both types of disturbances. It has been further
observed that the TCSC controller adds more damping in the system with respect
to the SVC controller.

IMPLICATION OF SVC AND TCSC CONTROLLERS
ON CRITICAL LOADING

In order to study the effect of critical loading on system stability, the real power
load (Pr) at bus 9 is increased from its nominal value P; =0.295 pu and
01.=0.166 pu in steps up to the point of critical loading, keeping reactive
power load (Qp) constant. In each case, the eigenvalues of the system matrix
are checked for stability. It has been found that without any controller, at load
P =2.60 pu and Q1 =0.166 pu, Hopf bifurcation [11] takes place for the critical
swing mode #4 that moves toward right half of the s-plane and thus leads to
low-frequency oscillatory instability of the system. When the SVC and the TCSC
controllers are installed individually at their optimal locations, it has been observed
that there is no Hopf bifurcation and stable operating condition is restored in
the system. The swing modes of the system without and with SVC and TCSC
controllers are presented in Tables 8.8 and 8.9, respectively. This implies that
inclusion of SVC and TCSC can put off the Hopf bifurcation until further increase
of load levels.



Table 8.8 Application of PSO- and GA-Based SVC with Hopf Bifurcation Load
Hopf Bifurcation Load (P_.=2.60 pu, Q, =0.166 pu)

AN —

Without Control

Swing Modes

—1.11904+ j7.7098
—1.6357 % j5.9069
—0.9230+ j2.5144

0.0072+ j4.6175

Damping Ratio

0.14363
0.26687
0.34461
—0.00156

With PSO-Based SVC

Swing Modes

~1.2337+j7.5753
~1.4921 £ j8.0160
—1.776+ j2.7131

—0.9712+ j3.4139

Damping Ratio

0.16074
0.24072
0.54768
0.27363

With GA-Based SVC

Swing Modes

—1.1871+/7.7211
—1.5778+ j6.059
—0.77007 £ j2.6005
—0.20113+j4.7623

Damping Ratio

0.15196
0.25201
0.28393
0.04219
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Table 8.9 Application of PSO- and GA-Based TCSC with Hopf Bifurcation Load
Hopf Bifurcation Load (P =2.60 pu, Q_ =0.166 pu)

A WON 2

Without Control

Swing Modes

—1.1190+ j7.7098
—1.6357 & /5.9069
—0.92304+ j2.5144

0.0072+ j4.6175

Damping Ratio

0.14363
0.26687
0.34461
—0.00156

With PSO-Based TCSC

Swing Modes

~1.1172+ j7.6664
—1.5937 + j5.7222
—3.194+ j2.4392

—1.1218+ j3.6820

Damping Ratio

0.1442
0.2683
0.7947
0.2914

With GA-Based TCSC

Swing Modes

~1.0970+ j7.6775
—1.5572 & 5.6456
—2.6778+ j2.5202
—1.0959 + j3.7960

Damping Ratio

0.1414
0.2658
0.7282
0.2773
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COMPARISON BETWEEN PSO- AND GA-BASED DESIGNS

The performance comparisons between PSO- and GA-based designs have been
illustrated here on the basis of the results obtained in Tables 8.4 and 8.7. It is evi-
dent that both PSO and GA can efficiently handle the proposed optimization prob-
lem and generate satisfactory results. But the PSO-based SVC and TCSC
controllers introduce more damping to the critical swing mode #4 compared to
the GA-based SVC and TCSC controllers even during critical loading
(Tables 8.10 and 8.11). This implies that PSO-based SVC and TCSC controllers
can mitigate small-signal oscillations more efficiently than the corresponding
GA-based controllers. Again, the plots of convergence rate of the objective func-
tion (Figures 8.3 and 8.6) indicate that PSO method has more fast and stable con-
vergence characteristics than GA. The time response plots (Figure 8.7a—c) of rotor
speed deviation of the machine #1 also interpret that the PSO-based controllers
introduce reasonably more damping compared to the GA-based controllers in case
of both types of disturbances. Summarizing the results mentioned earlier, it is
possible to conclude that the PSO-based optimization method is superior to the
GA-based one.

H.. OPTIMAL CONTROL

The linear quadratic regulator, Kalman filter, and linear quadratic Gaussian problems
can all be posed as 2-norm optimization problems [12]. These optimization problems
can be alternatively posed using the system H, norm as a cost function. The H,, norm

Table 8.10 Comparison Between PSO- and GA-Based SVCs
Damping Ratio of Critical Swing Mode #4

Load at Bus #9 (15% Line Outage Critical Load at
Controllers More than Nominal) (#4-13) Bus #9
PSO-based SVC 0.16121 0.16008 0.27363
GA-based SVC 0.15490 0.15540 0.04219

Table 8.11 Comparison Between PSO- and GA-Based TCSCs
Damping Ratio of Critical Swing Mode #4

Load at Bus 9 (15% Line Outage Critical Load
Controllers More than Nominal) (4-13) at Bus 9
PSO-based TCSC 0.18196 0.1812 0.2914

GA-based TCSC 0.16852 0.1581 0.2773
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FIGURE 8.7

Rotor speed deviation response of machine #1. (a) Load increase at bus 9 (15% more than
nominal); (b) line outage 4-13; (c) Hopf bifurcation load at bus 9.
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is the worst-case gain of the system and therefore provides a good match to engineering
specifications, which are typically given in terms of bounds on errors and controls.

Background

The terms H, norm and H, control are not terms that convey a lot of engineering
significance. When we talk about H,, we are talking about a design method that
aims to minimize the peak value of one or more selected transfer functions. The
H, norm of a stable scalar transfer function F(s) is the peak value of IF(jw)l as a
function of frequency (w), that is,

IF($)]]. £ max [F(joo) (8.15)

Strictly speaking, “max” (the maximum value) should be replaced by “sup” (supre-
mum, the least upper bound) because the maximum may only be approached as
o — oo and may therefore not actually be achieved.

The symbol co comes from the fact that the maximum magnitude over frequency
may be written as

00 1/n
max |F(jo)| = lim J |F(jo)|"dw (8.16)
[&] n—oo -

Essentially, by rising IF(jw)! to an infinite power, we pick out its peak value. H, is
the set of transfer functions with bounded oo norm, which is the set of stable and
proper transfer functions.

Algorithms for H,, control theory
Given a proper continuous time, linear time-invariant (LTI) plant P(s) maps exog-

[T [T

enous inputs “d”” and control inputs “u” to controlled outputs “z”” and measured out-

[T}

puts “y” (Figure 8.8). That is,

<;8> =Pl (ZT?;) (8.17)
d—> ——> -
|
u y
K(s)

FIGURE 8.8
General LTI design setup.
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and given some dynamic output feedback control law such that

Ay B
u=K(s)y= [Ci D’;]y

specified in the state space through the parameter matrices (A, By, Cy, and Dy) of
the controller K(s) and with the partitioning

P(s) = (P“(s) Plz(s)) (8.19)

(8.18)

P21 (S) P22(S)
then, the closed-loop transfer function from disturbance d to controlled output z is

S(P,K) =P, +PpK(I—PnK) Py (8.20)

The overall control objective is to minimize the H., norm of the transfer function
from d to z. This is done by finding a controller K that, based on the information
in y, generates a control signal u that counteracts the influence of d on z, thereby
minimizing the closed-loop norm of the transfer function from d to z.

Thus, intension is to minimize

s~ & 5|

In practice, we calculate the suboptimal solution rather than optimal solution. The
suboptimal H ., control problem of parameter y consists of finding a controller K(s)
such that [13]

over all K that stabilizes P, which renders A stable.

Hoc*

the closed-loop system is internally stable;
the H., norm of S(P, K) (the maximum gain from d to z) is strictly less than 7,
where y >0 is some prescribed performance level.

Therefore, the problem can be reformulated as follows: try to find a controller
K(s) such that

K stabilizes P and achieves ||S(P, K)||s < 1

This condition reads in state space as

|c(st—A)"'B+D| <1 (8.21)

We shall now introduce some minimal realization of the plant P as is usual in state-
space approaches to H, control:

P(s) = <g; gz) + <8) (sT—A)"\(B, B)) (8.22)

This realization corresponds to the state-space equations:

xX=Ax+Bid+Byu (823)

z=Cix+Dnd+Dpu (824)



266

CHAPTER 8 Optimal and Robust Control

y=Cux+ Dy d+ Dypu (8.25)
The problem dimensions are summarized by

A ERl’l><rl;D11 eRllel;Dzz GRZQXMZ
A set of standard well-posed constraints is imposed on the setup:

e For output feedback stabilizability, the pair (A, B,) and (C,, A) must be,
respectively, stabilizable and detectable.

e For nonsingularity, D,; must be right invertible (full measurement noise), D1,
must be left invertible (full control penalty), and matrices

A—sl B, A—sl B
Ci Du|’| Co Dy

must be, respectively, left and right invertible for all s.
e D,,=0. Note that the assumption that D,, =0 is a temporary assumption leading
to a simplified form of solution that can always be reversed.

However, in contrast with the case of H, optimization, basic H-infinity algo-
rithms solve a suboptimal controller design problem, formulated as that of finding
whether, for a given y >0, a controller achieving the closed-loop L, gain IT,,ll,, <7y
exists and, in case the answer is affirmative, calculating one such controller.

It might be noticed here that the term “suboptimal” is used rather than “optimal”.
The reason for that is that it is often not necessary and sometimes even undesirable to
design an optimal controller. One of the most compelling reasons is that the optimal
closed-loop transfer matrix 7,, can be shown to have a constant largest singular num-
ber over the complete frequency range. In particular, this means that the optimal con-
troller is not strictly proper, and the optimal frequency response to the cost output
does not roll off at high frequencies. A suboptimal controller may also have nice
properties (e.g., lower bandwidth) over the optimal ones. However, knowing the
achievable optimal (minimum) H,, norm may be useful theoretically since it sets
a limit on what can be achieved.

Mixed-sensitivity-based H_. controller: An LMI approach

The principal aim of this robust controller design is to minimize interarea oscillations
in power systems that may occur due to various reasons, for example, variation of
load demand, generation drop, and transmission line outage. The design objective
is to find an internally stabilizing damping controller that satisfies an infinity norm
constraint while ensuring that the closed-loop poles lie in specific locations in the
complex plane.

The configuration of the closed-loop system together with the H ., controller
is proposed in Figure 8.9. Here, G(s) is the open-loop plant, K(s) is the controller
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W) >

Wi(s) P
TCSC
% delay /Max AXycge
+
|| Tesc |49 ! Power
y controller + u 1+sTresce system
K(s) J G(s)
Min

Aw (machine speed)

FIGURE 8.9
The closed-loop system along with the H, controller K(s).

to be designed, and W (s) and W5(s) are frequency-dependent weights for shap-
ing the characteristics of the closed-loop plant. The input to the controller is the
normalized speed deviation (Av), and the output signal is the deviation in
thyristor conduction angle (Ac). The problem is to minimize the weighted sen-
sitivity transfer function S(s)[:(I—G(s)K(s))_l], which ensures disturbance
rejection and complementary sensitivity transfer function K(s)S(s)[=K(s)
(IfG(s)K(s))fl] that ensures robustness in design and minimizes the control

effort.
The state-space description of the augmented plant is given in [14]
Xp :Apxp +Bp1d+Bp2M (826)
z:Cplxp +Dp11d+Dp12u (827)
y:szxp —|—Dp21d+Dp22M (828)

where x, is the state vector of the augmented plant, u is the plant input, y is the
measured signal modulated by the disturbance input d, and z is the controlled
output.

The controller K(s) can be realized by the following state-space equations:

X =Aik+ By (8.29)

u=Cix+Dyy (830)
The state-space representation of the closed-loop plant is then given in

Z:ACIX_FBCld (831)

Z:Ccl}{+Dc1d (832)
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X

P

o B ACl =
X

CC] = [Cp] +Dp12Dka2 DPIZCk], and Dcl :Dpl 1 +Dp|2DkDp2|

Ap + szDkaz szck
Bka2 Ap

Bpl +Bp2DkDp21
B D1

where y = s a

Without loss of generality, D, can be set to zero to make the derivation simpler

and the plant becomes strictly proper. The transfer function from “d” to “z” can be
found as

[ Wi(s)S(s)
Wa(s)K(s)S(s)

1 =Cu(sl —Aq) "B+ Dy (8.33)

The objective of the mixed-sensitivity problem is to find an internally stabilizing

controller K(s) that minimizes the transfer function from “d” to “z” and meets the
following requirement [15]:

where y is a designable parameter and S(s) is the sensitivity transfer function. In an
LMI formulation, the objective (8.34) can be achieved in a suboptimal sense if there
exists a solution X, =X >0 such that the bounded real lemma [16] given in

Tzd

o <V (8.34)

ACT]XCI +X01Acl Bcl XCICI]
-1 D] | <0 (8.35)
CaXal Dy _Vzl

is satisfied and then the resulting design problem reduces to an LMI problem.

It is well known that satisfactory transient response of a system can be
achieved by placing all the closed-loop poles of the system in a specific region
of the s-plane. In an LMI framework, such a class of convex region of the complex
plane is called an “LMI region” and can be assigned by clustering all the closed-
loop poles inside a conic sector (Figure 8.10), which ensures that the damping ratio
of poles lying in this sector is at least { = cos g The problem therefore reduces to

// Ajw

FIGURE 8.10

Conic sector LMI region of closed-loop poles.
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minimization of y (8.34) under LMI-based H,, control with pole placement
constraints.

Pole clustering in LMI regions can be formulated as an LMI optimization pro-
blem. It is shown in [17] that the system matrix, A, of the closed-loop system
(8.31)—(8.32), has all its poles inside the conical sector if and only if there exists
a solution X, =X >0 such that

sin g (AaXc +XAY) cos g (AaXe —XAL)
<0 (8.36)

0 .0
cos 2 (XCACTl — ACIXC) sin 7 (ACIXC —|—XCAEI)
or equivalently, this can be expressed in Kronecker product form given in

[N®AaXc+n" @ XcAg] <0 (8.37)

siny  cos
where n =

—Ccos— sin—
2 2
The inequalities in Equations (8.35) and (8.37) are not jointly convex as the

respective solutions of these equations X, # X.. The convexity can be accomplished
by seeking a common solution, X, =X.=X,. It is to be noted that the inequalities in
(8.35) and (8.37) contain nonlinear terms A, X, and C X, where A, and C,; contain
unknown matrices of the controller given in Equations (8.29) and (8.30) and the
resulting problem therefore cannot be handled by LMI optimization directly. To
convert the problem into a linear one, a change of controller variables is necessary
and the transformation [17,18] gives the following simplified LMIs in terms of new
controller variables:

01
[[ S} >0 (8.38)
I, H;}
<0 8.39
[Hm Iy (8:39)
me¥+n o¥'<0 (8.40)

The matrix variables I1;,, I15, I15,, and i are given in

_ — A
I A0+ QAT +BpnC+C By, By +BpDDy)

11 = 5

A T
(Bpt +BpaDDyy) —yl
o o .

I A+ (Ap+BpDC) SBp1 +BDp

21 = . K R

Cp1Q+Dp12C Dp11+Dp12D Dy
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i A T T
e ATS+SA,+BCrp+ChB  (Cpi +DpiDCpo)
Cpl +Dp12ﬁCp2 —I
v [ApQ+BpC Ay +BpDCp
A SAp+BCp

The new controller variables are then defined as

A =NAM" +NB.CppQ + SBypCiM" +8 (4,47 BpaDiCz ) 0 (8.41)
B =NBy +SByDy (8.42)

C=CM" +D;Cr0 (8.43)

D =Dy (8.44)

where Q, S, M, and N are submatrices of X,;. The LMIs in Equations (8.38)—(8.40) are
solved for A, B, C, and D employing interior-point optimization methods [19]. Once
A X B s C ,and D are obtained, the controller variables A, By, Cy, and Dy are recovered by
solving (8.41)—(8.44). Moreover, if M and N are square and invertible matrices, then
Ay, By, Cy, and D, are unique. For full-order controller design, one can always assume
that M and N have full row rank. Hence, the controller variables A, By, Cy, and D) can
always be replaced with A, B s C , and lj, without loss of generality. The derivation of
LMIs (8.38)—(8.40) can be obtained as follows.

Considering inequalities (8.35) and (8.37), let common solutions X, and X, !

partitioned as
oM 1 S N
Xd:(MT U and X, = NT v (8.45)

where Q and S are n X n symmetric matrices. The matrices M and N have full row
rank with dimension (n X k). n and k are the order of the system (A;) and the order
of the controller K(s), respectively. Here, expressions U and V are not relevant for the
present purpose.

The identity X,X; ' =1I together with (8.38) gives MN" =1 —QS. Thus, M and N
have full row rank and square invertible when / — QS is invertible. Let X, >0 and
K(s) be the solutions of inequalities (8.35) and (8.37) and partition X; as in
Equation (8.45). It is readily verified that X, satisfies the identity X2, =, with

0 I IS
Q= <MT O> and Q, := <0 NT> (8.46)
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As M and N matrices have full row rank that makes €, a full column rank matrix with
pre- and postmultiplying the inequality X,>0 by Q3 and Q,, respectively. Using
Equation (8.46) and €, full column rank, this yields Q;Q = <? g) > 0 that gives
the LMI condition (8.38).

Next, pre- and postmultiplying the inequality (8.35) by the diag (23 .1,]) and diag
(£,,1.1), respectively; carrying out the matrix product; and performing the change of
controller variables (8.41)—(8.44) evaluate the LMI condition (8.39).

Similarly, the LMI condition (8.40) is derived from Equation (8.37) by pre- and
postmultiplying the block diagonal matrices diag (Q1,...,923) and diag (Q,,...,Q»),
respectively, and carrying out the matrix product with change of controller variable
Equations (8.41)—(8.44).

Design of an H,_ TCSC controller

The LMI formulations described in the foregoing section are now applied here to
design a robust TCSC damping controller for application in a multibus test system.
The block diagram of a MISO, TCSC controller model is shown in Figure 8.11. This
controller is assumed to be designed based on H, control theory in an LMI frame-
work. The input signal is the speed deviation (Aw), and the output signal is the devi-
ation in thyristor conduction angle (Ag). This model utilizes the concept of a variable
series reactance (AXtcsc), which can be modulated through appropriate variation of
the firing angle (o).

Following the standard guidelines of mixed-sensitivity design, weights W(s) and
Wy (s) are chosen as low- and high-pass filters, respectively. The weights W;(s) and
W(s) are worked out to be

2 05541

Wis) =75 W) =55,

The multiobjective H,, synthesis program for disturbance rejection and control
effort optimization features of LMI was accessed by suitably chosen arguments of
the function hinfmix of the LMI Toolbox in MATLAB [20]. The pole placement

/_ Max
1

A)(TCSC

—3 T1Ccsc |Ae ,
controller l+sTrc T
Ao, L A TCsc 0 power
" system
MISO / TCSC delay

fo7 N
0 Min

FIGURE 8.11

TCSC controller model.
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objective in the LMI (8.37) has been achieved by defining the conical sector with
9=67.5°, which provides a desired minimum damping {=0.39 for all the closed-
loop poles. The order of the controller obtained from the LMI solution was equal
to the reduced plant order plus the order of the weights, which was quite high
(18th order), posing difficulty in practical implementation. Therefore, the controller
was reduced to a seventh-order one by the “balanced truncation” without signifi-
cantly affecting the frequency response. This reduced-order controller has been
tested on the full-order system against varying generation, load power change,
and transmission line outage.

e Controller design steps

Step 1: Derive full-order system matrix ([Agysli97x197) of the 24-machine,
203-bus study system in MATLAB.
Step 2: Obtain reduced 10th-order model [Agys]10x 10 Of the full-order system
applying “balanced truncation” method in MATLAB (using function “balmr”
setting desired arguments).
Step 3: Pack system matrices into “TREE” variable using function “mksys” in
Robust Control Toolbox.
Step 4: Work out frequency-dependent weighting functions W(s) and Wy(s).
Step 5: Create augmented plant using MATLAB function “augtf” with
reduced-order state-space system and weighting functions W;(s) and W,(s) for
H, control system design.
Step 6: Obtain standard LTI state-space realization P(s) of the augmented
plant by the function “Itisys”.
Step 7: Implement multiobjective H, synthesis problem with pole placement
design in LMI Control Toolbox following function [gopt, h2opt, K, Q, S]1=
hinfmix (P, r, obj, region)
where
P is the system matrix of the LTI plant P(s);
r is a three-entry vector listing the lengths of z, y, and u;
obj=[y0, vo, &, f] is a four-entry vector specifying the H_, constraints and
criterion. obj=[0 0 1 0] has been set for H, control design;

e region specifies the LMI region for pole placement. “Imireg” has been used
to interactively generate the matrix region (conical sector with g: 67.5°).

The outputs gopt and h2opt are the guaranteed H., performances, K is the con-
troller system matrix, and Q and S are the optimal values of the variables O and S
equation (8.38).

Step 8: Extract controller system matrices using function “Itiss”.
Step 9: Obtain reduced seventh-order model of the controller by “balanced
truncation” method using function “balmr” setting desired arguments.

The state variable representation of the four-input, single-output controller for the
TCSC is obtained as
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[—0.24504 —1854.6 —0.02038 0.01947 —0.29701 0.10962  0.04966 T
1836.20 —2429.8 —2.2824 1.79380 —29.793 11.0130 4.98410
—0.01863 1.1139 —0.00620 0.03802 —0.16872 0.06247 0.02840
Ag..=|—0.01692 1.0728 —0.03760 —0.00604 0.19162 —0.07132 —0.03225
0.08566 1.24420 0.00195 0.03433 —24.094 18.1920 8.44730
—0.04555 —8.1658 —0.00913 0.00526 —0.8256 —6.7779 —5.9537
L —0.04074 0.22424 —-0.02213 —0.01573 —2.1844 —0.05223 —3.8335 |

Ck...=[—16.897 —1668.7 —0.7532 0.6376 —10.229 3.7765 1.7115]

Dx,.. =[9.6252 7.0393 14.664 13.799]

[11.886 9.1837 7.5342 1.7663 ]
249.64 —201.2 —734.31 —1463.8
04711 02125 05264 0.1518
Bk, = |0.1889 03467 0.4495 0.2202
1.160 —9.6148 32768 0.3184
2.0539 15970 —1.0910 —2.5106
| 1.6676 0.1484  0.2874  0.2088 |

It has been computed in Section 7.8.1 (Chapter 7) that the full-order system without
controller has a total of 23 electromechanical swing modes at base case including 11
numbers having a frequency range 0.2-1.0 Hz, which are identified as interarea
modes of the system and are listed here separately in Table 8.12. It is evident that
the damping ratio of the interarea mode #4 is smallest among these 11 interarea
modes and is referred to as the critical interarea mode. It is to be noted that the crit-
ical swing mode #16 in table 7.9 (Chapter 7) is redefined here as critical interarea
mode #4 in Table 8.12. The right eigenvector and participation factor analysis con-
firms that this mode is involved primarily with machines 4, 13, 24, and 20; in par-
ticular, it has strong association with machine 20. These machines are belonging to
four different areas as illustrated in Figure 8.12. Therefore, the measuring zone of
control input signals is chosen from these four areas. The TCSC module has been
placed in branches 152-154. The values of X; and X considered for the design of
TCSC are given in Section B.5.1 of Appendix B. The initial value of the firing angle
() of the TCSC is kept within the capacitive zone with compensation of the TCSC
being 56%.



Table 8.12 Interarea Modes with Frequency (0.2-1.0 Hz) at Nominal
Operating Condition

Swing Modes Frequency (f) Damping Ratio (¢)
1 —3.0431 + j6.0689 0.9659 0.4482
2 —3.3906 + j5.8905 0.9375 0.4988
3 —3.3215+ j5.7429 0.9140 0.5006
4 —1.0363 + j4.3800 0.6971 0.2302
5 —3.4131+,5.0370 0.8016 0.5609
6 —3.2044 + j4.9464 0.7872 0.5437
7 —3.8535+ j4.0865 0.6503 0.6860
8 —3.2680+ j4.5548 0.7249 0.5829
9 —3.3024 + j4.3813 0.6973 0.6019
10 —3.3031 + j4.4201 0.7034 0.5986
11 —2.9858+ j2.5168 0.4005 0.7646
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Part of the 14-area, 24-machine, and 203-bus study system with TCSC controller.
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In the following section, the behavior of this interarea mode #4 and the small-
signal performance of the proposed closed-loop system have been investigated
applying the reduced-order LMI-based TCSC controller in the full-order plant.

Performance of the closed-loop H._ control

To examine the performance of the robust TCSC controller, the dynamic behavior of
the system has been investigated inducing interarea oscillations for three commonly
occurring power system disturbances, that is, load increase, generation drop, and
transmission line outage for their small and wide variations. In each case, the eigen-
value as well as time domain analysis of the system has been carried out. The results
of simulations are illustrated as follows [21]:

e Small disturbance performance

At first, the real and reactive loads of bus 154 are increased in small steps from its
nominal value (P =0.75pu and Q; = 1.85pu). With increase in load, there is a dete-
rioration of the damping ratio of the critical swing mode that has been observed.
However, substantial improvement is found with the installation of the controller.
Second, the effect of generation drop on interarea oscillations has been investigated,
and it is found that the stability of the system improves adequately in the presence of
the controller. The performance of the controller is further verified using a contin-
gency like the outage of tie lines 145-149 and 118-122 separately. The outage of the
tie line 145-149 shifted the interarea mode toward a more critical position, but the
incorporation of the robust TCSC controller shows noticeable enhancement of damp-
ing. The damping action of the controller is also found to be satisfactory with respect
to the outage of the line 118-122. Table 8.13 contains the results of both without and
with control conditions.

The performance robustness of the controller is now demonstrated by computing
the angular speed response of machine 20. The deviation of angular speed response
of machine 20 with and without control has been plotted in Figure 8.13a—c for a sim-
ulation time of 10 s. It appears that the controller exhibits superior damping charac-
teristics for the case of generation drop and transmission line outage compared to the
case of increase of load power demand.

e Large disturbance performance

The robust performance of the closed-loop system is evaluated again in the face
of large variations of system disturbances that include real and reactive load increase
(40% more than nominal) in selected buses, drop in real power generations (total
40%) in some designated generators buses, and simultaneous tripping of three trans-
mission lines (42-53, 118-122, and 145-149). The TCSC controller provides very
good damping characteristics in all these contingencies. The damping effect on
the critical interarea mode without and with control action has been presented in
Table 8.14. It has been observed that simultaneous occurrence of three-tie-line out-
age pushes the critical mode to the right half of the s-plane, resulting in the instability



Table 8.13 Critical Interarea Mode Without and with Robust TCSC Controller for Small Disturbance
Without Control

Power System Disturbances

Load increase PL.=0.90,
Q.=2.15
P =115,
QL=2.45

Generation drop Total 15%
Total 20%

Line outage 145-149
118-122

Critical Interarea Mode

—1.01454/4.4020
—0.99834/4.4352

~0.7175+4.5671
~0.6118+4.6395
—0.2040+/3.9457
~1.0140+/4.2986

Damping Ratio
0.22458

0.21961

0.15520
0.13076
0.05164
0.22960

With Robust TCSC Controller

Critical Interarea Mode

—2.88324/6.2856
—2.85774/6.3978

—2.8392£/6.3784
—2.8404+/6.3768
—2.9385+6.3567
—3.18084/6.7737

Damping Ratio
0.41693

0.40784

0.40666
0.40689
0.41961
0.42505
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Table 8.14 Critical Interarea Mode Without and with Robust TCSC Controller
for Large Disturbance

Without Control With Robust TCSC Control
Power System Critical Interarea  Damping Critical Interarea Damping
Disturbances Mode Ratio Mode Ratio

Load 40% more —0.75328+j4.9973  0.14905 —2.7942+ j6.6364 0.38805
increase than

nominal

value
Genera- Total 40% -0.16153+/4.9112  0.03287 —2.9344+ j8.2818 0.33398
tion drop (gen 2, 3,

5, and 20)
Line 42-53, 0.00605+/3.9016 —0.00155 —3.0273+,7.1389 0.39041
outage  118-122,

145-149

of the system. In this situation, installation of the TCSC controller shows significant
improvement of damping and brings back the system under stable operating condi-
tion, establishing the need for the robust controller.

The dynamic behavior of the system with respect to generator speed has also been
investigated exciting the interarea oscillations following these large disturbances. It
is evident that the behavior of the system is sufficiently oscillatory for all three cases.
The angular speed responses of generator 20 with different power system distur-
bances have been plotted in Figure 8.14a—c. It is visible that LMI-based TCSC con-
troller introduces adequate improvement on system oscillations and provides a
reasonable settling time (2-3 s). A view of Figure 8.14c shows that the controller
achieves a higher level of damping for the tie-line outage oscillations compared
to the case of load increase and generation drop.

The results mentioned earlier reported one important conclusion that the in-
terarea oscillations can be damped effectively when TCSC has been placed in
the branch associated with a particular machine participating strongly to the inter-
area mode. The need of robust TCSC controller for control of interarea oscillations
in the face of large variations of power system disturbances has also been
established.

H_. Controller through PS0O

In the previous section (Section 8.6.2) it has been discussed that the criterion for H,
optimization is to minimize the H., norm of the closed-loop transfer function
IT.4llc <7y , where y > 0 is a designable parameter and hence ‘y’ is based on
well-known small-gain theorem which signifies the effect of disturbance input ‘d’

[Tt [T L)

on to the performance output “z” is minimum. The parameter *“y” scales
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<%{| Tzd

tain unknown parameters of the controller TCSC controller in order to give guaran-
teed stability margin and no poles on the imaginary (jw) axis of the system. Thus, a
fixed structure H, controller for a TCSC can be designed through minimization of
the H.-norm specifications which can ensures satisfactory damping of the critical
swing mode following possible power system disturbances (e.g., change in load

|oo} < 1) the closed-loop system matrices; Ay, B¢, Cei, and D, which con-
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Block-diagram model of lead-lag compensator-based TCSC controller.

or transmission line outage) in a power system [22]. The structure of the TCSC con-
troller is considered as a basic lead-lag compensator (Figure 8.15) whose parameters
can be optimized using PSO via minimization of the H,,-norm of the closed-loop
transfer function of the power system.

There are five tuning parameters of the TCSC controller; the controller gain
(Ktcsc), lead-lag time constants (T4, T, T3, and T,). These parameters are to be opti-
mized applying PSO-based technique by minimizing the desired objective function
I7.4llo < y. It may be appreciated at this point that an analytical solution to this
optimization problem is difficult to obtain. This numerical method produces solu-
tion more efficiently. The washout stage of the controller is set with Ty, =10 s. The
problem constraints are the bounds on the possible parameters of the TCSC
controller.
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Thus the optimization problem can be set as:
Minimize J = ||T.q|l, <7y; y>0 (8.47)
Subject to:
Kidse SK <K TP STy S TP T30 < T <3 TP < T < TP
TE]in S T4 S Tzrlna)g

The weights Wy(s) and W(s) are worked out to be: W1 (s) = 3= Wa(s) = 53559, The
H_-norm of the closed-loop transfer function [|7,4ll . is computed in MATLAB for
proposed 14-bus multimachine system (Figure 8.2). The PSO algorithm generates
the optimal values of the TCSC controller parameters by minimizing the objective
function “J” (Equation 8.47) and the output results are presented in Table 8.15. The
convergence rate of objective function “J”” for gbest with the number of generations
for 200 has been shown in Figure 8.16. The convergence is guaranteed by observing
the value of “J””, which remains unchanged up to 8 decimal places.

The performance of the PSO-based H,, TCSC controller has been studied for the
14-bus power system (Figure 8.2) in the face of two commonly occurring power sys-
tem disturbances; that include real and reactive load increase (15% more than nom-
inal (P =0.339 pu, O, =0.190 pu) in an arbitrary selected bus #9 and the outage of a
transmission lines (#10). The TCSC controller is installed in a particular branch #16.
The damping ratio of the swing modes without any controller of this test system is
presented in the Table 8.2 (Section 8.2.3). It has been found that damping ratio of the
critical swing mode #4 is improved substantially with application of the PSO-based
H, TCSC controller in case of both type of disturbances. The performance of the
controller is further demonstrated by computing the angular speed response of
machine #1 for the case of 15% load increase in bus #9. The deviation of angular
speed response with and without control has been plotted in Figure 8.17 for simula-
tion time 14 s. It has been observed that the performance of the controller is quite
satisfactory. In view of these results it is reasonable to conclude that the PSO-based
H, TCSC controller exhibits good damping characteristics and is effective in mit-
igating small signal oscillations (Table 8.16).

Table 8.15 PSO-Based H., TCSC Controller Parameters

TCSC Parameters PSO-Based Value Attainable Minimum Value of “J”
Kroso 0.52714
T, To 1.333

0.27309, 0.02002

Ta, Ta 0.09762, 0.96707
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Rotor speed deviation response of machine #1 of the 14-bus test system.
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Table 8.16 Impact on Critical Swing Mode #4 Without and With TCSC Controller

With PSO-Based H.
TCSC Controller

Application
of Controller

Power system
disturbances

Critical swing
mode #4
Damping ratio

Without H,, TCSC Controller

Load
increased at
bus # 9
—0.8831 +
j5.8324
0.1497

Transmission
line outage

~0.8845 +
i5.8336
0.1499

Load
increased at
bus # 9
—1.2276 +
6.8783
0.1757

Transmission
line outage

~1.1642 +
i6.0791
0.1880

MULTIAREA CLOSED-LOOP CONTROL

Once the design and simulations have been performed, the next credible step would
be to implement the closed-loop control, and for this requirement, a simple feedback
control scheme has been proposed here. The proposed possible schematic diagram
has been depicted in a block diagram in Figure 8.18. The rotor speed is detected by
the digital proximity pickup (Figure 8.19), which can usually measure speed up to

Power system:

14 area 24 machine

203 bus system

TCSC delay
<IN _ |
I+sTrese
Ao
A
I+s7
Tese | -
1+s7
controller | |

User interface

FIGURE 8.18

Demod.

Wide-area
network

Demod. A
1
|
|
I

Delay blocks

Control
unit

Receiving

Mod.

Mod.

Mod.

Mod

=

Control
unit

Transmission

Configuration of remote feedback control scheme.
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_ : I
Proximity One cycle
sensor

FIGURE 8.19
Configuration of proximity sensor.

15000 rpm. The frequency of the pulses delivered through the proximity sensor will
depend upon the number of teeth of the rotor and its speed of rotation.

Here, the objective is to realize a closed-loop control system using TCSC con-
troller in a multiarea power system. To accomplish this task, the power system needs
to install required numbers of measuring equipments at remote nodes for collections
of auxiliary control input (rotor speed, Aw); data corresponding to the generators
have high participation in interarea oscillations. These machines may be located
in different areas or substations. Generator speed signals measured by the proximity
sensor (PS) are modulated first for transmission through the wide-area communica-
tion network. The Ethernet or high-speed fiber-optic link may be suitable for this
purpose. In the receiving end of the centralize control station, transmitted signals
can be demodulated and filtered out to receive input signals to the controller.

One of the important concerns in multiarea measurement-based control is the sig-
nal transmission delay. The value of delay is generally considered as 0.05-1.0 s [23],
which can vary depending on the distance of the controller site from the sensor loca-
tion and the mechanism of data acquisition. The delays for the remote signals can be
modeled by a first-order filter [24] in the feedback path where the equivalent time
constant 7 is representing the delay. Denoting delayed speed signal by Aw, corre-
sponding to the original signal Aw, the state-space formulations of the transportation
delay blocks can be obtained as

A, =AAw, +B.Aw (8.48)
Ay, =C.Aw, (8.49)

where A, =[Awi; Awy - Awy, ]T, A, =diag(—2/ty,—2/12,...,—2/1,),
B.=diag(2/t,2/t5,...,2/t,), and C; is the identity matrix. u denotes the numbers
of measured signals. For the given study system, x=4 for four numbers of selected
input signals of the controller. The speed input signals measured by the PS are trans-
mitted via wide-area communication network to the controller. The controller pro-
duces output control action signal and thyristor conduction angle (Ac), which
introduces additional damping to the interarea mode executing TCSC reactance in
phase with the speed deviations of the generators.
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EXERCISE

8.1. Explain the different steps of particle swarm optimization (PSO) and GA for
application in parameter optimization of a power system damping controllers.
What are the advantages of PSO over GA?

8.2. Explain the terms, H,, norm and H,, control. Discuss the mixed-sensitivity
H, control theory based on LMI approach. What is the significance of the
LMI region?

8.3. In a single-machine infinite bus system, the machine and exciter parameters
are given as follows:

R.=0, X.=05pu, V,£0°=1215°pu, and V., «£60°=1.05~20°pu.
H=32s, Tg4,=96s, Kn=400, To=0.2s, R;=0.0pu, X,=2.1pu,
X,=2.5pu, X';=0.39pu, D=0, and w,=2314 rad/s

(i) Design an LMI-based H,, TCSC controller for this system and
ensure that all the closed-loop poles of the system are lying in a feasible
LMI region. (ii) Repeat the problem (i) for the design of an LMI-based H,,
SVC controller.

8.4. Consider a WSCC-type 3-machine, 9-bus system. Find the optimal location
and parameters of the TCSC controller applying PSO- and GA-based
optimization method separately. Investigate the characteristics of the critical
swing mode of the system for both the optimization methods.

8.5. What is Hopf bifurcation? For the system given in problem 8.4, investigate
the point of Hopf bifurcation load. It is assumed that real power load (Py)
is increased in steps at load bus. 5.
(i) Show that installation of an SVC at load bus 8 can put off Hopf bifurcation.
(ii) Repeat the problem (i) when a TCSC is installed in line 5-7.

References

[1] D.P. Kothari, Application of neural networks to power systems, Proc. IEEE Int. Conf.
Ind. Technol. 1 (2000) 621-626.

[2] S. Kirkpatrick, C.D. Gellat, M.P. Vecchi, Optimization by simulated annealing, Science
220 (1983) 671-680.

[3] M.L. Kothari, T.J. Kumar, A new approach for designing fuzzy logic power system
stabilizer, IEEE International Power Engineering Conference (IPEC-2007), 2007,
pp. 419-424.

[4] D. Mondal, A. Chakrabarti, A. Sengupta, Optimal placement and parameter setting of
SVC and TCSC using PSO to mitigate small signal stability problem, Int. J. Electric
Power Energy Syst. 42 (1) (2012) 334-340. www.elsevier.com.

[5] D.E. Goldberg, Genetic Algorithms in Search Optimization and Machine Learning,
Addison-Wesley Publishing Company, Inc., New York, 1989.


http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0010
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0010
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0015
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0015
http://www.elsevier.com
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0025
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0025

286

CHAPTER 8 Optimal and Robust Control

[6] X.P. Wang, L.P. Cao, Genetic Algorithms—Theory, Application and Software Realiza-
tion, Xi’an Jiaotong University, Xi’an, China, 1998.

[7] J. Kennedy, R. Eberhart, Particle swarm optimization, IEEE Int. Conf. Neural Netw.
4 (1995) 1942-1948.

[8] D.J. Krusienski, W.K. Jenkins, Design and performance of adaptive systems based
on structured stochastic optimization strategies, IEEE Circuits and Systems Mag. (First
quarter), (2005) 8-20.

[9] G.I. Rashed, H.I. Shaheen, S.J. Cheng, Optimum location and parameter setting of TCSC
by both genetic algorithm and particle swarm optimization, IEEE 2nd International Con-
ference on Industrial Electronics and Applications (ICIEA-2007), 2007, pp. 1141-1147.

[10] B. Birge, Particle Swarm Optimization Toolbox, Available: www.mathworks.com.

[11] M.A. Pai, D.P. Sengupta, K.R. Padiyar, Small Signal Analysis of Power Systems, Narosa
Publishing House, India, 2004.

[12] K. Zhou, J.C. Doyle, Essentials of robust control, Prentice-Hall, New Jersey, 1998.

[13] S.Z. Sayed Hassen, Robust and gain-scheduled control using Linear Matrix Inequalities,
M. Eng. Science Thesis, Monash University, Australia, 23rd April 2001.

[14] S. Skogestad, I. Postlethwaite, Multivariable Feedback Control Analysis and Design,
John Wiley and Sons, New York, 1996.

[15] K. Zhou,J.C. Doyle, K. Glover, Robust and Optimal Control, Prentice Hall, New Jersey,
1995.

[16] P.Gahinet, P. Apkarian, A linear matrix inequality approach to H ., control, Int. J. Robust
Nonlinear Control 4 (4) (1994) 421-448.

[17] M. Chilali, P. Gahinet, H., design with pole placement constraints: An LMI approach,
IEEE Trans. Automatic Control 41 (3) (1996) 358-367.

[18] C. Scherer, P. Gahinet, M. Chilali, Multiobjective output-feedback control via LMI opti-
mization, IEEE Trans. on Automatic Control 42 (7) (1997) 896-911.

[19] Y. Nesterov, A. Nemirovski, Interior Point Polynomial Methods in Convex Program-
ming; Theory and Applications, SIAM, Philadelphia, PA, 1994.

[20] Matlab Users Guide, The Math Works Inc., USA, 1998. www.mathworks.com.

[21] D. Mondal, A. Sengupta, A. Chakrabarti, Intelligent control of inter-area oscillations in a
multimachine network employing LMI based wide area TCSC controller, Iran. J. Electr.
Comput. Eng. 11 (1) (2012) 35-42.

[22] D. Mondal, PSO based H;, TCSC controller with comparison to its LMI based design
in mitigating small signal stability problem, Int. J. Electr. Electron. Comput. Eng.
1-2 (2012) 28-34.

[23] B. Chaudhuri, R. Majumder, B.C. Pal, Wide-area measurement-based stabilizing control
of power system considering signal transmission delay, IEEE Trans. Power Syst. 19 (4)
(2004) 1971-1979.

[24] B. Chaudhuri, B.C. Pal, Robust damping of multiple swing modes employing global sta-
bilizing signals with a TCSC, IEEE Trans. Power Syst. 19 (1) (2004) 499-506.


http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0030
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0030
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0035
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0035
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0040
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0040
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0040
http://www.mathworks.com
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0045
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0045
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0050
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0055
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0055
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0060
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0060
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0065
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0065
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0065
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0070
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0070
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0070
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0075
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0075
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0080
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0080
http://www.mathworks.com
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9000
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9000
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9000
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9005
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9005
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9005
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf9005
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0085
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0085
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0085
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0090
http://refhub.elsevier.com/B978-0-12-817768-6.00008-1/rf0090

CHAPTER

Impact of Distributed Energy
Resources

INTRODUCTION

Distributed energy resources (DERs) are any electricity-producing resources that are
directly connected or connected to a host facility with the local distribution systems
and are not otherwise included in the formal bulk electric generation systems [ 1, 2].
Technological advancements, climate change policies, greenhouse effect, and grow-
ing consumer opportunities in deregulated power market are leading to a global
increase of generation and use of the electricity through DERs. DERs can include
photo voltaic (PV) solar panels, wind power, hydroelectric power, nuclear energy,
geothermal energy, tidal power, electricity storage, small natural-gas-fueled gener-
ators, biomass energy cell, electric vehicles and controllable loads, such as HVAC
systems, etc. All these power generation techniques can be described as renewable
since they are not depleting any resources to create the energy. Renewable sources of
energy are the ones which can be generated continuously in nature and are inexhaust-
ible. Renewable sources of energy are now an essential part of an overall strategy of
sustainable development. They not only reduce dependence of conventional energy
imports but also thereby ensure a sustainable supply and climate protection. These
resources are typically smaller in scale (typically in the range of 3 kW to 10,000 kW)
than the traditional generation facilities and may or may not be connected with the
existing energy management and storage systems.

The interconnections of distributed energy sources to the bulk power network
require an analysis of the following major features [3]:

e Analyzing the possibilities, variants, conditions for system integration in the
location involving a delimitation of the area and verifying the operating
conditions in steady state as well as in dynamic conditions.

e Analyzing the operating conditions of the network after connecting the new
renewable sources involving the study of network area where the new sources are
connected.

e Assuring the adequacy in case of high bandwidth variation of the generated
power, from zero to maximum power with respect to forecasted values on short
time intervals.

e The impact of congestions in the transmission system occurring during periods of
high power injected by the renewable energy sources.

Power System Small Signal Stability Analysis and Control. https://doi.org/10.1016/B978-0-12-817768-6.00009-3
Copyright © 2020 Elsevier Inc. All rights reserved.
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Among all the distributed energy sources, the photovoltaic (PV) system and the
wind energy generations are increasingly growing worldwide. Due to the potential
benefits of the PV systems, such as quietness, nonpolluting, safety, and low main-
tenance cost, it is becoming competitive with the conventional generating units.
In addition, wind energy is also popular because of easy capturing of the potential
energy of the wind above the sea and the tides within the sea where a major part
of the earth’s surface has been covered with oceans and seas. This chapter describes
first the fundamentals of some popular distributed energy sources and then describes
the method of investigation power system stability with integration of distributed
energy resources.

FUNDAMENTALS OF DISTRIBUTED ENERGY
RESOURCES (DERs)

There are various types of DER; a list of selected DER types and their respective
definitions and functions are provided as follows, which gives a comprehensive dis-
cussion and fundamentals for investigation forward with an improved understanding
of the role of DER in the power system network.

Solar photovoltaic (PV) system

The basic elements of a solar PV system are the solar cell. The typical PV standalone
system consists of PV panels of solar cells or modules, batteries, maximum power
point tracker (MPPT), inverters, and charge controllers. The solar cells generate a dc
current, which is converted into ac current to 60 Hz or 50 Hz by power electronics
inverter control. Solar energy is not available continuously, so an energy storage
medium, battery, is needed to store solar energy during day or sunny periods. Battery
is charged from the PV modules by the charge controller. The charge controller
ensures that the maximum output of the solar panels or array is directed to charge
the batteries without overcharging or damaging them. Power is supplied to the
ac load by the storage battery through inverter operation during night or cloudy
periods.

The basic construction of a PV solar panel has been shown in the Figure 9.1.
The PV cell consists of the P-N junction type layer of semiconductor material.
The semiconductor materials like arsenide, cadmium, indium, silicon, selenium,
and gallium are generally used for making the PV cells. However, silicon and
selenium are most commonly used commercially for making the solar cell.
The semiconductor material upon absorption of solar light starts emitting elec-
trons from the material and produces flow of current, thus converting the light
energy into electric energy. The electric current is coming out from the solar
panel through the metallic electrodes connected with the semiconductor materials
of the PV modules.
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Schematic of photo voltaic (PV) cell, PV module, and solar panel.

The power output of a solar panel or array can be computed as [4].
P,=mXPmo (W) 9.1)

where m = number of modules in an array or a panel. The power output (W) per
module is given by P,oq = n X P, where n = number of solar cells, in a module,

P_. = power per solar cell (W). Voltage developed across the panel, V, :%, where

I, = \/% is the current delivered by the panel.

The magnitude of the output voltage and the current obtained from a single-unit
PV cell is very less. The practical output voltage of a solar cell is around 0.5-0.6 V,
and that of the current is approximately 0.8 A. Thus, different combinations of cells in
series or in parallel are used for increasing the output efficiency of the system.

The performance of a PV power plant is often determined by a metric called the
capacity utilization factor (CUF) in the range 18%—-20% or higher under ideal and
prevailing technologies. The CUF is defined as the ratio of the actual output from
a solar plant over the year to the maximum possible output from it for a year under
ideal conditions. Efficiency of a solar PV power plant depends on the amount of solar
radiation available. Solar thermal systems can achieve efficiency up to 20%. Overall
efficiency of a PV power generation can be computed from the efficiency of the
equipment, that is, and efficiency of the solar collector, efficiency of the inverter,
and also on the battery efficiency.

The block diagram of a grid connected solar PV system is shown in Figure 9.2. It
is obvious that PV generators do not have any rotating mechanical parts and the
dynamics of such systems are dominated by power electronics inverter and converter
controllers. The solar PV system has been designed depending on the loads to be
connected or drawn from the system and the economical installation is estimated
accordingly. Here, the converter current control strategy effectively decouples the
PV system from the rest of the distribution network and the loads, from the viewpoint
of system dynamics [5].
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FIGURE 9.2
Block diagram of a grid-connected PV system.

There are many advantages of a PV system: some include high reliability, low
maintenance, low upkeep cost, systems are eco-friendly as there is no waste or
byproducts, and easy expansion by using multiple solar panels and batteries. The
disadvantages include high initial investment, especially for the photovoltaic panels
and deep cycle lead acid batteries, reliance on the sun, low efficiency, and the pos-
sible danger from battery acid and fumes associated with most forms of renewable
energy.

All the systems components have to be checked and cleaned on a regular basis to
ensure the system is functioning optimally. Like many other offgrid systems, PV sys-
tems require basic electrical and electronics knowledge in order to install and main-
tain in an effective manner and to troubleshoot the system.

Wind energy system

Wind energy is a renewable source of energy obtained by converting the kinetic
energy of wind by wind turbines into useful form of mechanical power or electricity.
Itis also a clean energy source that operates without producing carbon dioxide, sulfur
dioxide, particulates, or any other type of air pollution. As a result, the popularity of
wind energy is growing exponentially. This trend makes it possible to build larger
wind farm and generate more power.

Wind-energy-generating stations are generally installed on the ocean or on the
seashore depending on the feasibility to connect with the bulk power system network
and the availability of wind speed. At any given site, the wind speed can vary from
zero to high gusts, so wind speed is important because the amount of electricity that
wind turbines can generate is determined by the winds actual speed or velocity. Wind
turbines are installed in high tower to capture good wind speed and are often grouped
together into a single wind power plant, and generate bulk electrical power, which is
fed into a utility grid and distributed to customers.
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Wind power is measured in W determined by the size of the rotor blades, the wind
velocity, and the air density. The theoretical power in moving air is the flow rate of
kinetic energy per second by a wind turbine and is given by the equation [4]:

P:O.SxprxV3><C,, 9.2)

where P is the wind power, p (rho) is the air density in kg/m3, A is the circular area in
m? swept by the rotors, V is the air velocity in m/s or mph, and C), is the power coef-
ficient (efficiency), which is the percentage of power in the wind that is converted
into mechanical energy, typically 0.35-0.45, (35%—-45%). It is evident from
Equation (9.2) that the “available wind energy is proportional to the cube of the wind
speed” or wind velocity, and thus it is very important fact that a small change in wind
speed makes a big change in the power contained within it.

General block diagram of basic components of wind energy conversion systems
is presented in Figure 9.3.

The wind turbines with rotating blades convert the kinetic energy of wind into
useful power. Two basic categories of wind turbines exist: horizontal-axis wind tur-
bines (HAWT) and vertical-axis wind turbines (VAWT) depending on the orienta-
tion of the rotor axis of rotation with respect to the direction of wind [6]. These
turbines require pitch control and yaw controls for proper operation. The
horizontal-axis wind turbines are most commonly used and are mounted on towers
to capture more wind energy as shown in Figure 9.4A. The advantages of the HAWT
are that they have higher efficiency and lower cost-to-power ratio. The disadvantages
are that generator and gearbox should be mounted on a tower; thus, there are diffi-
culties in servicing and maintenance and more complex design is required due to the
need for yaw control.

The vertical-axis wind turbines consist of ground-mounted generator and gearbox
as shown in Figure 9.4B. The advantages of the VAWT are easy maintenance as they
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General components of a wind energy generation system.



-
292

CHAPTER 9 Impact of Distributed Energy Resources

Rotor Upper hub

/ blade

Generator Rotor blade
Rotor Nacelle
diameter Gear box [—] R(_)tor
height
e 0,) «—— Lower hub
<+— Tower
—?' =F Generator
=
/777777 77777777 T

FIGURE 9.4
(A) Horizontal-axis wind turbines (HAWT). (B) Vertical-axis wind turbines (VAWT).

are ground mounted and low cost of fabrication. They can receive wind from any
direction; thus, no yaw control is required. However, disadvantages of vertical-axis
wind turbines are that they are not self-starting and thus require generator to run in
motor mode at starting. They have lower efficiency because the blades lose energy as
they turn out of the wind.

The mechanical interface of the wind turbines consists of a step-up gear coupled
with electric generator to transmit rotary mechanical energy to the generator. Differ-
ent types of generators are used with wind turbines. The most common types of AC
generators are Squirrel-Cage rotor Induction Generator (SCIG), Wound-Rotor
Induction Generator (WRIG), and Doubly-Fed Induction Generator (DFIG). The
AC output of the generator is connected to the consumer load or utility grid as
per demand and requirement. For DC application, suitable controllable rectifier
and converters are incorporated with the system. The controller serves the purpose
of sensing and control of multiple variables, which are required to maintain and pro-
tection of the system. It measures the wind velocity, wind direction, and the shaft
speed and torques of the mechanical system. It also monitors the temperature and
vibration of the turbine-generators systems. Appropriate control action is taken by
the controller to synchronize the electric output of the generator to the wind energy
input to the turbine.

The advantage of wind power generation is that it is free of fuel cost, environment
friendly, and quite reliable. It is possible to supply electric power to the remote and
inaccessible areas through wind generation system. The power generation capacity
can be enhanced through wind firm, which can be competitive with the bulk power
generation systems.

The disadvantage is that wind energy is unsteady and may be irregular and
require battery storage during wind intermittency. Wind energy system requires high
capital investment cost per kWh and needs government support. Design, analysis,
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and troubleshooting of wind energy generation system require good technical expert.
The installation of wind firm highly depends on geographical locations: on ocean or
seashore. Large wind firm creates sound noise and poses threat to wildlife, like
birds, etc.

Hydropower

Hydroelectric power comes from water at stored potential energy or water in motion.
It can be seen as another form of solar energy, as the sun powers the hydrologic cycle,
which gives the earth its water. A hydraulic turbine converts the potential energy of
water into mechanical energy, which is utilized to run an electric generator to get
electricity. Hydropower is the most established, mature renewable resource for elec-
tricity generation. Depending on the capacities, these plants are classified as micro
(Iess than 100 kW), mini (100 kW—1 MW), small (1 MW-25 MW), and large scale
(above 25 MW) [5]. The major difference between small and large hydro plants is
that the former is designed for local or small organization and not connected to
the grid, whereas large hydro projects are connected to the regional grid and require
a tailormade design in each particular scheme. The simple layout of a hydropower
generation system and its basic control loop are depicted in Figure 9.5A and B. The
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(A) Simple layout of a hydropower generation system. (B) Block-diagram form of hydropower
control system.
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Surge tank or forebay is a temporary storage of water to be finally utilized for energy
generation. Penstock control and delivers the water flow to the turbine. A suitable
turbine is used to get mechanical power at the turbine-generator shaft from flowing
stream of water. The generator coupled with the turbine gives electrical output to the
power house, which in turn step-up/step-down to supply or connect with the utility
grid. The frequency and voltage output of the generator depends on the shaft speed.
The draft tube conduit reduces the velocity of the discharged water, which connects
the flow exit to the tailrace where the water is being finally discharged from the tur-
bine. The important aspects for selection of site for a hydroelectric plant are avail-
ability of water, water storage and water head, type of land of site and its
accessibility, distance from load center, etc.

The theoretical power available from the falling water is proportional to the prod-
uct of head and flow rate. The general formula for hydro power output can be com-
puted as [7]:

Py=nxpxgxOxH (9.3)

where P}, is the mechanical power produced at the turbine shaft (W), n is the overall
hydraulic efficiency of the turbine, p is the density of water (1000 kg/m?), g is the
acceleration due to gravity (9.81 m/s?), Q is the volume flow rate passing through the
turbine (m>/s), H is the effective pressure head of water across the turbine (m). The
hydraulic efficiencies of the turbines can be in the range 80%—-90%, depending on the
size and capacities of the plant.

There are many advantages of hydroelectric generations. It is nonpolluting—no
heat, smoke, or noxious gases are released. A hydropower plant is more reliable than
wind or solar power. The hydroelectric energy technology is a proven technology
that offers low maintenance cost. The operation cost of the plant is also low as there
are no fuel charges. In addition to power generation, these plants are also used for
flood control and irrigation purpose.

The disadvantages of the hydropower generations are that initial investment is
relatively high and takes considerable long time for the erection of such plants. Small
hydro plants are usually located in remote places or hilly regions and are difficult to
connect with the grid or load center and therefore transmission of surplus power to
the other places requires long transmission lines; subsequently, the cost of transmis-
sion lines and losses will be more. Large-scale hydropower plant requires construc-
tion of dams or reservoir. Dam creates migratory barrier of water species, which
affect the free movement of fish and their reproduction cycle.

Geothermal energy

Geothermal energy is the heat present in the Earth and is found a few miles beneath
the Earth’s surface from shallow ground to down even deeper to the extremely high
temperatures of molten rock called magma. Geothermal energy is clean, sustainable,
and renewable resources of energy because the Earth’s heat is available 24 h a day,
365 days a year and the heat emanating from the interior of the Earth is essentially
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limitless. Solar and wind energy sources, in contrast, are dependent upon a number of
factors, including daily and seasonal fluctuations and weather variations. For these
reasons, electricity from geothermal energy is more consistently reliable. The heat
continuously flowing from the Earth’s interior is estimated to be equivalent to 42
million megawatts of power [8]. One megawatt can meet the power needs of about
1000 homes. The world’s largest geothermal power installation is “The Geysers” in
California, with a rated capacity of 750 MW.

The geothermal energy sources were classified generally into three types: liquid-
dominant plant, thermal energy, enhanced geothermal. Liquid-dominant plants or

reservoirs have temperature of about 200°C; these sources are found close to the vol-

canoes or in rift areas. These plants do not require pumps. The steam is isolated

through the cyclone separators and the liquid stays in the reservoir for recycle again.

Thermal energy plants are the lower-temperature sources of generated energy with
temperature 30—150°C. This energy can be availed directly for the purpose of indus-

trial heating and domestic use without converting into electricity. In enhanced geo-

thermal systems, two deep wells are drilled on the earth surface. One well injects
water into the ground to provide water resource to the underneath. The hot rocks heat

the injected water to produce steam. The steam that shoots back up the other hole(s)
is purified and is used to drive turbines, which powers electric generators. The oper-

ational schematic of an enhanced geothermal energy plant has been presented in

Figure 9.6.

The energy obtained from geothermal source depends on the transportation of
heat from a geothermal reservoir to the surface via a hot fluid or brine as shown
in Figure 9.6. The net amount of energy produced by a single well can be described

by the following equation [9]:
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FIGURE 9.6

Operational schematic of an enhanced geothermal energy plant.
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Ew=C,xFxAT xn—P 9.4)

where C,, is the specific heat of the geothermal fluid; F is the flow rate of fluid from
the production well; AT is the sensible heat that can be extracted from the fluid pro-
duced by the production well. AT depends on the temperature of the reservoir
(TReservoir) and the rejection temperature (Tgejecrion) Of the energy conversion system.
Thus, AT = (Treservoir — Trejecrion); 1118 the efficiency with which the heat energy can
be used, and P is the parasitic losses due to pumping of the fluid from extraction well
and then injected back into the reservoir via injection wells. The minimum amount of
net energy produced by a well in a geothermal power system is generally around
4 MW. The specific heat will be more or less constant for all resource types. The
AT will be in the order of 50-150°C.

The future of geothermal energy is very massive and it depends upon the supply,
demand, and utility. Geothermal power has the advantage that it is not variable, like
most of the other renewable sources. This plant can be installed in a small area. Itis a
nonpolluting and environment-friendly source of energy and does not generate any
wastage of byproduct. The energy produced by the geothermal plant can be availed
directly. The cost of maintenance and also the operational costs are low for the geo-
thermal plants.

There are also some disadvantages of the geothermal energy. It is highly depen-
dent on the geographical areas and the locations of geothermal plants are generally
far away from the load center. The amount of power obtained by these plants is com-
paratively lower than the other sources. In geothermal plant, there was always a prob-
ability of releasing few dangerous and hazardous gasses from under well and also has
the chance of eruption of the volcano.

Energy from fuel cells

Fuel cells (FCs) are the static electrochemical device that converts the chemical
energy of a conventional fuel into electrical energy. The fuel cells normally generate
low voltage and direct current (DC) electricity. The basic physical structure of a fuel
cell consists of two porous electrodes: anode and cathode and an electrolyte layer in
the middle of the electrodes. The electrolyte layer is a good conductor for positive
and negative charged ions, but not for electrons. The electrolyte can either be solid,
liquid, polymer, or chemical. Depending upon the type of the electrolyte use, fuel
cells may be classified as solid oxide fuel cells (SOFC), liquid or molten carbonate
fuel cells (MCFC), polymer electrolytic membrane fuel cell (PEMFC), phosphoric
acid fuel cell (PAFC), and alkaline fuel cell (AFC). Among different types of fuel
cells, SOFC, PEMFC, and MCFC are most likely to be used for distributed gener-
ation applications [10]. The type and chemical properties of the electrolyte used
in fuel cells are very important to their operating characteristics. The most commonly
used fuel for fuel cells is hydrogen and the oxidant is usually oxygen or air. Never-
theless, theoretically, any substance capable of chemical oxidation that can be
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supplied continuously (as a fluid) can be used as fuel at the anode of a fuel cell. Sim-
ilarly, the oxidant can be any fluid that can be reduced at a sufficient rate. The polar-
ity of an ion and its transport direction can differ for different fuel cells. The site of
water production and removal from the cell depends on the direction of transporta-
tion of ions. The electrochemical reactions take place at the electrodes to convert
chemical energy into electricity. The anode (negative) is the electrode from which
electrons leave and cathode (positive) is the electrode to which the electrons come.
Electrodes should be conductive and not reactive with the electrolyte to prevent cor-
rosion. Electrodes also act as a catalyst to convert hydrogen and oxygen molecules
into their ions.

Compared with conventional power plants, this fuel-cell-based distributed gen-
eration systems have many advantages such as high efficiency, zero or low emission
(of pollutant gases), and flexible modular structure. In the following section, an over-
view is given on the operating principles of the liquid or molten carbonate fuel cells
(MCFC).

e Liquid or molten carbonate fuel cells (MCFCs)

These types of fuel cells are currently being popular for electrical utility, indus-
trial, and military applications. MCFCs are the high-temperature fuel cells and
operating temperature is around 650°C. The electrolyte of MCFCs is composed
of a molten carbonate salt mixture, which is suspended in a porous, chemically inert
ceramic lithium aluminum oxide matrix. As they operate at high temperatures, non-
precious metals can be used as catalysts at the anode and cathode. MCFCs offer
good efficiency and have significant reduced cost over phosphoric acid fuel cells.
Molten carbonate fuel cells, when coupled with a turbine, can achieve efficiencies
around 65%, which is considerably higher than the 37%—42% efficiencies of a
phosphoric acid fuel cell plant. The efficiency can be over 85% upon capture
and utilization of waste heat. The operation and chemical reactions of a typical
MCEFC are described in Figure 9.7. At the fuel electrode or anode, H, and CO mol-
ecule react separately with CO3;™ ™ ions exist in the cell electrolyte and release two
electrons in each case to the electrode. The anode and cathode reactions are
described as follows:

Anode reactions:

H, +CO; ™ =H,0+CO, +2¢~ 9.5)
CO+CO3 ~ =2C0O,+2¢ (9.6)

These released electrons create a load current through the external load and reach the
oxygen electrode or cathode. The CO, produced at the fuel electrode is circulated
through an external path to the cathode electrode. In the cathode, it combines with
O, of the supplied air and the returning electrons from the anode produces CO;™ .
These CO3; ™~ ions are responsible for transportation of charge from cathode to anode
within the electrolyte inside the cell.
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Schematic and operation of a molten carbonate fuel cells (MCFCs).
Cathode reactions:
0,4+2C0,+4e” =2C0O5 9.7
The overall reaction of the cell can be presented as follows:
H, + CO+ 0, =H,0+CO, 9.8)

The theoretical voltage produced for a fuel cell is around 1.0 V; however, true poten-
tial is around 0.6-0.7 V. The voltage actually drops as the current flows an extra
potential is required to proceed with the cathode reaction and also there is a loss
of energy due to the flow of charge carriers through the media.

e Fuel-cell-based power generation system

The schematic diagram of a fuel-cell-based electrical power generation system is
shown in Figure 9.8. The primary fossil fuels are purified and reformed in fuel pro-
cessing unit before input to the fuel cell module. In fuel cell module, fuel energy is
converted electrochemically to DC power using ambient air as oxidant. A number of
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FIGURE 9.8
Block diagram of a fuel-cell-based electric power generation system.

fuel cells can be stacked to form a fuel cell module and by interconnecting several
fuel cell modules form a fuel power generating unit.

The E.M.F. generated in a fuel cell that will create electron flow through the
external load is proportional to the Gibbs Free Energy Change, that is,

—AGy
E=—F7-—+ 9.9
oF 9.9)
and the maximum efficiency of the cell is
—nFE
Tnas =7 (9.10)

where E = electromotive force. AG;= change in Gibbs free energy (J/mol).
n = number of electrons per mole of fuel, and F = Faraday’s constant (=96,487 cou-
lombs/mol). AGdepends on the type and material of fuel cell. For hydrogen oxygen
fuel cells, the value of AG,= (—-237191)kJ/kg mole and the change in enthalpy
AH = (—285838)kJ/kg mole at 25°C.

The advantages of fuel-cell-based power plants are that it is eco-friendly and
noiseless as they do not have rotating parts. There are wide varieties of choice of
fuels for utilization in fuel cells. The efficiency of a fuel cell plants can be up to
55%—-60%, which is comparatively higher than the efficiency (30%-37%) of a
conventional power plant. Fuel cell can be installed in decentralized manner; thus,
transmission and distribution losses are avoided.

The primary disadvantage of current MCFC technology is durability. The high
temperatures at which these cells operate and the corrosive electrolyte used acceler-
ates component breakdown and corrosion, decreasing cell life. Scientists are
currently exploring corrosion-resistant materials for components as well as fuel cell
designs that double cell life from the current 40,000 h (~5 years) without decreasing
performance.
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Biomass energy

The energy obtained from biomass or organic matters is called biomass energy or
bioenergy. Biomass contains stored energy from the sun and it is a renewable source
of energy. Sources of biomass are living materials such as plants, animals, fungi, bac-
teria, etc. grown over land or in water. When biomass is burned, the chemical energy
in biomass is released as heat. Plants and animal matters are used for production of
fibers, chemicals, or heat. The net emission of carbon dioxide will be zero as long as
plants continue to be replenished for biomass energy purposes. Burning of plants or
animal matters causes air and water pollution and also burning of animal dung
destroys essential nitrogen and phosphorus. Therefore, it is more useful to convert
the biomass into biogas or liquid biofuels to generate electricity.

Biogas is a mixture of methane, carbon dioxide, hydrogen, and hydrogen sulfite.
Biogas is produced by anaerobic digestion of animal and plant wastes and other
renewable resources such as corn or other vegetation in the presence of water.
The major constituent here is being methane, which is captured in pipes and later
burned to produce electricity. Advantage of biogas production is that it is a nonpol-
luting, clean, and low-cost fuel, which can be very useful for rural areas for cooking,
lighting, etc. Utilization cycle of major biomass energy sources for production of
heat, steam, fuel, and electricity is presented in Figure 9.9. The selection of
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processing technologies depends on the nature and structure of the biomass feedstock
and the desired project outputs.

Most electricity-generating stations and conventional power stations use fos-
sil fuels in the form of coal as their primary fuel source. Biomass power uses the
heat or steam produced by burning the feedstock to generate electricity. By pre-
mixing the coal with solid biomass feedstock, a new type of fuel can be pro-
duced for burning in existing coal-fired boilers. The mixed fuel can be
processed through the same coal handling and coal-firing systems as before.
The advantage of cofiring of solid biomass reduces the generating plants’ reli-
ance on fossil fuels only, reducing its waste ash content and harmful sulfur and
CO, emissions.

The amount of biomass materials collected as a primary product and its residues
over a certain region can be estimated using the formula given by the (9.11) [6] that
returns the available tones of biomass per year as animal waste.

Biomass; = Area.orcattle dedicated; - (yield,) - (rtp;) - (1 — loss;) ©.11)
(1 — currentuse;) - (1 — ecol;) - (econ;) ’
Area or cattle dedicated (ha/n° cattle): is the area or n° cattle involved i in the
studied region.

yield; (t/ha): is the yield of crop or manure by cattle i in the studied region.
rtp;: is the residue-to-product ratio for crop/or manure by cattle i.

loss; (%): losses of residues due to technical issues i.

current_use; (%): current use of residues 1.

ecol; (%): fraction of residues that should not be removed due to ecological issues i.
econ; (%): fraction of residues that is economically convenient to use for energy
conversion i.

Brazil has one of the largest renewable energy programs in the world, involv-
ing production of ethanol fuel from sugar cane, and ethanol now provides 18%
of the country’s automotive fuel. Ethanol fuel is also widely available in the
USA. Vegetable oil is generated from sunlight, H,O and CO, by plants. It is
safer to use and store than gasoline or diesel as it has a higher flash point.
Straight vegetable oil or biodiesel works in diesel engines, which burn like nor-
mal diesel.

Advantages of use of biomass energy are that it is always and widely available
and can be produced as a renewable resource. Biomass fuel from agriculture wastes
can be used as a secondary product that adds value to agricultural crop. The use of
waste materials reduces landfill disposal and makes more space for everything else.
Carbon dioxide, which is released when biomass fuel is burned, is taken in by the
plants. Biomass is cheaper compared to the fossil fuels.

The following are the limitations found for utilization of the biomass energy.
Agricultural wastes will not be available if the basic crop is no longer grown. Land
used for biomass energy may be in demand for other purposes, such as farming, hous-
ing, or agricultural use. Some biomass conversion projects are from animal wastes
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and are relatively small and limited. Costs of production of biomass energy are
expensive and the conversion efficiency is low. In some cases, biomass plant is a
major cause of environment pollution.

POWER SYSTEM STABILITY ANALYSIS WITH
DISTRIBUTION ENERGY RESOURCES (DERs)

The environmental concern and the deregulated electricity market in the power sec-
tor have encouraged utility sectors to use renewable energy resources in the form of
distributed generation.

However, integration of distribution sources with the bulk power generation sys-
tems causes different types of stability concern, which were not faced in the past
decades. The penetration of photovoltaic generator and wind energy system in a
power system is increasing day by day and, therefore, it is necessarily important
to study the influence of these systems on overall power system stability and security.
In this regard, the problem of small signal stability is one of the main issues. In [11]
small signal stability, performance of a renewable-energy-based distribution system
has been examined where the study system consists of static and dynamic loads,
which are supplied by synchronous and induction generators. The existence and
nature of oscillatory modes are investigated to study the small signal stability per-
formance of the system. The effects of penetration of renewable energy resources
in the distribution system are also illustrated by both eigenvalue and time-domain
analyses.

Typical grid-connected system with DERs

The configuration of a distribution system has been presented in Figure 9.10 [11].
The system consists of three radial feeders, which are connected by tie lines. The
total real and reactive power load of the system is 28.7 MW and 17.3 MVAR.
The distribution system is supplied by distributed generators located at different
buses. Assuming that distributed generators are located based on the location of
renewable resources, selection of location has been considered as here random.
The synchronous generator SG2 is connected at Bus 2 operating in voltage control
mode supply 4 MW and it has reactive power limit of 3 MVAR. Another synchro-
nous generator SG1 is connected at Bus 3, supplying 5 MW at unity power factor,
which is assumed to be operated in power factor control mode. Capacitor banks
are located at different buses to maintain voltage stability of the distribution system.
The distribution system is fed by the utility grid substation at Bus 1. The grid sub-
station is supposed to supply power at constant power factor and does not propagate
any low-frequency oscillations into the system. Two renewable energy sources wind
generator (WG) and the PV generator systems are connected with the feeder. The
wind generator (WG) of capacity 2 MW is connected at Bus 6 and a 1-MW solar
PV generator system is connected at Bus 7. The wind generator is compensated
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Single-line diagram of a typical distribution system with renewable energy resources.

by a shunt capacitor supplying reactive power equal to one-third of the active power
generated. As most of the distribution generation (DG) units are pledged for the real
power generations, adequate reactive power network support is to be ensured by the
network service provider in order to maintain network stability.

System modeling for assessment of small signal stabhility

For stability analysis of any power system, following essential components are gen-
erally taken into considerations for modeling: generators, generator controllers,
power transmission networks, and loads. An overview of the modeling approaches
of these components is presented as follows:

e Modeling of synchronous generators

A renewable-energy-based electricity distribution system may comprise different
types of generators, that is, synchronous generators, induction generators, and
inverter-based or static generators. Most of the distribution generation units used
are conventional-type synchronous generators. The reduced order model of a con-
ventional synchronous generator neglecting stator transients, described in
Chapter 2, (Art. 2.8) is represented as follows:

Va=—Rly+X,1,+E} 9.12)

Vo=—Rly—Xlq+E, (9.13)



304

CHAPTER 9 Impact of Distributed Energy Resources

/

dE
Toy—t = —Ea— (Xa = X{)a+ Epa 9.14)
dE!
T, L= —E+ (Xq —X;>Iq 9.15)
ds
=00 9.16)
2Hd
=0 _p,—Pei—T) 9.17)
w, dt

The mechanical power of the generator can be assumed constant as the generators
installed in distribution systems do not participate in frequency mandate. Tradi-
tionally, synchronous generators connected in a distribution system operate as a
constant active power source. However, they can operate at voltage control mode
providing necessary reactive power support to the system. Equations (9.12)—
(9.17) are linearized about an operating point to get the small signal model of
the power system.

e Induction generators

Historically, the induction generators (IGs) are extensively employed in commer-
cial wind power generation units. The rotor angle oscillations of induction generators
have become an important issue with increased penetration in distribution generation
systems. However, the impact of induction generators on power system stability is
different based on their design, i.e., the contributions of the squirrel cage induction
generator (SCIG) and the doubly-fed induction generators (DFIG) on transient sta-
bility are different. The induction generator based on SCIG is very popular because
of its low price, simplicity in design, and resistance against disturbance and
vibration.

A transformer-like per-phase steady state and the transient equivalent circuit dia-
gram of an SCIG are demonstrated in Figure 9.11A and B respectively.

Different variables in Figure 9.11A and B are described follows: V,: voltage
input at steady state, I total current, R,: stator resistance, X,: stator reactance,
R,: rotor resistance X,: rotor reactance, X,,: magnetizing reactance, s : (w; — ®,)/
wy 1s the slip.

For stability analysis, SCIG can be modeled by the third-order induction
machines model. Neglecting stator flux dynamics, the dynamic model of an induc-
tion machine can be expressed by the following equations [12]:

de!, R, , X2 ) ,
ar X +x, \“T\x x )le) T

(9.18)
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(a) Equivalent circuit of an induction generator at steady state operation

R; JX
*—r—VVV sl
[ =gt jlgs

v:va—jvq C) e'= e'd+je;

(b) Equivalent circuit of an induction generator duning transient state
FIGURE 9.11

(A) Equivalent circuit of an induction generator at steady-state operation. (B) Equivalent
circuit of an induction generator during transient state.

de’ w.R, X2
—d=— — j = ids | — S, ! 1
o X X, <eq+ (Xm+Xr) ld‘) YORS 9.19)
d (o,
H—|— | =T, —T.n 9.20
2(2) e 920

where m, is the stator angular electrical frequency, w,, is the base frequency, and , is
the rotor angular frequency. All are in rad/s. H is the acceleration constant of induc-
tion generator. T,,, is the developed electromagnetic torque. T,, is mechanical torque
obtained from wind or from any external force. Similar to the synchronous genera-
tors, the mechanical torque is assumed to be constant during stability study.

In Equations (9.18)—(9.20) ¢/, and e; are the d-axis and g-axis back e.m.f., respec-
tively, induced in the induction generator.

—We Xm

! = . 21
€q p Xm —|—X, wa (9 )
/ ®We X
=— 9.22
eq wam +X, lpdr ( )

Here, Y, and ,, represent the rotor fluxes. The stator and the rotor fluxes of the gen-
erator are related to the stator and the rotor currents by the following relationships:

lrbds = (XY +Xm)ids +vaidr (923)
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qu = (XS Jer)in JFXmiqr (9.24)
lpd/‘ = (XI +Xm)ldl +Xmids (925)
lpqr =X +X)igr +Xmigs (9.26)

For small signal stability analysis, Equations (9.12)—(9.17) and (9.18)—(9.20) are lin-
earized around an operating point to bring the system in standard-state variable form.

e Modeling of solar PV generation system

Photovoltaic electric generation system consists of semiconductor-based solar
cell, solid-state synchronous voltage source converter (VSC), and the power condi-
tioning unit comprises several switching elements under various control schemes. In
a photovoltaic (PV) generator system, the voltage source converter converts the DC
input voltage from PV system into a balanced set of AC sinusoidal output voltage at
fundamental frequency and supply active and reactive power to the grid connected
system.

The schematic of a typical grid connected photovoltaic generator system is shown
in Figure 9.12.

Photovoltaic modules are produced by connecting PV cells in parallel and series,
which is capable of generating power in Watt range. Large-capacity generations
require parallel and series connection of these modules, which is known as photovol-
taic array. The equivalent circuit of a PV module is demonstrated in Figure 9.13. The
cell current /,,, is dependent on the amount of light energy (irradiance) falling on the
PV cell and the cell’s temperature.

The characteristic equation of a photovoltaic array can be formed from the
solar cell equation. The equation of a commercially available solar cell can be
expressed as [13].

3-Phase balanced
g ACpower t

TN -
T- | =

DC link Converter Utility grid
Photovoltaic array Voltage source bus bus
modelled as a DC converter (VSC)
voltage source
FIGURE 9.12

Schematic diagram of grid-connected PV generation system.
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FIGURE 9.13
Photovoltaic module equivalent circuit diagram.

(9.27)

(Ve+eRs)Q \% I~R
Ie=1p—1, [e—— 1} _Yet ok

nKT
R sh

where I, is the cell short circuit current. [, represents the reverse saturation current
of the diode in (A). V¢ is the cell voltage in volt. K is the Boltzmann constant and T is
the sell temperature. n denotes the linearity factor (for ideal diode n = 1) of the diode.
Ry, and Ry, are the shunt and series resistance of the cell, respectively. The series
resistance (R,,), shunt resistance (Ry;,) and reverse saturation current (/,) are depen-
dent on the area of the PV cell. Typically Ry, is very high compared to the open cir-
cuit voltage and thus last term can be neglected. Neglecting the term and rearranging
Equation (9.27) gives:

(VetcRse)Q
— 1] (9.28)

IC:I[,V*I(, |:€ nKT

The equation of a photovoltaic array can then be expressed using (9.27) and (9.28) as

(Vat+laRs)0Q
14 :Iva—NP x1, |:€ nNsKT 1:|

(9.29)
where I, = Npl is the array current (A). The cell short circuit current, 1,4 = Npl,,.
V4 is the array voltage in V. Here, Ny and Np represent the number of modules con-
nected in series and parallel in the photovoltaic array, respectively.

e Modeling of voltage source converter (VSC) system

DC power generated from the PV array is considered to be the real power
injected into the grid connected network through VSC. The characterization
and modeling of a VSC-based converter considering all switching functions
and nonlinear variables is excessively complex. However, in order to assess sta-
bility, converter can be modeled with reduced-order dynamics. The state-space
representation of a reduced order DC/AC converter can be written by the follow-
ing equations [14]
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L . . .

gld = —Rgcig +Laclq + Re(vv) - %Vdc (9.30)

Lgc . . .

o = —Ryeiy — Lacig + Im(Vy) — %vdc 9.31)
w

Py+jQ, = —Apy (Re(Vy)ig+ Im(Vy)iy) — jipy (Im(V)ig — Re(Vy)ig)  (9.32)
where

L,. and R, are the inductance and resistance of the DC/AC converter.

iq and i, are the d-axis and g-axis of the current flowing from the AC side to the
DC side.

V is the converter side bus voltage.

vy and iy. are DC link voltage and current.

P, and Qg are real and reactive power injecting from solar bus.

Apy = Ng X Np is the number of PV modules generators.

mg and m, are the d-axis and g-axis duty cycle ratio.

@ base angular speed rad/s for a 50-Hz or 60-Hz power system.

The real and reactive power generated and absorbed by the voltage source con-
verter can be monitored by controlling the firing angle o and the duty cycle ratio m
through PWM control method. The block diagrams for real and reactive power con-
troller of voltage source converters are depicted in Figure 9.14A and B.

The active and reactive power transfer equation from PV inverter to the electric
grid can be defined by the following equations:

+ K
AP»' P
ref I+STP —> A
AP
+ K,
AO,.r > A
Ores 1+sTm "
AQ

FIGURE 9.14
(A) Real power controller block diagram. (B) Reactive power controller block diagram.
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Py =2t sin (8, — 6 9.33)
st
0 —stfcos(é —5)—‘/—52 9.34)
st — X‘Y[ ) t th .

Here, V; and d, are the voltage magnitudes and the phase angle of the PV converter bus
terminal (s), whereas V, and J, are the voltage and phase angle of the grid connected
bus (7). X, is the reactance, which includes filter and transformer leakage reactance.

e Modeling of load

The selection of type of load obviously has substantial effect on system stability.
The constant power load can be selected for steady-state stability analysis. However,
in dynamic condition, choice of load depends on the applications and requirements.
The induction motor dynamics are popularly employed for simulation of dynamic
load. In dynamic stability analysis, it is recommended that active power loads should
be modeled by constant current type and reactive power loads should be modeled by
constant impedance type [15]. The composite loads comprising static and dynamic
parts can also be modeled where static loads are represented by ZIP (constant imped-
ance, constant current, constant power) coefficients model and dynamic loads are
represented by induction motor.

The polynomial expressions for active and reactive powers of the ZIP coefficients

model are:
Vi Vi
P,=P, [Zp <7+IPV+P,,)} (9.35)
Vi Vi
0,=0, [Z,, <V.+I”V.+Qqﬂ (9.36)

where P, and Q, are the active and reactive powers at operating voltage (V;). P, and
Q, are the active and reactive powers at rated voltage (V,). Z,, I,, and P, are ZIP
coefficients for the active power components in the system. Z,, I, and Q, are the
ZIP coefficients for the reactive power components in the system.

Study the impact of DERs in small signal stability

The stability analysis of a DER-integrated power system model is a challenging task
to the researcher. Here, the main objective is to determine how the penetration of
DERs and their controllers create impact on the stability and dynamic performance
of the grid. It is well defined that the small signal stability performance of a grid or a
power network is investigated by its linearized model around a desired equilibrium
point. The procedure to obtain the linearized model of the differential and the
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algebraic (DAEs) equations governing the power network is described in***
Chapter 4 in this literature. The nature of electromechanical oscillatory modes
and the dominant eigenvalues of this linearized model at equilibrium give the infor-
mation about the stability characteristics of the system.

In the previous sections, the modeling of each individual components of the grid
(Figure 9.10) comprising DERs are shown by the differential and the algebraic equa-
tions. A unified form for the dynamic model of the entire system (comprising com-
ponents like generator, load, wind generator, PV system, etc.) can be described by the
following set of equations:

S =f (s Yo ) 9.37)
0=g(xx, yx) (9.38)

where x; and y; are the vector-containing state variables and the algebraic variables
of the k-th component of the system. i, is the control input of the k-th component.

The differential Equation (9.37) and the algebraic Equation (9.38) upon lineari-
zation around an operating points results in

. Of af of
Axy —A .
= Axﬁ—ak +3k Uy (9.39)
_ 0g dg
= o —Axp +— e Ay (9.40)

Rearranging these equations gives

AX] _ [fo fu | [AX] | [fu
{0}_[&k£J[AY]+[o]AU (9.41)

dg s
where fi, = ka = Oyk, 8% =g 8w = ﬁ and f,, = L{ The elements of
Equation (9.41) are computed around the desired operating points. If the matrix

8y, 1s nonsingular, (9.41) can be represented by the following equation:

AX = Ay AX + By, AU (9.42)
where Ay = [fy, — /5,85, ! gx, represents the system matrix of the entire system with
DER units and By, = f 6k represents the matrix related to all control inputs. It may
be noted that at steady-state condition variation u; can be assumed to be zero without
loss of generality. The eigenvalue and mode frequency analysis of the system matrix
Ajys gives the small signal stability characteristics of the system.

The system shown in Figure 9.10 comprise 02 synchronous generators (SGs) of
each 6th-order model and 01 induction generator (IG) of 3rd-order model and 01 PV
source, which is considered to be static as there is no electromechanical phenome-

non. Thus, the whole system is of order 15 and has the system matrix of dimension
[Asyslisx1s. There are 15 eigenvalues of the system with DER units. The real parts of
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the eigenvalues contributed damping and the imaginary parts are responsible for
oscillations. If all the eigenvalues are situated in the left half of the s-plane or closed
to the jw axis of the s-plane, then the system is said to be stable or asymptotically
stable and if any one of the eigenvalue is on the right half of the s-plane, then the
system is said to be unstable. Eigenvalue analysis also predicts the impact of pene-
tration of renewable energy resources into the existing grid. The limiting criterion for
acceptable penetration of renewable energy before the loss of system stability can be
estimated either by damping ratio analysis of the electromechanical swing modes of
the system or the analysis of Hopf-bification condition.

In [16], a special class of eigenvalue sensitivity parameter has been reported to
investigate the impact of penetration of distributed generation, where the sensitivity
of real part of eigenvalue with respect to total active power generated by the DERs is
chosen to be sensitivity parameter. This literature also demonstrated the time domain
analysis of rotor oscillations of the synchronous generators subject to different PV and
wind generation penetrations in the system (Figure 9.10). It has been reported here
that with the increase of the wind and solar penetration into the system damping of
the oscillations is improved. However, damping is found more pronounced with solar
penetration compared to the wind penetration. This is because of the fact that the out-
put of the PV generation system is constant, whereas the reactive power output of the
wind generator varies depending on the bus voltage and the active power generation.

To counteract the destabilizing effects that may be caused by the deep penetration
of DERs in a power grid local controller like PSS and FACTS, a controller must be
installed with each of the DG units. It is to be noted that not only the level of pen-
etration of DERSs into the grid but also their relative locations and installations in the
grid may have significant influence on power system stability. More research works
and investigations are needed to understand the characteristics and modeling of the
power system with DERSs that resolve that stability problems of the power grid with
penetration of DERs.

EXERCISE

9.1. What is meant by the distribution energy resource (DER)? What are the
fundamental types of various distribution energy generations? What are the
primary differences between central station generation and distributed
generation?

9.2. Discuss the benefits, challenges, and opportunities of solar PV, wind energy,
and hydropower generation systems. Explain why these energy sources are
called renewable energy resources.

9.3. Illustrate with a schematic block diagram the principle of operation of a grid-
connected solar PV generation system. In a solar PV generation system, Ng
numbers of PV modules are connected in series and Np numbers of PV
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FIGURE 9.15

Four-machine two-area grid architecture with DERs.

9.4.

9.5.

9.6.

modules are connected in parallel. If Ry, and R; are the shunt and the series
resistance of the cell, find out the expression of photovoltaic array current.

(i) Classify different types of available fuel cells. Describe briefly the
operation of operation of molten carbonate fuel cells (MCFCs).

(ii) Calculate the e.m.f. generated and the efficiency for a hydrogen-oxygen
fuel cell operating at 25°C at atmospheric pressure. Given for n = 2,
AGy=(—=237191)k]J/kg mole and the change in enthalpy AH =
(—285838)kJ/kg mole at 25°C, F = 96,487 coulombs/mol.

Explain the method of investigation of small signal stability performance of a
power network comprising different distribution generation (DG) units.

The grid-connected architecture for a four-machine two-area power system
with distributed energy resources (DERs) is given in Figure 9.15. Derive
the differential equations and the algebraic equations governing the system
components and hence obtain the linearized model of the system for
investigation of small signal stability.
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Nomenclature

Ew
SJe(Ep)
Gex(s)
AGy
Hs

K, - K,
KSVC
Krcsc
Kg

Kr
Kpss
LﬂC

q
N loc

N ind

Np
Pacc

Rac

SVC-equivalent susceptance at fundamental frequency (pu)
damping constant (pu)

d-axis component of voltage behind transient reactance (pu)
g-axis component of voltage behind transient reactance (pu)
exciter output (pu)

geothermal energy (W)

exciter saturation function (pu)

exciter transfer function

change in Gibbs free energy (J/mol)

machine inertia constant (s)

set of transfer functions with bounded co norm
change in enthalpy (kJ/kg mol)

photovoltaic array current (A)

d-axis component of current (pu)

g-axis component of current (pu)

solar cell short-circuit current (A)

reverse saturation current of the diode in (A)
dc link current (A)

automatic voltage regulator gain

K-constants of Heffron-Phillips linearized model generator
SVC controller gain

TCSC controller gain

exciter constant (self-excited) (pu)

rate feedback stabilizer gain

power system stabilizer gain

inductance of the DC/AC converter (H)

d-axis duty cycle ratio of VSC

g-axis duty cycle ratio of VSC

FACTS (SVC, TCSC) location number

GA population size

number of PV modules connected in series
number of PV modules connected in parallel
electrical accelerating power

real power generation (pu)

real power load (pu)

power flow between nodes s and ¢ (pu)

power output of solar panel (W)

power output per solar cell (W)

hydropower output (W)

real power injecting from solar bus (W)
reactive power generation (pu)

reactive power load (pu)

reactive power injecting from solar bus (W)
resistance of the DC/AC converter (Q)
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R, external equivalent resistance (SMIB system) (pu)
R, stator resistance (pu)

R, rotor resistance (pu)

Ry rate feedback signal (pu)

R, shunt resistance of the PV cell (QQ)

R, series resistance of the PV cell (Q)

s slip of the Induction generator

Ty regulator time constant (s)

Tp damping torque (pu)

Tr exciter time constant (s)

Tr feedback stabilizer time constant (s)

T, lead-time constant of the PSS (s)

T, lag-time constant of the PSS (s)

T 4 d-axis open circuit time constant (s)

T o g-axis open circuit time constant (s)

Tpss torque introduced by PSS (pu)

Tye SVC internal delay (ms)

Trcsc TCSC internal delay (ms)

Ty mechanical starting time constant (s)

T, developed electromagnetic torque (pu)

T, washout time constant (s)

Vet ref. input voltage of regulator (pu)

Ve output of the regulator (pu)

Vg PSS output (pu)

Ve STATCOM bus voltage (pu)

\ % machine terminal voltage (pu)

| solar array voltage (V)

Ve solar cell voltage (V)

V.. infinite bus voltage

Vo output of auxiliary controller in SVC (pu)

Ve dc link voltage (V)

Xq d-axis component of synchronous reactance (pu)
X, g-axis component of synchronous reactance (pu)
X'y d-axis component of transient reactance (pu)

X, g-axis component of transient reactance (pu)

Xove SVC equivalent reactance at fundamental frequency (pu)
X, external equivalent reactance (SMIB system) (pu)
Xc capacitive reactance (pu)

X, inductive reactance (pu)

X magnetizing reactance (pu)

Xtcsc TCSC reactance at fundamental frequency (pu)
X transmission line reactance between nodes s and ¢ (pu)
X, rotor reactance (pu)

X, stator reactance (pu)

Y; transmission line admittance between nodes i and & (pu)
Yar d-axis component of rotor fluxes (pu)

Uy g-axis component of rotor fluxes (pu)



S OB

APV

bus voltage angle (degrees)

deviation operator

torque angle (degrees)

STATCOM bus angle (degrees)

rotor speed (rad/s)

stator angular electrical frequency (rad/s) of IG
base frequency (rad/s)

rotor angular frequency (rad/s)

synchronous speed (rad/s)

firing angle of thyristor (degrees)

firing angle of thyristor at resonance point (degrees)
conduction angle of thyristor (degrees)

number of PV module generators

Nomenclature

.
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Fundamental Concepts

GENERALIZED CONCEPT OF STABILITY-BRIEF REVIEW

The stability of a linear system is entirely independent of the input, and the state of a
stable system with zero input will always return to the origin of the state space, inde-
pendent of the finite initial state. In contrast, the stability of a nonlinear system
depends on the type and magnitude of input, and the initial state. These factors have
to be taken into account in defining the stability of a nonlinear system. In control
system theory, the stability of a non linear system is classified into the following cat-
egories, depending on the region of state space in which the state vector ranges;
Local Stability, Finite Stability and Global Stability.

Local Stabhility

Consider a nonlinear autonomous system described by the following state equations;

x=f(x,u) (A.D)

y=g(x, u) (A.2)
where x is the state vector (nx 1); u is the vector (rx 1) of inputs to the system and y is
the vector (mx 1) of outputs. This nonlinear system is said to be locally stable about
an equilibrium point if, when subjected to small perturbation (Ax, Au), it remains
within a small region surrounding the equilibrium point.

If, as ¢ increases, the system returns to the original state, it is said to be asymp-
totically stable in-the-small or stability under small disturbances i.e., local stability
conditions can be studied by linearizing the nonlinear system equations about the
desired equilibrium point.

Finite Stability

If the state of a system after perturbation remains within a finite region R, it is said to
be stable within R. If, further the state of the system after perturbation returns to the
original equilibrium point from any initial point x(¢y) within R, it is said to be asymp-
totically stable within the finite region R Figure A.1.
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(a) (b)
FIGURE A.1
Stability in nonlinear system. (a) Local stability or Finite stability. (b) Asymptotic stability

Global Stability

The system is said to be globally stable or asymptotically stable in-the-large if R
includes the entire finite space and the state of the system after perturbation from
every initial point regardless of how near or far it is from the equilibrium point within
the finite space returns to the original equilibrium point as r— oo.

ASPECT OF LINEARIZATION
Linearization of a Nonlinear Function

Consider a nonlinear function y = f{(x) as shown in Figure A.2. Assume that it is nec-
essary to operate in the vicinity of point a on the curve (the operating point) whose
co-ordinates are x,, y,,.

For the small perturbations Ax and Ay about the operating point a let

Ax=x (A.3)

y =5

Approximate linear
Ax relationship

A

b

FIGURE A.2
Linearization of a nonlinear function
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Ay=y (A4)

d
If the slope at the operating point is d_y , then the approximate linear relationship
X

becomes a
d
Ay= dy Ax (A5)
ie.,
dy
A.6
y= i, (A.6)

Linearization of a Dynamic System

The behaviour of a dynamic system, such as power system, may be described in the
following form

x=f(x,u) (A7)

y=2g(x,u) (A.8)
where x is the state vector (nx 1); u is the vector (rx 1) of inputs to the system and y is
the vector (mx 1) of outputs. Here the procedure for linearization of equation (A.7)
and (A.8) has been described. Let x, be the initial state vector and u, the input vector
corresponding to the equilibrium point about which the small signal performance is
to be investigated. Since x, and u satisfy equation (A.7), we have

fCo :f()((), Lt()) =0 (A9)
Let us perturbed the system from the above state, by letting
XxX=xo+Ax u=uy+ Au
The state must satisfy equation (A.7). Hence,
X=X+ Ax =f[(xo + Ax),(uo + Au)] (A.10)

As the perturbations are assumed to be small, the nonlinear functions f(x, u) can be
expressed in terms of Taylor’s series expansion. With terms involving second and
higher order of Ax and Au neglected, we may write

X; = X0+ Ax; _f'[(X() + AX),(M() + AM)]

_r ofi i i N
_ﬁ(xo’ MO) a A 1+ +aan n+a A 1+ +au’
Since x;p =f;(x0, 4p), we obtain
9 8i i 0
A i = f f Xn + f u + + f A

T Ox 8)(,, ouy ou,

.
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withi =1, 2, 3, ..., n. In a like manner, from equation (A.8), we have
0gj 0gj 0gj 0gj
Ay = 2L A L Ax, LA ! Au,
Vi ox1 1+ +8xn . +8M1 it +8u,. "
with i = 1, 2, 3, ..., m. Therefore, the linearized forms of equations (A.7) and
(A.8) are
Ax=AAx+BAu (A.11)
Ay=CAx+DAu (A.12)
Where
oh | oh on . o
n ox1 Ox, 3] ouy ou,
Ann: Bn L= e
Oxy 0x,, Ouy Ou,
o1 0% 981 Osi
ox) ox,, Ouy ou,
[C]mxn: [D}mw: .o
Ogm . O8m Ogm . O8m
ox; oxy, Ouy Ou,

In equations (A.11) and (A.12), A is the state or plant matrix, B is the control or input
matrix, C is the output matrix and D is the feed-forward matrix. These partial deriv-
atives are evaluated at the equilibrium point about which the small perturbation is
being analyzed.

SYSTEM MATRIX AND ITS EIGEN PROPERTIES
Eigenvalues and Eigenvectors

The single machine or multimachine linearized dynamic model of a power system
can be written in simple form as

AX(t) =AAX(r) + EAU(z)
where AX: state vector (rx1), r = total number of states.
A: system matrix (rxr).
E: input matrix.
AU: input vector.
The eigenvalues of the matrix A are given by the values of the scalar parameter 1
for which there exist non-trivial solutions (i.e. other than ¢ =0) to the equation

(A.13)

Ap=Arp (A.14)
To find the eigenvalues, equation (A.14) may be written in the form
(A—A¢p=0 (A.15)
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For a non-trivial solution
det(A—A)¢p=0 (A.16)
Expansion of this determinant gives the ‘characteristics equation’. The r solutions
of (A.16) A=A4y,4,,...,4, are the eigenvalues of A.
For any eigenvalue 1, the r-column vector ¢, which satisfies equation (A.14)
is called the right-eigenvector of A associated with the eigenvalue /,,.
Thus, we get

Ap,=App, p=1,2,....r (A.17)

The right-eigenvector has the form

T
b= [¢lp 2P ¢rp]
Similarly, the r-row vector y,, which satisfies the equation
A=y, p=1,2,....r (A.18)
is called the left-eigenvector associated with the eigenvalue 4,.
The left-eigenvector has the form
l//p = [l//lp Yop -+ - l//rp}

The left and right-eigenvectors corresponding to different eigenvalues are orthogo-
nal, i.e.,

w9, =0 (A.19)
where A, # 4, and
Wy =ap (A.20)

where A, =4, and a,, is a non zero constant. It is normal practice to normalized these
vectors so that

v, =1 (A21)

Effect of Right and Left Eigenvectors on System States
Referring to the sate equation (A.13) for the autonomous system (with zero input) the
system equation is given by

AX (1) =AAX(7) (A.22)
In order to avoid cross-coupling between the state variables, consider a new state
vector Z related to the original state vector X by the similarity transformation
AX=0Z (A.23)
Where @ is the modal matrix of A and is defined by ®=[¢, ¢, - - - ¢,] and
~1 T T 7
O ' =Y=[yl gyl - - ]

.
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The & 'A® will transform the matrix A into a diagonal matrix A with the eigen-
values 11,45, .. .,4, are the diagonal elements. Therefore, after substitution of equa-
tion (A.23) into (A.22) gives

OZ =ADZ (A.24)
The new state equation can be written as
Z=0"'AdZ (A.25)
this becomes
7Z=AZ (A.26)

where A is a diagonal matrix consisting of eigenvalues of matrix A. Equation (A.26)
represents 7 nos. uncoupled first order equations

Zy=2Zpy p=1,2,..,1 (A.27)
and the solution with respect to time ¢ of this equation is given by
Z,(t) =Z,(0)e"" (A.28)

where Z,(0) is the initial value of the state Z,.
The response in terms of original state vector is given by

Zi(1)
Zy(t)
AX=0Z=[¢d, ¢y . . . ¢,] (A.29)
Z.()
Using equation (A.28) in equation (A.29) results in
AX(0) = ¢,Z,(0)e"' (A.30)
p=1
Again from Equation (A.29), we get
Z(t) =D ' AX(¢) (A.31)
Z(t) =V AX(1) (A.32)
This implies that
Z,(t) =y, AX (1) (A33)
with t = 0, it follows that
Z,(0) =y,AX(0) (A.34)

By using C), to denote the scalar product C,, = ,AX(0), this represents the magnitude
of the excitation of the p th mode resulting from the initial condition. Therefore,
equation (A.30) may be written as P
AX(1)=) ¢,C e (A.35)
p=1
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In other words, the time response of the p th state variable is given by

AX, (1) = 1,Cre"" + oy Cae™ + -+ b, Cre™ (A.36)

Equation (A.36) indicates that the right-eigenvector entries ¢,,, (x =1, 2, ..., r)
measures the relative activity of the state variables participating in the oscillation
of certain mode (4,,). For example, the degree of activity of the state variable X,
in the pth mode is given by the element ¢,,, of the right eigenvector ¢,,.

Similarly, the effect of /eft-eigenvector on system state variable can be illustrated

as follows:
The transformed state vector Z is related to the original state vector X by the
equation
AX(t) =DZ(1)
(A.37)
=[¢ ¢ - - - ¢.12(2)
and by the equation (A.32)
Z(t) =YAX(r) (A38)
T .
=" v .y AX()

Again from equation (A.27) we get

Zy=MZy, p=1,2,...,1

Thus the variables AX,AX,,...,AX, are the original state variables represent the
dynamic performance of the system. The variables Z,,2,,. . .,Z, are the transformed
state variables such that each variable is associated with only one eigenvalue i.e.,
they are directly related to the electromechanical modes. As seen from equation
(A.38), the left eigenvector v, identifies which combination of the original state vari-
ables displays only the p th mode. Thus the x th element of the right-eigenvector ¢,
measures the activity of the variable X, in the p th mode, and the x th element of the
left-eigenvector y,, weighs the contribution of this activity to the pth mode.

WHAT ARE SEMI-DEFINITE PROGRAMMING (SDP)
PROBLEMS?

A wide variety of problems in systems and control theory can be formulated as a semi-
definite programming problem of the form

minimize CTx subject to F(x) >0
m

where x€R™ is the variable, F(x)=Fy+ Zx,-F ;, the matrices c€R”™ and
i=1
Fi=F'eR™" i=0,1..... , m are given. The matrix F(x) is positive semi-definite
and the constraint F(x) >0 is called a linear matrix inequality (LMI). SDP problems
are convex programming problems with a linear objective function and LMI
constraints.
Semi-definite programming problems can be recast in the form:

Ax<b
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What is a linear matrix inequality?
A linear matrix inequality (LMI) has the form:

m
F(x)=Fo+ Y xiF;>0 (A.39)
i=1
where x €R™ is the variable. x = (x, x5..... , Xm) 18 a vector of unknown scalars (the
decision or optimization variables) and the symmetric matrices F; =F ,T ER™",i=0,
I..... ,mare given. ‘> 0’ stands for “positive definite”, i.e., the largest eigenvalue of
F(x) is positive.

Note that the constraints F(x) >0 and F(x) < G(x) are special case of (A.39), since
they can be rewritten as —F(x) <0 and F(x) — G(x) <0, respectively.

The LMI (A.39) is a convex constraint on x since F(y) >0 and F(z) >0 imply that
F(%) > (. As a result,

e Its solution set, called the feasible set, is a convex subset of R™
e Finding a solution x to (A.39), if any, is a convex optimization problem.

Convexity has an important consequence, even though (A.39) has no analytical
solution in general, it can be solved numerically with guarantees of finding a solution
when one exists.

In control systems there are a number of problems which lead to the solution of an
LMLI. For example,

e Lyapunov equation: A"P +PA=—Q
Lyapunov theorem: The linear time-invariant dynamical system described by;
x(t) =Ax(¢)

where x €R" is the variable and the matrix A € R"*" is stable if and only if given any
positive definite symmetric matrix Q € R"*" there exists a unique positive definite
symmetric matrix P satisfying the Lyapunov’s equation:

ATP+PA=-0<0 (A.40)

The Lyapunov equation (A.40) is in the form of an LMI. This LMI could be rewritten
in the form of (A.39). Indeed, considering n = 2, and defining:

Cfxnox], , 0], [01] , 0O
P= |:X21 X22:|’ Pl_ |:0 0:|’ P2_|:1 0_ P3_ 01
we can write with x; =x1{, X =X12=2Xa;, X3=X2»

10 [0 0
P =xp +x2
00

_0 1
=x1P1 +x,P> +x3P3

01
+x12
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Therefore,
ATP+PA
=x1 (AP, + P1A) +x2(ATPy + P,A) +x3(ATP3 + P3A)
=—x1F1 —xFy —x3F3 <0

where

FOZO; —F1 ZATP1 +P1A; —F2:ATP2+P2A; —F3 ZATP3+P3A
Consequently,
x1F1+xF, +x3F35 >0 (A.41)

This shows that a Lyapunov equation can be written in the form of an LMI.

The LMI (A.41) with A= {a“ au} can be written as

21 ap
[aiy an][1 0 1 0] [an an
—F1=A"P|+P A= +
0 0] Laz ax

Laix ax»] |0 0

[2a, 6112]

Lap O

T -dl] an| 01
—F,=A"P,+P,A=
a2 an| |10

01 [an an
+
1 0f|axy ax

2ay1  ay+ax

a1 +ax  2aip

o 0 a
_ = T = 2!
Similarly, —F3 =A"P3 +P3A |:a21 2&22:|

Therefore, —x1F| — x,F> —x3F3 <0

aj;  ay 0 X1 by
giVGS a;p a1 +ax ag Xy | < | by
0 ap  an| | X3 bs

which is in the form of semi-definite programming problem
AX<b
Interior-Point method
For the LMI

F(x)=Fo+Y xiF;>0 (A.42)
=1

1
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where x €R™ is the variable, and the symmetric positive definite matrices

F,=F'eR™™ i =0, I....., m are given, the function
_ [ logdet F~'(x) F(x)>0,
o(x)= { 00 otherwise;

is finite if and only if F(x) >0 and becomes infinite if x approaches the boundary of
the feasible set: {x|F(x)>0}. It can be shown that ¢ is strictly convex on the feasible
set so that it has a unique minimizer denoted by x*:

x* = arg ming(x)
= arg max det F(x)
F(x)>0

We define here x* as the analytic center of the LMI, F(x) > 0. F(x*) has the maximum
determinant among all positive definite matrices of the form F(x).

Newton’s method, with appropriate step length selection, can be used to effi-
ciently compute x*, starting from a feasible initial point. The algorithm to compute
x* is:

=0 _ o (x(k)) 71g (x(k>) (A.43)
where o™ is the damping factor of the k-th iteration, g(x) and H(x) denote the gra-

dient Hessian matrix of ¢(x), respectively, at x®.
The damping factor

- 1 ifs(x®) <1/4,
px) = { 1/(146(x®W))  otherwise,
where
5(x) =/ () H(x) " g(x)

is called the Newton decrement of ¢ at x.

s
EXAMPLE: 1
Find the analytic center of

F(x):{l x}>o

x 1

We have

@(x) = logdet F~!(x) = —log(1 —xz)
de 2x
dr 1-22
e 2(1+x%)
a2 (1 -y

The feasible set in which ¢(x) is defined is: (—1 1), and the minimum, which
occurs at x = 0, is also @(x*)=0.
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|
EXAMPLE: 2
Find the analytic center of
Fay= """ 2 |50
X2 1+x
We have
@(x) = logdet F~'(x) = —log (1 —x7 —3)
di_ 2x1 dip_Z(H-x%—x%).
dv 1-xj—x3" dy (l—x%—x%)z’
dp  2x P 2(1-x+x)
dv, 1-x1—x3" dv (1_,@_)@2’
d2q1 _ 4x1x0
= 2
dudy  (1-x3-x3)

1-(d+4)°
(1-8-2)*

The feasible set in which ¢(x) is defined is: x%er% < 1, and the minimizer is
x*=[0 0]", which is an analytical center of the LMI L(x).

Pxixi Pxixy
Prxi Prrxy

GUIDELINES FOR SELECTION OF WEIGHTING FUNCTIONS
Wi(S) AND W,(S) IN H,, CONTROL THEORY

In H, control design, one of the key steps is the formulation and selection of the
input and output weighting functions W (s) and W(s). They have a strong impact
on the resulting controller design. They are utilized to shape the performance and
robustness characteristics of systems. Limited research has been carried out on find-
ing any reliable methods for selection of these weighting functions. It can be stated
from the guidelines of mixed-sensitivity-based H.,, controller design that W,(s) is
related to the sensitivity function S(s), it should be a low-pass filter to reduce the error
sensitivity in the low-frequency range for output disturbance rejection, whereas
W(s) is related to the complementary sensitivity function 7(s), should be a high-pass
filter in order to guarantee the stability of the controlled system under diverse oper-
ating conditions. However, since S(s) and 7(s) cannot be minimized together in over-
all frequency ranges, because of inherent design constraints and limitations, weights
are introduced to shape the solution and tune the open- and closed-loop response
characteristics. Normally, input and output weighting functions are set as rational,
stable, and minimum-phase transfer functions, i.e., they have no poles or zeros in
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the right half-plane. They are then incorporated with the plant model G(s) to form the
generalized augmented plant, P(s), in the H, control framework.

The weighting function on the sensitivity transfer function S(s) from reference
input to output tracking error Wy(s) is selected to reflect the desired time-response
characteristics. In mixed-sensitivity-based controller design, the S(s) should have
low gain at low frequencies for good tracking performance and high gain at high fre-
quencies to limit overshoot. This is accomplished by selecting a weighting function,
such that it reflects the desired shape of the sensitivity function.

A low-pass weight on the sensitivity function with the low-frequency magnitude
set approximately equal to the inverse of the desired steady-state tracking error and
high-frequency gain set to limit overshoot. In general, the larger the magnitude of the
high-frequency gain, the more the overshoot is limited. However, it may be question-
able that limiting the overshoot is accomplished by adding more damping at the
expense of speed of response. Thus, a design tradeoff is considered between over-
shoot and speed of response. It has been suggests that a good high-frequency gain
for the sensitivity weighting is in the range of [0.1, 0.5] to effectively limit overshoot
while allowing for a fast response time. The crossover frequency of the sensitivity
weighting function should be chosen to limit the maximum desired closed-loop time
constant. For example, if a time constant less than or equal to 0.25s is desired, the
sensitivity weighting function should have a crossover frequency of approximately
4rad/s.

The response of the system to reference inputs and sensor noise inputs is given by
the complementary sensitivity function 7(s). It is desirable that I T(s)| will be near
unity for good tracking of the reference input and near zero for noise suppression.
Again a tradeoff for over frequency ranges must be taken into consideration. The
complementary sensitivity function is weighted to achieve stability robustness char-
acteristics (e.g., insensitivity to noise and unmodeled dynamics). Because noise usu-
ally has most of its energy concentrated at high frequencies while reference input
commands occur at low frequencies, a high-pass weight is used on the complemen-
tary sensitivity function. Thus, the weighted complementary sensitivity function has
been kept near unity at low frequencies and low at high frequencies.

The crossover frequency of the complementary sensitivity weighting function
is chosen to limit the closed-loop bandwidth and the high-frequency gain is set
high to provide sensor noise rejection and high-frequency gain attenuation. When
both sensitivity and complementary sensitivity weighting functions are used, it is
important to make sure that the magnitude of these weights at the frequency where
they cross is less than one. This is necessary to prevent violation of the conser-
vation law given by

S(s)+T(s) =1

10
Typical bode plots of the weighting functions for W;(s)=———— and
10s+1 o (0.55+1)
WQ(S) :m are shown in Flgure A.3.
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20 Frequency Response Plots of W1(s) and W2(s)
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Bode plots of the weighting functions for W;(s) and Wx(s).
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Data Used for Relevant
Power System Components

SMIB SYSTEM

H=237s;D=0.0; Kx =400; R, =00 pu; R, =0.02 pu; T, =5.90s; T4 = 0.2 s;
w;=314radfs; X;=170pu; X ,;=0245pu; X,=0.7 pu; X, = 1.64 pu;
Vigg=1.00 £ 0° pu; V, = 1.72 £19.31° pu.

SVC and TCSC parameters for SMIB system

Table B.1 SVC and TCSC Parameters
Controller Controller XL Xc Internal
Type Parameter (pu) (pu) a(°) Delay (ms)
SVC Ksvc = 5.0 0.225 0.3708 150 Tee =20s
KP = O
K,=1.0
T:=05s
T,=0.15s
TCSC Krcsc = 4.0 0.0049 0.0189 145 Ttcsc=25s
T1=05s8T,=0.1s

WSCC TYPE 3 MACHINE, 9 BUS SYSTEM

Table B.2 Load-Flow Data

Bus Bus Voltage (pu) Pg Q¢ -P. -Q.

# Type V.o (pu) (pu) (pu) (pu)

1 Swing 1.04 0.719 0.546 - -

2 PV 1.025 £9.48° 1.63 0.304 - -

3 P-Vv 1.025 ~24.77° 0.85 0.142 - -
Continued
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Table B.2 Load-Flow Data—cont'd

Bus Bus Voltage (pu) Pg Qg —P —-Q
# Type Ve (pu) (pu) (pu) (pu)
4 P-Q 1.010 £ — 2.26° - - - -

5 P-Q 0.972 ~ — 4.06° - - 1.25 0.5
6 P-Q 0.989 £ — 3.7° - - 0.9 0.3
7 P-Q 1.011 £3.84° - - - -

8 P-Q 0.997 £0.78° - - 1.00 0.35
9 P-Q 1.018 £2.03° - - - -

Table B.3 Machine Data

Parameters Machine #1 Machine #2 Machine #3
Rs (pu) 0.089 0.089 0.089

H (s) 23.64 6.4 3.01

D (pu) 0.2 0.2 0.2

Xy (pu) 0.269 0.8958 1.998

X'q (pu) 0.0608 0.1198 0.1813
Xq(pu) 0.0969 0.8645 1.2578

X'q (pu) 0.0969 0.8645 1.2578

T g0 (9) 8.96 6.0 5.89

T'q0 (8) 0.31 0.535 0.6

Table B.4 Exciter Data

Parameters Exciter #1 Exciter #2 Exciter #3
Ka 20 20 20

Ta(s) 0.2 0.2 0.2

Ke 1.0 1.0 1.0

Te(9) 0.314 0.314 0.314

Kr 0.063 0.063 0.063
Te(s) 0.35 0.35 0.35

SE (Efd,'> = 000396Xp (1 .555Efd,'>, fori= 1,2,3.

PSS and SVC parameters of 3-machine 9-bus system
KPSS = 10, 71 lPSS = 04, Tzlpss = 015, KSVC = 100, Kp = O, K[ = 10,
Tilswe =0.5s; Tolye=0.15s, X; =0.4925pu; Xc=1.1708 pu; a= 136
Tsye = 20 ms.



TCSC parameters of 3-machine 9-bus system

KTCSC = 100, Tl lTCSC =0.5 S T2 lTCSC =0.15 S5 XL = 0.0049 pu; XC‘ = 0.0284 pu;
a = 145.60; TTCSC = 17 ms.

B.3 Two-Area System

335

TWO-AREA SYSTEM

Table B.5 Transmission Line Data on 100-MVA Base

Series Series Shunt
From Bus To Bus Resistance Reactance Susceptance
Number Number (Rs) pu (Xs) pu (B) pu
1 5 0.001 0.012 0
2 6 0.001 0.012 0
9 10 0.022 0.22 0.33
9 10 0.022 0.22 0.33
9 10 0.022 0.22 0.33
9 6 0.002 0.02 0.03
9 6 0.002 0.02 0.03
3 7 0.001 0.012 0
4 8 0.001 0.012 0
10 8 0.002 0.02 0.03
10 8 0.002 0.02 0.03
5 6 0.005 0.05 0.075
5 6 0.005 0.05 0.075
7 8 0.005 0.05 0.075
7 8 0.005 0.05 0.075
Table B.6 Machine Data

Machine at Machine at Machine at Machine at

Variable Bus #1 Bus #2 Bus #3 Bus #4
X1 (pu) 0.022 0.022 0.022 0.022
Rs (pu) 0.00028 0.00028 0.00028 0.00028
Xy (pu) 0.2 0.2 0.2 0.2
X'q (pu) 0.033 0.033 0.033 0.033
T o (S) 8 8 8 8
X5 (pu) 0.19 0.19 0.19 0.19
X'q (pu) 0.061 0.061 0.061 0.061
T'g0 (PU) 0.4 0.4 0.4 0.4
H (s) 54 54 63 63
D (pu) 0 0 0 0
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Table B.7 Excitation System Data

Machine at Machine at Machine at Machine at
Variable Bus #1 Bus #2 Bus #3 Bus #4
Ka (pu) 200 200 200 200
Ta (pu) 0.0001 0.0001 0.0001 0.0001
Ke 1 1 1 1
Te (S) 0.314 0.314 0.314 0.314
Ke 0.063 0.063 0.063 0.063
Te(s) 0.35 0.35 0.35 0.35
Table B.8 Load-Flow Results for the Two-Area System

Real Reactive Real Reactive
Voltage Power Power Power  Power
Bus Bus Mag. Angle Gen. Gen. Load Load
No Type  (pu) ) (pu) (pu) (pu) (pu)
1 PV 1.038 8.2154 7 1.3386 0 0
2 Pv 1.01 -1504 7 1.592 0 0
3 Swing 1.08 0 7.217 1.4466 0 0
4 PV 1.01 —-10.2051 7 1.8083 0 0
5 PQ 1.0108 3.6615 0 0 0 0
6 PQ 0.9875 —6.2433 0 0 0 0
7 PQ 1.0095 —-4.6977 0O 0 0 0
8 PQ 0.985 —14.9443 0 0 0 0
9 PQ 0.9761 —14.4194 0 0 11.59 2.12
10 PQ 0.9716 —-23.2922 0 0 15.75 2.88
IEEE type 14-bus test system
Table B.9 Machine Data
Machine Machine Machine Machine Machine

Parameters 1 2 3 4 5
MVA 615 60 60 25 25
Rs (pu) 0.0031 0.0031 0.0031 0.0014 0.0014
H (s) 5.148 6.54 6.54 5.06 5.06
D (pu) 0.046 0.046 0.046 0.046 0.046
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Xy (pu) 0.8979 1.05 1.05 1.25 1.25
X' (pu) 0.2995 0.1850 0.1850 0.232 0.232
Xq (pu) 0.646 0.98 0.98 1.22 1.22
X'q (pu) 0.646 0.36 0.36 0.715 0.715
T4 (9) 7.4 6.1 6.1 4.75 4.75
T'q0 (8) 0.3 0.3 0.3 1.5 1.5
Table B.10 Exciter Data
Parameters Exciter 1 Exciter 2 Exciter 3 Exciter 4 Exciter 5
Ka 20 20 20 20 20
Ta(s) 0.02 0.02 0.02 0.02 0.02
Ke 1.0 1.0 1.0 1.0 1.0
Te (S) 0.19 1.98 1.98 0.70 0.70
Ke 0.0012 0.001 0.001 0.001 0.001
Tr(s) 1.0 1.0 1.0 1.0 1.0
Table B.11 Base Case Load Flow Data of 14-Bus Test System

Injection Generation Load
Bus Bus voltage Angle P; Q; Py Qg P, Q.
# V (pu) 6 (°) M (MVAr) (MW) MVAr (MW) MVAr
1 1.06 0 —203.69 107.99 —203.69 107.99 0 0
2 1.045 —4.95 —4.264 15.92 —25.96 3.226 -21.7 —-12.7
3 1.01 —12.66 84.07 —46.25 -10.12 —65.25 -942 -19
4 1.02 —14.39 31.32 59.73 20.12 52.23 -11.2 —-7.5
5 1.08 —13.51 0.00 23.61 0.00 23.61 0 0
6 1.021 —10.31 30.97 —48.00 —16.825 —44.10 —47.8 3.9
7 1.032 —8.921 17.44 —26.70 9.8403 —-28.30 —7.6 -1.6
8 1.041 —13.51 0.00 0.00 0.00 0.00 0 0
9 1.017 —-15.23 42.76 —8.354 13.261 —24.95 —295 -16.6
10 1.01 —-15.40 2.793 —10.522 —6.206 —-16.32 -9 -5.8
11 1.011 —-15.04 0.639 —4.056 —2.86 —b.856 -3.5 -1.8
12 1.005 —-15.32 3.721 —5.805 —2.378 —7.405 —6.1 -1.6
13 1.001 —15.43 2.078 —14.33 —11.42 —20.13 —-13.5 -5.8
14 0.991 —16.41 5516 —-14.76 —9.3839 -19.763 -—-14.9 -5
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Table B.12 Transmission Line Data of 14-Bus System on 100-MVA Base

From Series Series Shunt Actual
Bus To Bus Resistance Reactance Susceptance Tap
Number Number (Rs)(pu) (Xs)(pu) (B/2)(pu) Ratio
1 2 0.01938 0.05917 0.0264 1

1 7 0.05403 0.22304 0.0246 1

2 3 0.04699 0.19797 0.0219 1

2 6 0.05811 0.17632 0.0187 1

2 7 0.05695 0.17388 0.017 1

3 6 0.06701 0.17103 0.01783 1

4 7 0 0.25202 0 0.932
4 1 0.09498 0.1989 0 1

4 12 0.12291 0.25581 0 1

4 13 0.06615 0.13027 0 1

5 8 0 0.17615 0 1

6 7 0.01335 0.04211 0.0064 1

6 8 0 0.20912 0 0.978
6 9 0 0.55618 0 0.969
8 9 0 0.11001 0 1

9 10 0.03181 0.0845 0 1

9 14 0.12711 0.27038 0 1

10 11 0.08205 0.19207 0 1

12 13 0.22092 0.19988 0 1

13 14 0.17093 0.34802 0 1

SVC and TCSC for 14-bus system

Table B.13 SVC and TCSC Parameter
Controller X, (pu) Xc (pu) Amin (°) Amax (°) Internal Delay (ms)

SVC 0.4925 1.1708 120 160 Teve = 20
TCSC 0.0049 0.0284 145 160 Trosc = 15




14-AREA, 24-MACHINE, 203-BUS SYSTEM

Table B.14 Machine Data

Gen.
#

Slack
bus

2

O N O Ok~ W

11
12
13
14
15
16
17
18
19
20
21
22
23
24

Pg
25.58

5.4
5.4
3.8
5.4
3.8
2.4
0.9
0.46
1.8

1.8
2.7
0.243
0.108
0.54
6.0
0.5
1.5
6.0
0.204
0.225
0.225
0.4

Qg
1.5113

0.538
—0.785
—0.690
—1.026
0.3662
-0.617
—0.309
0.026
0.2623
0.3795
0.1241
—-1.576
0.0109
0.014
0.015
1.84
0.3894
0.6947
—4.20
0.0297
0.0232
0.02
0.0292

Rs
0.0981

0.0981
0.0981
0.031
0.0981
0.031
0.031
0.031
0.041
0.031
0.031
0.031
0.041
0.041
0.041
0.041
0.0981
0.041
0.031
0.0981
0.041
0.041
0.041
0.041

Xq
0.6845

0.3845
0.5845
0.5979
0.3845
0.4979
0.5979
1.05
1.25
1.05
1.05
1.056
0.6979
1.25
1.25
1.25
0.4845
1.25
1.056
0.5845
1.25
1.25
1.25
1.25

0.646

0.646
0.646
0.646
0.646
0.646
0.646
0.98
1.22
0.98
0.98
0.98
0.646
1.22
1.22
1.22
0.646
1.22
0.98
0.646
1.22
1.22
1.22
1.22

0.2995

0.2995
0.2995
0.2995
0.2995
0.2995
0.2995
0.185
0.232
0.185
0.185
0.185
0.2995
0.232
0.232
0.232
0.2995
0.232
0.185
0.2995
0.232
0.232
0.232
0.232

X'q
0.646

0.646
0.646
0.646
0.646
0.646
0.646
0.36

0.715
0.36

0.36

0.36

0.646
0.715
0.715
0.715
0.646
0.715
0.36

0.646
0.715
0.715
0.715
0.715

Ty
7.4

7.4
7.4
7.4
7.4
7.4
7.4
6.1
4.75
6.1
6.1
6.1
7.4
4.75
4.75
4.75
7.4
4.75
6.1
7.4
4.75
4.75
4.75
4.75

Tq
0.06

0.06
0.06
0.06
0.06
0.06
0.06
0.3
1.5
0.3
0.3
0.3
0.06
1.5
1.5
1.5
0.06
1.5
0.3
0.06
1.5
1.5
1.5
1.5

H
5.148

5.148
5.148
5.148
5.148
5.148
5.148
6.54
5.06
6.54
6.54
6.54
5.148
5.06
5.06
5.06
5.148
5.06
6.54
5.148
5.06
5.06
5.06
5.06

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
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Table B.15 Exciter Data

Exciter # KA TA KE TE KF TF
1 20 0.02 1 0.19 0.0012 1
2 20 0.02 1 0.19 0.0012 1
3 20 0.02 1 0.19 0.0012 1
4 20 0.02 1 0.19 0.0012 1
5 20 0.02 1 0.19 0.0012 1
6 20 0.02 1 0.19 0.0012 1
7 20 0.02 1 0.19 0.0012 1
8 20 0.02 1 1.98 0.001 1
9 20 0.02 1 0.7 0.001 1
10 20 0.02 1 1.98 0.001 1
11 20 0.02 1 1.98 0.001 1
12 20 0.02 1 1.98 0.001 1
13 20 0.02 1 0.19 0.0012 1
14 20 0.02 1 0.7 0.001 1
15 20 0.02 1 0.7 0.001 1
16 20 0.02 1 0.7 0.001 1
17 20 0.02 1 0.19 0.0012 1
18 20 0.02 1 0.7 0.001 1
19 20 0.02 1 1.98 0.001 1
20 200 0.02 1 0.19 0.0012 1
21 20 0.02 1 0.7 0.001 1
22 20 0.02 1 0.7 0.001 1
23 20 0.02 1 0.7 0.001 1
24 20 0.02 1 0.7 0.001 1

Table B.16 Transmission Line Data of 24-Machine, 203-Bus System on 100-MVA Base|

From Series Series Shunt
Bus To Bus Resistance Reactance Susceptance Actual Tap
Number Number (Rs)(pu) (Xs)(pu) (B/2)(pu) Ratio
44 96 0.0036 0.0071 0.0108 1
44 91 0.0095 0.0189 0.0287 1
45 53 0.0385 0.077 0.0292 1
27 82 0.0116 0.0232 0.0352 1
27 91 0.0071 0.0143 0.0217 1
46 57 0.031 0.0621 0.0235 1
1

46 26 0.00583 0.0107 0.0162




36
78
47
48
49
49
52
53
53
55
55
56
96
96
96
96
96
96
96
96
58
58
59
59
60
60
61
62
62
62
62
63
63
31
30
30
30
30
30
64
65
65
51

97
97
109
54
50
26
32
42
76
30
85
72
62
62
70
68
73
39
40
108
36
54
81
100
77
101
69
26
68
84
92
74
32
94
41
75
85
93
54
67
51
35
89

0.0178
0.0185
0.0407
0.0134
0.0125
0.0078
0.0064
0.0006
0.0132
0.0481
0.026

0.0189
0.0073
0.0188
0.0285
0.0107
0.0328
0.0111
0.0378
0.0189
0.0357
0.0321
0.0182
0.0388
0.0467
0.0146
0.009

0.005

0.0093
0.0132
0.0108
0.0541
0.0499
0.0096
0.0036
0.0139
0.0421
0.0065
0.0185
0.0435
0.0206
0.0121
0.0128

B.4 14-Area, 24-Machine, 203-Bus System

0.0357
0.0371
0.0813
0.0268
0.025
0.0157
0.0128
0.0011
0.0264
0.0961
0.0519
0.0377
0.0146
0.0377
0.0571
0.0214
0.0656
0.0221
0.0756
0.0378
0.0713
0.0642
0.0364
0.0776
0.0934
0.0292
0.018
0.01
0.0185
0.0264
0.0207
0.1081
0.0999
0.0193
0.0071
0.0278
0.0842
0.013
0.0371
0.087
0.0412
0.0243
0.0257

0.0135
0.0141
0.0309
0.0407
0.0379
0.0238
0.0195
0.0004
0.0401
0.0365
0.0197
0.0573
0.0222
0.0143
0.0217
0.0081
0.0249
0.0336
0.0287
0.0143
0.0271
0.0244
0.0552
0.1178
0.0355
0.0111
0.0274
0.0152
0.007

0.0401
0.0314
0.041

0.0379
0.0292
0.0108
0.0422
0.0319
0.0197
0.0563
0.033

0.0156
0.0368
0.0097

—_ 4 4 4 4 4 4 4 4 a4 4 4 4 4 a4 4 4 a4 4 4 a4 4 4 a4 4 a4 a4 4 a4 A4 4 d 4 4 A 4 4 A4 4 4 a4 4
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From
Bus
Number

32
32
32
32
66
102
103
102
67
33
33
26
51
51
34
34
69
70
28
28
28
73
74
74
74
36
36
37
77
77
77
37
37
95
87
85

40

To Bus
Number

69
80
83
85
90
103
73
39
36
73
73
56
34
35
86
89
40
40
71
90
94
39
29
81
87
78
54
76
101
43
98
98
88
79
81
83
75

Series
Resistance
(Rs)(pu)
0.0203
0.0378
0.0414
0.0385
0.0143
0.0043
0.0043
0.0078
0.0053
0.0043
0.0046
0.0126
0.0208
0.0272
0.009
0.0087
0.0155
0.01
0.0012
0.0089
0.0104
0.0136
0.0021
0.0556
0.0349
0.0285
0.0678
0.02
0.0492
0.0071
0.0142
0.0143
0.0046
0.0125
0.0506
0.0314
0.0257

Series
Reactance

(Xs)(pu)

0.0407
0.0756
0.0827
0.077
0.0285
0.0086
0.0086
0.0157
0.0107
0.0086
0.0093
0.0251
0.0417
0.0545
0.0179
0.0174
0.031
0.02
0.0025
0.0178
0.0208
0.0271
0.0041
0.1113
0.0699
0.0571
0.1355
0.0399
0.0984
0.0143
0.0284
0.0285
0.0093
0.025
0.1013
0.0628
0.0514

Table B.16 Transmission Line Data of 24-Machine, 203-Bus System on
100-MVA Base—cont'd

Shunt
Susceptance
(B/2)(pu)
0.0617
0.0287
0.0314
0.0292
0.0433
0.0032
0.0032
0.006
0.0162
0.013
0.0141
0.0381
0.0158
0.0207
0.0272
0.0066
0.0471
0.0076
0.0038
0.0271
0.0315
0.01083
0.0063
0.0422
0.0265
0.0217
0.0514
0.0606
0.0374
0.0054
0.0108
0.0108
0.0141
0.0379
0.0384
0.0238
0.078

Actual Tap
Ratio
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98 99 0.0056 0.0113 0.0043 1
98 100 0.0178 0.0357 0.0135 1
99 100 0.0121 0.0243 0.0092 1
77 37 0.0071 0.0143 0.0054 1
43 104 0.0317 0.0635 0.0964 1
104 101 0.0193 0.0385 0.0146 1
38 66 0.0014 0.0029 0.0011 1
38 105 0.0007 0.0014 0.0005 1
66 105 0.0014 0.0029 0.0011 1
39 108 0.0039 0.0078 0.003 1
31 107 0.0061 0.0121 0.0184 1
66 106 0.0018 0.0036 0.0054 1
81 109 0.0407 0.0813 0.0309 1
27 113 0.0082 0.0164 0.0249 1
104 110 0.0521 0.1041 0.0395 1
104 111 0.0214 0.0428 0.0162 1
110 111 0.0428 0.0856 0.0325 1
111 43 0.0642 0.1284 0.0487 1
104 43 0.0663 0.1327 0.05083 1
114 45 0.0143 0.0285 0.0108 1
114 53 0.0514 0.1027 0.039 1
116 122 0.0166 0.058 0.2425 1
122 119 0.0014 0.0049 0.0207 1
116 123 0.0037 0.013 0.2169 1
116 128 0.0046 0.016 0.2673 1
116 131 0.0094 0.0328 0.1372 1
116 140 0.0125 0.0438 0.7335 1
118 122 0.0025 0.0088 0.1477 1
118 124 0.0053 0.0184 0.3083 1
118 132 0.009 0.0315 0.5263 1
123 125 0.0012 0.0041 0.0684 1
122 133 0.0006 0.0022 0.0376 1
122 140 0.0064 0.0225 0.3759 1
125 17 0.0046 0.016 0.2669 1
115 126 0.0038 0.0133 0.2233 1
115 126 0.0076 0.0267 0.1118 1
115 132 0.0051 0.0177 0.297 1
126 127 0.0082 0.0287 0.1201 1
117 130 0.0036 0.0126 0.2109 1
119 134 0.001 0.0036 0.0602 1
122 134 0.0011 0.0038 0.0639 1
136 135 0.0055 0.0192 0.7218 1
138 120 0.0069 0.0243 0.406 1

Continued
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From
Bus
Number

138
121
121
141
132
143
127
146
145
146
145
147
145
149
149
151
152
150
146
155
155
152
158
159
160
161
60

164
145
146
147
148
150
151
152
154
149

To Bus
Number

137
136
137
134
144
115
143
148
148
147
147
153
149
150
151
154
154
157
157
149
145
156
159
160
161
162
163
163
115
116
117
118
119
120
121
139
142

Series
Resistance
(Rs)(pu)
0.0076
0.0053
0.0001
0.0022
0.003
0.0091
0.0055
0.004
0.005
0.002
0.0042
0.0056
0.0073
0.0023
0.0006
0.0026
0.0025
0.0061
0.0032
0.0095
0.0022
0.0034
0.0114
0.1027
0.1912
0.1096
0.131
0.0571
0

O O O O O O oo

Series
Reactance

(Xs)(pu)

0.0265
0.0186
0.0004
0.0076
0.0106
0.0319
0.0193
0.0151
0.0189
0.0075
0.0156
0.021

0.0273
0.0087
0.0022
0.0099
0.0093
0.0228
0.0122
0.0355
0.0083
0.0128
0.0128
0.11565
0.215

0.1233
0.1723
0.0642
0.0132
0.0132
0.0198
0.0198
0.0198
0.0198
0.0198
0.0198
0.0397

Table B.16 Transmission Line Data of 24-Machine, 203-Bus System on
100-MVA Base—cont'd

Shunt
Susceptance
(B/2)(pu)
0.4436
0.312
0.0075
0.1278
0.1767
0.1335
0.0808
0.9204
1.154
0.4545
0.9516
1.2783
1.6618
2.1163
0.5255
2.4145
2.2725
1.3919
2.9685
2.166
0.5042
3.1247
0.0009
0.0081
0.0038
0.0022
0.0065
0.0011
0

O OO OO oo Oo

Actual Tap
Ratio
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155 143 0 0.0198 0 1.056
115 26 0 0.0208 0 1
116 27 0 0.0313 0 0.95
117 28 0 0.0625 0 1
120 29 0 0.0667 0 1
122 30 0 0.0208 0 1
123 31 0 0.0313 0 1
124 32 0 0.0313 0 1
125 33 0 0.0625 0 1
125 33 0 0.0333 0 1
126 34 0 0.0333 0 1
126 34 0 0.0625 0 1
127 35 0 0.0313 0 1
128 36 0 0.0313 0 0.95
129 37 0 0.0313 0 1
130 38 0 0.0313 0 1
131 39 0 0.0313 0 1
132 40 0 0.0313 0 1
133 41 0 0.1 0 1
136 42 0 0.1 0 1
137 43 0 0.1 0 1
140 95 0 0.1 0 1
117 28 0 0.0333 0 1
136 42 0 0.2 0 1
134 12 0 0.0313 0 1
144 72 0 0.0313 0 1
111 164 0 0.2 0 1.05
10 96 0 0.0324 0 1
11 96 0 0.02 0 1
7 140 0 0.0179 0 1
8 133 0 0.0769 0 1
12 41 0 0.0314 0 1
24 41 0 0.1143 0 1
2 117 0 0.0135 0 1
3 147 0 0.0169 0 1
4 148 0 0.02583 0 1
1 149 0 0.0112 0 0.95
5 149 0 0.0177 0 0.95
13 135 0 0.0268 0 0.95
9 101 0 0.1333 0 1
21 98 0 0.25 0 1
22 99 0 0.25 0 1
23 100 0 0.25 0 1

Continued
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From
Bus
Number

14
15
16
53
17
6
18
19
25
39
36
54
64
64
77
86
55
55
92
20
145
146
147
148
150
151
152
154
149
155
115
116
117
120
122
123

124

To Bus
Number

158
159
104
162
141
118
112
112
157
194
201
195
196
196
197
198
199
199
200
156
165
166
167
170
169
171
172
173
168
202
174
175
176
177
178
179
180

Series
Resistance
(Rs)(pu)

o

el eolNolNoleololNolNolololNolNololNolNololNolNololNolNolNololNolNololNolNoNololNolNolNolNolNo)

Series
Reactance

(Xs)(pu)

0.1571
0.3125
0.0889
0.1333
0.0101
0.0405
0.0485
0.028
0.0112
0.0533
0.127
0.08
0.254
0.4
0.127
0.0533
0.16
0.2
0.08
0.0156
0.3333
0.3333
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.0741
0.1111
0.2222
0.2222
0.0741
0.1111
0.1111

Table B.16 Transmission Line Data of 24-Machine, 203-Bus System on
100-MVA Base—cont'd

Shunt
Susceptance
(B/2)(pu)

o

[elNelNeoleololNeolNeolNeolNeoNeoNeoNoNoNoNoNolNeoNeoNoNoBoNoNoBoNo o oNoNoNoNoBoo e Ne Ne]

Actual Tap
Ratio
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125 181 0 0.2222 0 1

125 181 0 0.1111 0 1

126 182 0 0.1111 0 1

126 182 0 0.2222 0 1

127 183 0 0.1111 0 1

128 184 0 0.1111 0 1

129 185 0 0.1111 0 1

130 186 0 0.1111 0 1

131 187 0 0.1111 0 1

132 188 0 0.1111 0 1

133 189 0 0.3333 0 1

136 190 0 0.3333 0 1

137 191 0 0.3333 0 1

140 192 0 0.3333 0 1

117 176 0 0.1111 0 1

136 190 0 0.6667 0 1

134 193 0 0.1111 0 1

144 203 0 0.1111 0 1

Note: Total line = 159 + 35 (Line transformer — 3 windings) + 37 (Load transformer — 2 windings) + 35
(Load transformer — 3 windings) = 266. But here totally 265 numbers of lines are considered during
analysis, because line 47 has been removed due to its very small impedance. Lines are arranged
according to bus voltage level.

PSS and TCSC for 203-bus system
KPSS = 10, 71 lPSS =04 S, T lPSS =0.15 S; KTCSC = 2245, T1 lTCSC =15 S,
Tslresc = 0.11 s; X;, = 0.000526 pu; X = 0.00526 pu; amin (°) = 145°%; @max (°) =
1600; TTCSC =17 ms.
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MATLAB Simulation
Program

PROGRAM FOR ILLUSTRATION IN ARTICLE 5.5

%*******‘k*k***************************‘k*************************‘k

% TLUSTRATION 3 -MACHINE, 9 - BUS SYSTEM (3 NOS PV BUS: 6 NOS PQ BUS)
% COMPUTATION OF SYSTEM MARIX EIGENVALUE AND DAMPING RATIO

% MACHINE DATA% Input PG; QG; Rs; Xd; X_d; T_d; Xag; X_qg;
T_q; H; D; Ws

BEXCITATION SYSTEM DATA%Z  Input KA; TA; KE ; TE; KF ; TF ;

%LOAD FLOW DATA Input Voltage (V) ; THETA (0)

R R R S S S S S R S S R S S S R R S R R S S R R R S b S R b b S b

% COMPUTATION OF INITIAL CONDITIONS %

formm=1:3; % For 3-Machine system
VYV (mm)=V(mm)*exp(-i*THETA(mm)) ; IG(mm)=(PG(mm)-i*QG(mm))/VV(mm)
%stepl

DELTA(mm)=angle(VV(mm) + (Rs(mm)+i*Xq(mm))*IG(mm))

%step2

Idg(mm)=IG(mm)*exp(-i*(DELTA(mm) - pi/2)) ;
Id(mm)=real (Idq(mm))

Ig(mm)=imag(Idg(mm))
Vdg(mm)=VV(mm)*exp(-i*(DELTA(mm) - pi/2)) ;
Vd(mm)=real (Vdq(mm))

Vg(mm)=imag(Vdq(mm))

%step3

E_d(mm) = (Xq(mm)-X_q(mm))*Iq(mm)

%step4d

E_g(mm) = Vg(mm)+Rs (mm)*Iq(mm)+X_d(mm)*Id(mm)
%stepb

Efd(mm) = E_g(mm)+(Xd(mm)-X_d(mm))*Id(mm)
%stepb
VR(mm)=(KE(mm)+0.0039%exp(1.555*Efd(mm)))*Efd(mm)
RE(mm)=(KF(mm)/TF(mm))*Efd(mm)
Vref(mm)=V(mm)+VR(mm)/KA(mm)

349
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TM(mm)=E_d (mm)*Id(mm)+E_q(mm)*Iq(mm)+(X_qg(mm)-X_d(mm))*Id(mm)*Iq
(mm) ;

end
/I %
% COMPUTATION OF BUS ADMITTANCE MATRIX%
num=9 ; % For 9-Bus system
line_data = Tinedatas(num); % Acquire Tine data
Y_N=ybusppg % Calculate Y-Bus matrix from line data
Yn=abs(ybusppg) ; ALPHA=angle(ybusppg) ;
/I %

% LINEARIZATION OF DIFFERENTIAL ALGEBRAIC EQUATIONS (DAE) %
form=1:3
Ali(:,:,m)=[0100000;0-D(m)*Ws(m)/(2*H(m)) (-Ig(m)*Ws(m))/(2*H
(m)) (-Id(m)*Ws(m))/(2*H(m)) 0 0 0 ; 0 0 -1/T1d(m) 0 1/T1d(m) 0 O ;
000 -1/T1q(m) 00 0;0000-(KE(m)+(1+1.555*Efd(m))*0.0039*exp
(1.555%Efd(m)))/TE(m) 1/TE(m)0;0000-(KA(m)*KF(m))/(TA(m)*TF(m)) -
1/TA(m) KA(m)/TA(m) ; 0000 KF(m)/(TF(m)*TF(m)) 0 -1/TF(m)] ;

B1i(:,:,m)=[00; ((Ws(m)*Iq(m)*(X1d(m)-XIg(m)))-(Ws(m)*E1d(m)))/(2*H
(m)) CCWs(m)*Id(m)*(X1d(m)-XIg(m)))-(Ws(m)*Elq(m)))/(2*H(m)) ; -(Xd
(m)-X1d(m))/(T1d(m)) 0 ; 0 (Xg(m)-X1g(m))/(Tlg(m));00;00;007;

B2i(:,:,m)=[00;00;00;00;00;0 -KA(m)/TA(m); 0017;
E1iC:,:,m)=[00 ; Ws(m)/(2*H(m)) 0;00;00;00;0 KA(m)/TA(m); 007;
end

% MATRIX A1, B1, B2, E1 %

Al =blkdiag(Ali(:,:,1),Ali(:,:,2),A1i(:,:,3)); Bl =blkdiag(Bli
(:,:,1),Bli(:,:,2),B1i(:,:,3));
B2 =blkdiag(B2i(:,:,1),B2i(:,:,2),B2i(:,:,3)); E1l =hblkdiag(Eli
(:,:,1),E1i(C:,:,2),ELi(:,:,3));

% LINEARIZATION OF STATOR ALGEBRAIC EQUATIONS %
form=1:3;
CliC:,:,m)=[-V(m)*(cos(DELTA(m)-THETA(m))) 00 1000;V(m)*(sin
(DELTA(m)-THETA(m))) 0100007;
D1i(:,:,m)=[-Rs(m) XIq(m) ; -X1d(m) -Rs(m)];
D2i(:,:,m)=[V(m)*(cos(DELTA(m)-THETA(m))) -sin(DELTA(m)-THETA
(m)) 5 -V(m)*(sin(DELTA(m) THETA(m))) -cos(DELTA(m)-THETA(m))];
end

% MATRIX C1, D1, D2 %

Cl=blkdiag(Cli(:,:,1), Cli(:,:,2), Cli(:,:,3)); DI1=blkdiag(Dli
(:y:, 1), DLiC:,:,2),D19(:,:,3));
D2=blkdiag(D2i(:,:,1),D2i(:,:,2),D2i(:,:,3));

% LINEARIZATION OF NETWORK EQUATIONS PERTAIN TO GENERATOR BUS%
form=1:3;
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CeiC:,:,m)=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Iq(m)*V(m)*
(sin(DELTA(m)-THETA(m)))) 0000 00 ; (-Id(m)*V(m)*(sin(DELTA(m) -
THETA(m)))-Iqg(m)*V(m)*(cos(DELTA(m)-THETA(m))))00000017;

D3i(:,:,m)=[ V(m)*(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-
THETA(m))); V(m)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin
(DELTA(m)-THETA(m)))1;

end

% MATRIX C2, D3 %

C2= blkdiag(C2i(:,:,1),C2i(:,:,2),C2i(:,:,3)); D3= blkdiag
(D3i(:,:,1),D31(:,:,2),D31(:,:,3));
% %
% CALCULATION OF DIFFERENT SUMMATION TO GET MATRIX D4 %
form=1:3;
fork=1:9;
p(k) =(V(k)*Yn(m,k)*sin (THETA(m)-THETA(k)
-ALPHA(m,k)));
q(k) =(V(k)*Yn(m,k)*cos(THETA(m)-THETA(k)
-ALPHA(m,k)));
r(k) =(V(k)*Yn(m,k)*cos(THETA(m)-THETA(k)
-ALPHA(m,k)));
s(k) =(V(k)*Yn(m,k)*sin (THETA(m)-THETA(k)
-ALPHA(m,k)));

end
a(m)=sum(p)-(V(m)*Yn(m,m)*sin(THETA(m)-THETA(m)-ALPHA(m,m)));
b(m)=sum(q);
c(m)=sum(r)-(V(m)*Yn(m,m)*cos(THETA(m)-THETA(m)-ALPHA(m,m)));
d(m)=sum(s);

end
% SSSSSSS5SSSSSS5S5S5S5S5S5S5S5555555>>>
% > TO CALCULATE MATRIX D4 >
m=1;
k=1;

D41_1=[-Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))+Ig(m)*V(m)*(sin
(DELTA(m) -THETA(m) ))+V(m)*a(m) Id(m)*(sin(DELTA(m)-THETA(m)))+
Iq(m)*(cos(DELTA(m)-THETA(m)))-b(m)-V(m)*Yn(m,k)*(cos(THETA(m) -
THETA(K) -ALPHA(m,k)));

Id(m)*V(m)*(sin(DELTA(m) -THETA(m)))+Iq(m)*V(m)*(cos(DELTA(m) -
THETA(m)))-V(m)*c(m)

Id(m)*(cos(DELTA(m)-THETA(m)))-Ig(m)*(sin(DELTA(m)-THETA(m))) -
d(m)-V(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k)))1;

k=2;

DA1_2=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
- V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k)));
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
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k=3;

SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;

DA1_3=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

k=1 ;
D42_1

k=2;

D42_2=

k=3;

D42_3=

k=1;

SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k))) 1;
m=2;

=[-Vm)*V(k)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))

-Vim)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m, k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVim)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;

[-Td(m)*V(m)*(cos(DELTA(m)-THETA(m)))+Iq(m)*V(m)*
(sin(DELTA(m)-THETA(m)))+V(m)*a(m) Id(m)*(sin(DELTA(m) -
THETA(m)))+Ig(m)*(cos(DELTA(m)-THETA(m)))-b(m)-V(m)*
Yn(m,k)*(cos(THETA(m) -THETA(K)-ALPHA(m, k) ));

Id(m)*V(m)*(sin(DELTA(m) -THETA(m)))+Iq(m)*V(m)*(cos(DELTA
(m)-THETA(m)))-V(m)*c(m)
Id(m)*(cos(DELTA(m)-THETA(m)))-Iq(m)*(sin(DELTA(m)
-THETA(m)))-d(m)-V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)
-ALPHA(m,k)))1;

[-Vim)*V k) *Yn(m, k) *(sin(THETA(m) -THETA (k) -ALPHA(m, k) ))
- Vm)*Yn(m, k)*(cos(THETA(m) - THETA(K) -ALPHA(m, k) ))

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))1;
m=3;

D43_1=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

k=2;

-Vm)*Yn(m,k)*(cos(THETA(m) -THETACk) -ALPHA(m, k) )) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))71;

D43_2=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

k=3;

-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) - THETA(K) -ALPHA(m, k) ) ) 1;

D43_3=[-Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))+Ig(m)*V(m)*(sin

(DELTA(m)-THETA(m)))+V(m)*a(m) Id(m)*(sin(DELTA(m) -
THETA(m)))+Ig(m)*(cos(DELTA(m)-THETA(m)))-b(m)-V(m)*
Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)));

Id(m)*V(m)*(sin(DELTA(m)-THETA(m)))+Ig(m)*V(m)*(cos(DELTA(m)-
THETA(m)))-V(m)*c(m)
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Id(m)*(cos(DELTA(m)-THETA(m)))-Iq(m)*(sin(DELTA(m)-THETA(m))) -
d(m)-V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))1;

D4=1[D41_1D41_2D41_3 ; D42_1D42_20D42_3 ; D43_1D43_2D43_3 1;

% SO>SO SSSSSSSSS>>>>>
% > TO CALCULATE MATRIX D5 >
m=1;
for k=4:9;
D51C:,:,k)=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k)))

-Vm)*Yn(m,k)*(cos (THETA(m) -THETACk)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m, k)*(cos(THETA(m)-THETA(K) -ALPHA(m,
k)))
VM) *Yn(m, k) *(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;

end
m=2;
for k=4:9;
D52(:, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,
k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,
k)))
SVm)*Yn(m, k)*(sin(THETA(m) - THETA(k) -ALPHA(m,k)))]1;
end
m=3;
for k=4:9;

D53(:, k) =L-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV m)*Yn(m, k)*(cos(THETA(m) - THETA (k) -ALPHA(m, k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
end
D5 =[D51(:,:,4) D51(:,:,5) D51(:,:,6) D51C(:,:,7) D51(:,:,8)
D51(:,:,9); D52(:,:,4) D52(:,:,5) D52(:,:,6) Db2(:,:,7) D52
(:,:,8) D52(:,:,9); D53(:,:,4) D53(:,:,5) D53(:,:,6) D53
(:,:,7) D53(:,:,8) D53(:,:,9) 1;

% SSSSSS5SSSSSS5SS5S555S55S55555555>>
% > TO CALCULATE MATRIXD6 > %

m=4;
for k=1:3;

D64(:,:, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K) -ALPHA(m,k)))
SVim)*Yn(m,k)*(cos (THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
end
m=>5;
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for k=1:3;
DE5(:, k) =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
end
m=6;
for k=1:3;
D66 (:, k) =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))1;
end
m=7;
for k=1:3;
D67 (:,:, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m, k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) T;
end
m=8;
for k=1:3;
D68(:,:, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
Vm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k))) 13

end
m=9;
for k=1:3;
D69 C:, :, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETACk)-ALPHA(m,
k)))

SVm)*Yn(m, k)*(cos(THETA(m) -THETA(k)-ALPHA(m, k) )) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

end

D6=[D64(:,:,1) D64C(:,:,2) D64(:,:,3) ; D65(:,:,1)D65(:,:,2)
D65(:,:,3) ; D66(:,:,1) D66(:,:,2) D66(:,:,3) ;
D67(C:,:,1) D67(:,:,2) D67(:,:,3); D68(:,:,1)D68(:,:,2)
D68(:,:,3) ; D69(:,:,1) D69(:,:,2) D69(:,:,3) 1;

% %
% CALCULATION OF DIFFERENT SUMMATION TO GET MATRIX D7 %
for m=4:9;
fork=1:9;
t(k) =(V(m)*V(k)*Yn(m,k)*sin(THETA(m) -THETA (k) -ALPHA(m,
k)))s;

uCk) =(V(k)*Yn(m,k)*cos(THETA(m)-THETA(k) -ALPHA(m,k)));
v(ik) =(V(m)*V(k)*Yn(m,k)*cos(THETA(m)-THETA(k)-ALPHA(m,
k)));
w(k) =(V(K)*Yn(m,k)*sin(THETA(m) -THETA(k) -ALPHA(m,k)));
end
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e(m)=sum(t)-(Vm)*V(m)*Yn(m,m)*sin(THETA(m)-THETA(m) -
ALPHA(m,m)));

f(m)=sum(u);

g(m)=sum(v)-(V(m)*V(m)*Yn(m,m)*cos(THETA(m)-THETA(m) -
ALPHA(m,m)));

h(m)=sum(w) ;

end
% SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>>>
% >TO CALCULATE MATRIX D7 >
m=4;
k=4;
D74_4=[e(m) -f(m) - (Vm)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA
(m,k))));
-g(m)  -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k))))1;
k=5;

D74_5 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K)-ALPHA(m,k)))
SVm)*Yn(m, k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k)));

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k))) 1;
k=6;
D74_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=7;
D74_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k))) 1;
k=8;
D74_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=9;
D74_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
m=5;
k=4;
D75_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k))) 1;
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k=5;
D75_5=[e(m) -f(m) - CCV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,
k)))))s
-g(m) ~h(m) - (Vim)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA
(m,k))))1;
k=6;

D75_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K) -ALPHA(m,k)))
SVm)*Yn(m, k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;
k=7;
D75_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) 1;
k=8;
D75_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=9;
D75_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
m=6;
k=4;
D76_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
- V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

SVm)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k))) 1;
k=5;
D76_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;
k=6;
D76_6 =[e(m) -f(m)-(V(m)*Yn(m, k)*(cos(THETA(m)-THETA (k) -ALPHA
(m,k))));
-g(m) h(m) - (Vim)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA
(m,k))))1;
k=7;
D76_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V (k) *Yn(m, k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k))) 1;
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k=8;
D76_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=9;
D76_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k))) 1;
m=7;
k=4;
D77_A4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))

SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=5;
D77_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

VIm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=6;

D77_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;

k=7;

D77_7 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -

ALPHA(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=8;
D77_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;

k=9;

D77_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;

m=8;

k=4,

D78_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
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k=5;

D78_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

k=6;

D78_6 =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;

k=7;

D78_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;

k=8;

078_8 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -

ALPHA(m,k))));
-g(m) ~h(m)-(Vim)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,
k)J))d;

k=9;

D78_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

m=9;

k=4;

D79_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

k=5;

D79_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(cos(THETA(m) -THETA(k)-ALPHA(m, k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) 1;

k=6;

D79_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

k=7;

D79_7 =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
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k=8;
D79_8="[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=9;
D79_9 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;

D7 =[D74_4 D74_5 D74_6 D74_7 D74_8 D74_9; D75_4 D75_5 D75_6 D75_7
D758 D75_9 ; D76_4 D76_5 D76_6 D76_7 D76_8 D76_9 ; D77_4 D77_5
D77_6 D77_7 D77_8 D77_9 ;D78_4 D78_5 D78_6 D78_7 D78_.8 D78_9 ;
D79_4 D79_5 D79_6 D79_7 D79_8 D79_9 1;

% CALCULATION OF SYSTEM MATRIX (A-SYS) %
K1=D4 - (D3*inv(D1)*D2); K2=C2 - (D3*inv(D1)*C1);
A_dot = Al - (B1*inv(D1)*C1l); Bl_dot=B2 - (Bl*inv(D1)*D2);
B2_dot = zeros([21 ,12]); B_dot = [ Bl_dot B2_dot];
Cl_dot =K2 ; C2_dot =zeros([1221]); C_dot=1[Cl_dot ; C2_dot];

D11_dot =K1; D12_dot =D5; D21_dot =D6; D22_dot =D7;
D_dot = [D11_dot D12_dot ; D21_dot D22_dot 1;
JAE = inv(D_dot);

A_sys =A_dot - B_dot * JAE * C_dot; % SYSTEM MATRIX

eig_val =eig (A_sys) % EIGEN VALUE

SIGMA=abs(real(eig_val)) ; % REAL PART OF THE DOMINANT EIGEN
VALUE%

OMEGA = abs(real(i*eig_val)) ; % IMAGINARY PART OF DOMINANT
EIGEN VALUEZ%

FREQ = OMEGA/ (2*pi) ; % FREQUENCY OF OSCILLATION

/=abs(eig_val);

AT =SIGMA./Z % DAMPING FACTOR FORDOMINANT EIGEN VALUE%

PROGRAM FOR ILLUSTRATION IN ARTICLE 7.5.2

%*******************************k********************************

% TLUSTRATION 3 -MACHINE , 9 - BUS SYSTEM (3 NOS PV BUS: 6 NOS PQ BUS)

% COMPUTATIONOF SYSTEMMARIX EIGENVALUE AND DAMPING RATIOWITHPSS & SVC
% MACHINE DATA% Input PG;QG; Rs; Xd; X_d; T_d; Xq; X_q:; T_q;H;D; o5
BEXCITATION SYSTEM DATA%Z  Input KA; TA; KE; TE; KF ; TF ;

% LOAD FLOW DATA WITH SVC AT BUS # 8% Input Voltage (V) ; THETA (0)
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% COMPUTATION OF INITIAL CONDITION (As in Program for Article.1) %

% DETERMINATION OF SVC SUSCEPTANCE AT ATYPICAL VALUE OF FIRING ANGLE %

%**************************************************************%

beta_in=136 ; % Firing angle selected near Resonace

beta=(beta_in*pi)/180 ; % Inradian%

XL=0.4925; XC=1.1708; % SVC INDUCTIVE AND CAPACITIVE
REACTANCE

omega=2*pi*50;
BSVC=-(pi*XL-XC*(2*(pi-beta)+sin(2*beta)))/
(pi*XC*XL); % SVC SUSCEPTANCE
dBSVC=2*(cos(2*beta)-1)/XL

% Modification of Y-Bus matrix for SVC connected in Bus # 8

del_Yn=zeros(9,9);
i1=8; kk=8
del_Yn(ii,kk)=dBSVC*i ; delYn=abs(del_Yn) ; GAMA=angle(del_Yn) ;

% COMPUTATION OF Y-BUS MATRIX WITH SVC %
line_data = Tinedatassvc; % Acquire Tine datawith SVC
Y_N=ybusppgsvc ; %Y-Busmatrix fromlinedatawithSVC
Yn=abs(ybusppgsvc ; ALPHA=angle(ybusppgsvc) ;

% PSS PARAMETERS % Input  KPSS; T1; T2;
% SVC PARAMETERS % Input  KSVC; KP; KI; T11; T21; Tsvc;

% LINEARIZATION OF DAE WITH PSS AND SVC PARAMETERS %

m=1 ;
Alil=[01000000;0-D(m)*Ws(m)/(2*H(m)) (-Igq(m)*Ws(m))/(2*H(m))
(-Id(m)*Ws(m))/(2*H(m)) 0000 ; 00 -1/T_d(m) 0 1/T_d(m) 0 0 0 ;
000 -1/T_gq(m) 000 O ;
0000 -(KE(m)+(1+1.555%Efd(m))*0.0039*exp(1.555*Efd(m)))/TE(m)
1/TE(m) 00 ;
0000 - (KACm)*KF(m))/(TA(m)*TF(m)) -1/TA(m) KA(m)/TA(m) -KA(m)/TA(m) ;
0000KF(m)/(TF(m)*TF(m)) 0 -1/TF(m) 0; 0 KPSS/(T2*Ws(m))-(D(m)
FKPSS*T1*Ws(m) )/ (2*H(m)*T2*Ws(m)) (-KPSS*T1*Ig(m)*Ws(m))/
(2*T2*Ws(m)*H(m))

(-KPSS*TI*Id(m)*Ws(m))/(2*T2*Ws(m)*H(m)) 0 0 0 -1/T27;

B1il=[00 ; ((Ws(m)*Iq(m)*(X_d(m)-X_qg(m)))-(Ws(m)*E_d(m)))/(2*H
(m)) (Ws(m)*Id(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_q(m)))/(2*H(m)) ;
S(Xd(m)-X_d(m))/(T_d(m)) 0 ;0 (Xqg(m)-X_q(m))/(T_q(m));00;00;00;
KPSS*T1*(Ws(m)*Tq(m)*(X_d(m)-X_g(m))-Ws(m)*E_d(m))/(2*T2*Ws(m)*H
(m)) KPSS*TI*(Ws(m)*Id(m)*(X_d(m)-X_qg(m))-Ws(m)*E_q(m))/(2*T2*Ws
(m)*H(m))1;
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B2i1=[00;00;00;00;00;0 -KA(m)/TA(m); 00;007;

E1i1=[00;Ws(m)/(2*H(m)) 0;00;00;00;0 KA(m)/TA(m); 00; KPSS*T1/
(2%H(m)*T2) 0 1;

m=2 ;

Ali_2=[01000000000; 0 -D(m)*Ws(m)/(2*H(m)) (-Ig(m)*Ws(m))/
(2*%H(m)) (-Id(m)*Ws(m))/(2*H(m)) 0 0 00000;00 -1/T_d(m) 0 1/
T_dm)0 0000 O0;

000 -1/T_gq(m) 0000000;0000-(KE(m)+(1+1.555*Efd(m))
*0.0039*%exp(1.555*Efd(m)))/TE(m) 1/TE(m) 000 00; 0000 -(KA(m)*
KF(m))/(TA(m)*TF(m)) -1/TA(m) KA(m)/TA(m) -KA(m)/TA(m) 0 (KA(m)
*dBSVC)/TA(m) 0;

0000KFM/(TF(m)*TF(m)) 0 -1/TF(m) 0 0 0 0; O KPSS/(T2*Ws(m))-
(D(m)*KPSS*T1*Ws(m))/(2*H(m)*T2*Ws(m)) (-KPSS*T1*Iq(m)*Ws(m))/
(2*T2*Ws(m)*H(m))

(-KPSS*T1*Id(m)*Ws(m))/(2*T2*Ws(m)*H(m)) 0 0 0 -1/T2 0 0 0;

0 (KSVC/(T21*Ws(m))-(D(m)*KSVC*T11*Ws(m))/(2*H(m)*T21*Ws(m)))
S(KSVCHTI1*Iq(m)*Ws(m) )/ (2*T21*Ws(m)*H(m)) - (KSVC*T11*Id(m)*
Ws(m))/(2*T21*Ws(m)*H(m)) 0000 -1/7T2100; 00000000 -
KI0OO0; 000000000O0-1/Tsvc -1/Tsvc 1;

B1i_2=[0 0 ; ((Ws(m)*Ig(m)*(X_d(m)-X_qg(m)))-(Ws(m)*E_d(m)))/
(2*H(m)) ((Ws(m)*Td(m)*(X_d(m)-X_g(m)))-(Ws(m)*E_q(m)))/(2*H(m)) ;
-(Xd(m)-X_d(m))/(T_d(m)) 0; 0 (Xg(m)-X_q(m))/(T_q(m)); 0 0 ;
00500 ; KPSS*TI*(Ws(m)*Iqg(m)*(X_d(m)-X_q(m))-Ws(m)*E_d(m))/
(2*T2*Ws(m)*H(m)) KPSS*TI*(Ws(m)*Id(m)*(X_d(m)-X_q(m))-Ws(m)*
E_q(m))/(2*T2*Ws(m)*H(m));
(KSVCHTL1*(Ws(m)*Ig(m)*(X_d(m)-X_qg(m))-Ws(m)*E_d(m)))/(2*T21*
Ws(m)*H(m))
(KSVCATI1*(Ws(m)*Id(m)*(X_d(m)-X_g(m))-Ws(m)*E_q(m)))/(2*T21*Ws
(m)*H(m)); 0 0; 0 01;

B2i_2=[00;00;00;00;00;0 -KA(m)/TA(m); 00;00;00;00;001;

E1i_2=[000; Ws(m)/(2*H(m)) 0 0;000;000;000; 0 KA(m)/TA(m) 0;
000; KPSS*TL/(2*H(m)*T2) 0 0; (KSVC*T11)/(2*H(m)*T21) 0 03
00-KI;0001;

m=3 ;

Ali3=[01000000; 0 -D(m)*Ws(m)/(2*H(m)) (-Iq(m)*Ws(m))/(2*H(m))
(-Id(m)*Ws(m))/(2*H(m))0 0 00 ;00 -1/T_d(m) 0 1/T_d(m)0 0 O ;
000 -1/T_q(m) 000 O ;

0000 -(KE(m)+(1+1.555*Efd(m))*0.0039%exp(1.555*EFfd(m)))/TE(m) 1/
TE(m) 00 ;

0000 -(KA(m)*KF(m))/(TA(M)*TF(m)) -1/TA(m) KA(m)/TA(m) -KA(m)/
TA(m) ;

0000KF(m)/(TF(m)*TF(m)) 0 -1/TF(m) 0;

0 KPSS/(T2*Ws(m))-(D(m)*KPSS*T1*Ws(m))/(2*H(m)*T2*Ws(m))
(-KPSS*T1*Ig(m)*Ws(m))/(2*T2*Ws(m)*H(m)) (-KPSS*T1*Id(m)*
Ws(m))/(2*T2*Ws(m)*H(m)) 0 0 0 -1/T2];
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B1i3 =[0 0 ; ((Ws(m)*Iq(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_d(m)))/(2*H
(m)) ((Ws(m)*Id(m)*(X_d(m)-X_g(m)))-(Ws(m)*E_g(m)))/(2*H(m)) ;
- (Xd(m)-X_d(m))/(T_d(m)) 0 ; 0 (Xg(m)-X_g(m))/(T_g(m)); 0 0 ;
00500 ; KPSS*TI*(Ws(m)*Iq(m)*(X_d(m)-X_qg(m))-Ws(m)*E_d(m))/
(2*T2*Ws(m)*H(m)) KPSS*TI*(Ws(m)*Id(m)*(X_d(m)-X_q(m))-Ws(m)
*E_q(m))/(2*T2*Ws(m)*H(m)) 1;

B2i3=[00;00;00;00;00;0 -KA(m)/TA(m); 0 0;001;

E1i3 =[0 0 ;Ws(m)/(2*H(m)) 0;0 0;0 0; 0 0;0 KA(m)/TA(m); 0 O;
KPSS*T1/(2*H(m)*T2) 0 1;

Al =blkdiag(Alil,Ali_2,A113); Bl =blkdiag(Blil,B1i_2,B1i3);
B2 =Dblkdiag(B2i1,B2i_2,B2i3); El =blkdiag(Elil,E1i_2,E1i3);

% LINEARIZATION OF STATOR ALGEBRAIC EQUATIONS %
m=1;
Clil=[-V(m)*(cos(DELTA(m)-THETA(m))) 0 01 000 0; V(m)*(sin
(DELTA(m)-THETA(m))) 01000007;
D1il =T[-Rs(m) X_q(m) ; -X_d(m) -Rs(m)7];
D211 =[V(m)*(cos(DELTA(m)-THETA(m))) -sin(DELTA(m)-THETA(m)) ;
SVm)*(sin(DELTA(m)-THETA(m))) -cos(DELTA(m)-THETA(m))];
m=2;
Cli_2=[-V(m)*(cos(DELTA(m)-THETA(m)))0010000000; V(m)*(sin
(DELTA(m)-THETA(m)))01000000001];
D1i_2=T[-Rs(m) X_q(m) ; -X_d(m) -Rs(m) 1;
D2i_2=T[V(m)*(cos(DELTA(m)-THETA(m))) -sin(DELTA(m)-THETA(m)) ;
SVm)*(sin(DELTA(m)-THETA(m))) -cos(DELTA(m)-THETA(m))];
m=3;
C1li3=[-V(m)*(cos(DELTA(m)-THETA(m)))0010000; V(m)*(sin(DELTA
(m)-THETA(m)))01000007;
D1i3=[-Rs(m) X_qg(m) ; -X_d(m) -Rs(m)1;
D2i3=[V(m)*(cos(DELTA(m)-THETA(m))) -sin(DELTA(m)-THETA(m)) ;
SV(m)*(sin(DELTA(m) -THETA(m))) -cos(DELTA(m)-THETA(m))1;
% MATRIX C1, D1, D2 %
Cl= blkdiag(Clil, Cli_2, Cli3); Dl= blkdiag(Dlil, D1i_2, D1i3);
D2=blkdiag(D2il, D2i_2, D2i3);

% LINEARIZATION OF NETWORK EQUATIONS PERTAIN TO GENERATOR BUS%
m=1;
C2il=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Ig(m)*V(m)*(sin
(DELTA(m)-THETA(m)))) 0 00000 0; (-Id(m)*V(m)*(sin(DELTA(m) -
THETA(m)))-Iqg(m)*V(m)*(cos(DELTA(m)-THETA(m))))00000007;

D3il= [ V(m)*(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-THETA
(m)));
V(m)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin(DELTA(m)-THETA
(m)))];
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C2i_2=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Igq(m)*V(m)*(sin
(DELTA(m)-THETA(m))))0000000000; (-Id(m)*V(m)*(sin(DELTA(m) -
THETA(m)))-Ig(m)*V(m)*(cos(DELTA(m)-THETA(m))))00000000007;
D3i_2=[ V(m)*(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-THETA
(m)));
V(m)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin(DELTA(m)-THETA
(m)))1;
m=3;
C2i3=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Iqg(m)*V(m)*(sin
(DELTA(m)-THETA(m))))0000000; (-Id(m)*V(m)*(sin(DELTA(m)-
THETA(m)))-Iq(m)*V(m)*(cos(DELTA(m)-THETA(m))))00000007;

D3i3=[ V(m)*(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-THETA
(m)));
VIm)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin(DELTA(m)-THETA
(m)))J;

% MATRIX C2, D3 %
C2=blkdiag(C2i1,C21_2,C213); D3=Db1kdiag(D3i1,D31_2,D313);

%******‘k***‘k********k*‘k***‘k**************************************

% > TO CALCULATE MATRIX D4 (As in Program for Article C.1) >%

% SSSSSSSSSSSSSS5SSSSS5S5S5SS555555>5>>
% > TO CALCULATE MATRIX D5 >
% SSSSSSSSSSSSSSSSSSSSSSSSSSSS5SS>>>>>
m=1;
k=4;

D514 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k))) 1;
k=5;
D51_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=6;
D51_6=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m, k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=7;
D51_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA (k) -ALPHA(m,k)))1;
k=8;
D51_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) 0;
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V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -
ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA (k) -GAMA(m,
k)))1;
k=9;

D51_9=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
m=2;
k=4;
D52_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(K) -ALPHA(m,k))) 1;
k=b;
D52_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k))) 1;
k=6;
D52_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=7;
D52_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k)))1;
k=8;
D52_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) 0;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
-V (m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m, k)))1;
k=9;
D52_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
m=3;
k=4;
DE3_4 =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;



APPENDIX C MATLAB Simulation Program 365

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k)))
SV m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=5;
D53_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k))) 1;
k=6;
D53_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SV m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=7;
DE3_7 =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=8;
D53_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) 0;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))
- Vm)*V(k)*deTYn(m,k)*(sin(THETA(m) -THETA(k) -
GAMA(m,k)))1;
k=9;
D53_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;

D5 =[D51_4 D51_5 D51_6 D51_7 D51_8 D51_9
D52_4 D52_5 D52_6 D52_7 D52_8 D52_9;
D53_4 D53_5 D53_6 D53_7 D53_8 D53_91;

% SSSSSSSSSSSSSSSSSSSS5S5SSS5SS555>>>>
% > TO CALCULATE MATRIX D6 >
m=4;

k=1;

D64_1 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
VM) *Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=2;
D64_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=3;
D64_3 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;
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VIm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))1;
m=5;
k=1;
D65_1 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=2;
D65_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETACk)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(Kk)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k))) 1;
k=3;
D65_3 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
m=6;
k=1;
D66_1 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))1;
k=2;
D66_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=3;
D66_3 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

VIm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
m=7;
k=1;
D67_1=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))1;
k=2;
D67_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(Kk)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
k=3;
D67_3=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;



k=1;

k=2;

k=3;

k=1;
D69_1 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

k=2;
D69_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

k=3;
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V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
m=8;

D68_1 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
-Vm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k))) ;
0 -2*V(m)*BSVC 1;

D68_2 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) ;
0 -2*V(m)*BSVC 1;

D68_3 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))

-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) ;
0 -2*V(m)*BSVC 1;

m=9;

-Vm)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V (k) *Yn(m, k)*(cos(THETA(m) - THETA(k) -ALPHA(m, k) ))

SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;

-Vm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V (k) *Yn(m, k)*(cos(THETA(m) - THETA(k) -ALPHA(m, k) ))

SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;

D69_3 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

-Vm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))

SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k)))1;

D6 =[ D64_1 D64_2 D64_3 ; D65_1 D65_2 D65_3 5 D66_1 D66_2 D66_3 ;

%

D67_1 D67_2 D67_3; D68_1D68_2 D68_3 ; D69_1 D69_2 D69_3 1]

%

%
%
%

%

CALCULATION OF DIFFERENT SUMMATION TO GET MATRIX D7 %
(As in Program for Article C.1)

SSSSSSSSSSSSSSSSSSSSSSSSSSSSS>SS>>>

> TO CALCULATE MATRIX D7 >

SSSS>SSSSSSSSSSSSSSSSSSSSSSSSSS>>>>
m=4;

367
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k=4;

D74_4=[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));

-g(m) -h(m)-(Vm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -

ALPHA(m,k))))1;

k=5;

D74_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)));

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) 1;
k=6;
D74_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=7;
D74_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) 1;
k=8;
D74_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) 0O;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*V (k) *delYn(m,k)*(sin(THETA(m)-THETA(k)-GAMA(m,k))) 1;
k=9;
D74_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(K)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
m=5;
k=4;
D75_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=5;
D75_5=[e(m) -f(m)-C(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(mM,k)))));
-g(m) -h(m)-(Vm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=6;
D75_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(Ck)-ALPHA(m,k)))
SVm)*Yn(m, k) *(sin(THETA(m) -THETA(k) -ALPHA(m, k) )) 13
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k=7;
D75_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=8;
D75_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) O;

Vm)*V(k)*Yn(m, k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k) ))
SVm)*V (k) *delYn(m, k)*(sin(THETA(m) - THETA(k) -GAMA(m,k))) 1;

k=9;
D75_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k))) 1;
m=6;
k=4;

D76_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k) )) 1;

k=5;
D76_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V (k) *Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k))) 1;

k=6;
D76_6 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m)  -h(m)-(Vim)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=7;

D76_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K)-ALPHA(m,k)))
-Vm)*Yn(m, k)*(cos (THETA(m) -THETA(K) -ALPHA(m, k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k) )) 1;
k=8;
D76_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) 0O;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k)-GAMA(m,k))) 1;

k=9;
D76_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V (k) *Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
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SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
m=7;
k=4;
D77_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=5;
D77_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) 1;
k=6;
D77_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=7;
D77_7 =[e(m) Sf(m)-(Vm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m) ~h(m) - (Vm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=8;
D77_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) 0O

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k)-GAMA(m,k))) 1;

k=9;
D77_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k))) 1;
m=8;
k=4;
D78_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k)-ALPHA(m, k) ))
0 -2*V(m)*BSVC 1;
k=5;
D78_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETACk) -ALPHA(m,k))) ;
0 -2*V(m)*BSVC 1;

k=6;

D78_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;
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Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k))) ;
0 -2*\V(m)*BSVC J;

k=7;

D78_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k))) ;

0 -2*\V(m)*BSVC J;
k=8;
D78_8=T[e(m) Sf(m) - (Vm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k)))) 0;
-g(m) h(m) - (Vim)*Yn(m,k)*(sin(THETA(m)-THETA(K) -
ALPHA(m,k))))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k)-GAMA(m,k)));
0 -2*V(m)*BSVC -2*V(m)*V(m)*dBSVC J;
k=9;

D78_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(K)-ALPHA(m,k)))
SVm)*Yn(m, k)*(cos (THETA(m) -THETA (k) -ALPHA(m, k) ))

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) ;
0 -2*V(m)*BSVC 1;
m=9;
k=4;
D79_4=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=5;
D79_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k))) 1;
k=6;
D79_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=7;
D79_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k))) 1;
k=8;
D79_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) O;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k)))
-Vm)*Yn(m, k)*(sin(THETA(m) - THETA(K) -ALPHA(m,k)))
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-V(m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m,k))) 7T ;
k=9;
D79_9 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;

D7 =[D74_4 D74_5 D74_6 D74_7 D74_8 D74_9 ; D75_4 D75_5 D75_6 D75_7
D75_8 D75_9 ; D76_4 D76_5 D76_6 D76_7 D76_8 D76_9 ;
D77_4 D77_5 D77_6 D77_7D77_8 D77_9 ; D78_4 D78_5 D78_6
D78_7 D78_8 D78_9 ; b79_4 D79_5 D79_6 D79_7D79_8 D79_9 1;

% COMPUTATION OF SYSTEM MATRIX & EIGEN VALUES WITH PSS AND SVC %
K1=D4 - (D3*inv(D1)*D2); K2=C2 - (D3*inv(D1)*C1);
A_dot =Al - (B1*inv(D1)*Cl); Bl_dot =B2 - (Bl1*inv(D1)*D2);
B2_dot = zeros([27 ,131);

B_dot =[ Bl_dot B2_dot];

Cl_dot =K2 ; C2_dot =zeros([1327]); C_dot =[Cl_dot ; C2_dot];
D11_dot =K1; D12_dot=D5; D21_dot=D6; D22_dot=D7;

D_dot = [Dll_dot D12_dot ; D21_dot D22_dot 1;

JAE =inv(D_dot);

A T %

A_svc =A_dot-B_dot*JAE*C_dot ; % SYSTEM MATRIX

eig_valsvc =eig (A_svc) % CALCULATION OF EIGEN VALUE WTH
PSS & SVC

SIGMA= abs(real(eig_valsvc)) ; % REAL PART OF THE DOMINANT EIGEN
VALUE%

OMEGA =abs(real(i*eig_valsvc)) ; % IMAGINARY PART OF DOMINANT EIGEN
VALUE%

FREQ = OMEGA/ (2*pi) ; % FREQUENCY OF OSCILLATION

/=abs(eig_valsvc);

ZAT =SIGMA./Z % DAMPING FACTOR FOR DOMINANT

EIGEN VALUE%
AHHHHHHHHEHHHHHHHHAEHHEEHHHHHAEHEEHHHHAAEEEEEHHHAEEEEHHHE

% TIME RESPONSE ANALYSIS (INITIAL CONDITION RESPONSE) %
AA=A_svc; BB=E1l; CC=eye([27,27]1); DD=zeros([27,7]1);
T=0:0.01:10; % SIMULATION TIME

sys =ss(AA,BB,CC,DD);

X0=zeros(27,1); % INTIAL CONDITION

X0(10,1)=1.0; % STEP DISTURBANCE

[Y, T, X]=1initial(sys, X0,T);
plot(T,X(:,10))
hold on
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PROGRAM FOR ILLUSTRATION IN ARTICLE 7.6.2

VAR R R R R R R R R R e R R R TR R R R R R R R R R R R R ]

% TLUSTRATION 3 -MACHINE , 9 - BUS SYSTEM (3 NOS PV BUS: 6 NOS PQ BUS)
% COMPUTATION OF SYSTEM MARIX EIGENVALUE AND DAMPING RATIO WITH PSS &
TCSC

% MACHINE DATA%

O o ek ok ok ok ok ok ok ok ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
Input PG; QG; Rs; Xd; X_d; T_d; Xg; X_q; T_q; H; D; ®s

SEXCITATION SYSTEM DATA%

O o ek ok ok ek ok ok ok ok ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ko ok ok ok ko
Input KA; TA; KE ; TE; KF ; TF

% LOAD FLOW DATAWITH SVC AT BUS # 8

B R R S S S S B S S R B b R S R b S b B R S S b R S b b e b S b

Input Voltage (V) ; THETA (0)

/2 %
% COMPUTATION OF INITIAL CONDITIONS (As in Program for ArticleC.1) %
% .............................................................. 00

% DETERMINATION OF TCSC REACTANCE AT ATYPICAL VALUE OF FIRING ANGLE %
O ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k ok k ok kR k)
5 YTCSC(i,k)=g(i,k)+b(i,k); HERE TCSC IS INCLUDED BETWEEN ii=5 and
kk=7

GRFKAFFRAAFFAARHFYTCSC installed between LINE f#5-7#**ssshxskkhrsssk
Kok kkokk kK9

beta_in=145.7 ; % Firing angle selected near Resonace
beta=(beta_in*pi)/180 ; % Inradian
del=pi-beta ; % Conduction angle

omega=2*pi*5h0
% XL inductive reactance; XC capacitive reactance%
XL1=2.6; XC1=15.0; % INDUCTIVE AND CAPACITIVE REACTANCE%
L=XL1/omega ;
C=1/(omega*XCl)
omega_zero=sqrt(1/(L*C))
omega_bar=omega_zero/omega;

XL=XL1/529.02 % Expressed in pu, where base impedance
=529.02 %

XC=XC1/529.02 % Expressed in pu, where base impedance
=529.02%

XLC=(XC*XL)/(XC-XL)

C_1=(XC+XLC)/pi

C_2=(4*XLC*XLC)/(XL*pi) ;
XTCSC=-XC+C_1*(2*(del)+sin(2*(del)))-C_2*(cos(del))2*
(omega_bar*tan(omega_bar*(del))-tan(del)) ;
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% CACULATION OF deTta (XTCSC) (LINEARIZED REACTANCE OF TCSC)

partl=-2*C_1*(1l+cos(2*beta))+ C_2*sin(2*beta)*(omega_bar*tan
(omega_bar*(pi-beta))-tan(beta));
part2=(((omega_bar)2)*((cos(pi-beta))?2))/((cos(omega_bar*
(pi-beta)))2);

dXTCSC=partl+C_2*(part2 - 1);

A e I I %

line_data =wscclinedatastcsc; % Acuire Tine datawith TCSC
installed in 1ine #5-7 for the
system.

Y_N=wsccybusppg ; % Compute Y-Bus matrix from 1ine
data

Yn=abs(wsccybusppg) ; ALPHA=angle(wsccybusppg) ;

r=1ine_data(:,3) ; % Resistance, R........

x = line_data(:,4) ; % Reactance, X........

dg=zeros(9,9) ;
db=zeros(9,9) ;
%xx**x%%: Modified part of the Y-bus matrix with TCSC in LINE #5-7:

*hkkkkkkkhkkkhkxkkx9

11=5; kk=7
dg(ii,11)=(0-2*r(6,1)*x(6,1))*dXTCSC/((r(6,1))2+(x(6,1))72)72
dg(kk,kk)=dg(ii,ii); dg(ii,kk)=-dg(ii,ii); dg(kk,ii)=-dg(ii,ii)
db(ii,11)=(r(6,1)2+(x(6,1))2)*dXTCSC/((r(6,1))2+(x(6,1))2)72;
db(kk,kk)=db(ii,71); db(ii,kk)=-db(ii,ii1); db(kk,ii)=-db(ii,i1)

del_Yn=zeros(9,9);

del_Yn(ii,kk) =(1/((r(6,1))2+(x(6,1))2)2)*(-2*r(6,1)*x(6,1)+i*
(-(r(6,1))2+(x(6,1))2))*dXTCSC ;

del_Yn(kk,11) =(1/((r(6,1))2+(x(6,1))2)2)*(-2*r(6,1)*x(6,1)+i*
(-(r(6,1))2+(x(6,1))2))*dXTCSC ;

del_Yn(ii,i1) =(1/((r(6,1))2+(x(6,1))2)2)*(-2*r(6,1)*x(6,1)+i*
(-(r(6,1))2+(x(6,1))2))*dXTCSC ;

del_Yn(kk,kk) =(1/((r(6,1))2+(x(6,1))2)2)*(-2*r(6,1)*x(6,1)+i*
(-(r(6,1))2+(x(6,1))2))*dXTCSC ;

delYn=abs(del_Yn) ;
GAMA=angle(del_Yn) ;

% PSS PARAMETERS %  Input KPSS; T1; T2;
% TCSC PARAMETERS % Input KTCSC; T11l; T12; Ttcsc;

A i e I %
% LINEARIZATIONOF DIFFERENTIAL ALGEBRAIC EQUATIONS %
form=1:3
Ali(:,:,m)=[01000000;0-D(m)*Ws(m)/(2*H(m)) (-Ig(m)*Ws(m))/
(2*H(m))

(-Id(m)*Ws(m))/(2*H(m)) 0 000 ;00 -1/T_d(m) 0 1/
T_dm)000; 000 -1/T_q(m) 0000;0000 -C(KE(m)
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+(1+1.555%Efd(m))*0.0039*%exp(1.555*Efd(m)))/TE(m)
1/TE(m)00; 0000 -(KACM)*KF(m))/(TA(m)*TF(m)) -1/
TA(m) KA(m)/TA(m) KA(m)/TA(m) ;
0000KF(mM)/(TF(m)*TF(m)) 0 -1/TF(m) 0; 0 KPSS/
(T2*Ws(m))-
(D(m)*KPSS*T1*Ws(m))/(2*H(m)*T2*Ws(m)) (-KPSS*T1*Iq(m)
AWs(m) )/ (2*T2*Ws(m)*H(m)) (-KPSS*T1*Id(m)*Ws(m))/
(2*T2*Ws(m)*H(m)) 000 -1/T27;

Bli(:,:,m)=[00; ((Ws(m)*Ig(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_d
(m)))/(2*H(m))
((Ws(m)*Td(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_q(m)))/
(2*H(m)) ;
-(Xd(m)-X_d(m))/(T_d(m)) 0 ; 0 (Xg(m)-X_q(m))/
(T_q(m)); 00;00:;00
KPSS*T1*(Ws(m)*Tq(m)*(X_d(m)-X_qg(m))-Ws(m)*E_d
(m))/(2*T2*Ws (m)*H(m))
KPSS*T1*(Ws(m)*Id(m)*(X_d(m)-X_q(m))-Ws(m)*E_qg
(m))/(2*T2*Ws (m)*H(m))1;

B2i(:,:,m)=[00;00;00;00;00;0 -KA(m)/TA(m); 00;007;

EliC:,:,m)=[00 ;Ws(m)/(2*H(m)) 0;00;00;00;0 KA(m)/TA(m); 00;
KPSS*T1/(2*H(m)*T2) 0 1;
end

m=2;

Al_i(:,:,m)=[0100000000;0-D(m)*Ws(m)/(2*H(m)) (-Ig(m)*Ws(m))/
(2*H(m)) (-Id(m)*Ws(m))/(2*H(m)) 0 0 0000;00 -1/T_d(m) O 1/T_d
(m)00O0D00; 000 -1/T_q(m) 000000;0000 -
(KE(m)+(1+1.555*%Efd(m))*0.0039*exp(1.555*Efd(m)))/TE(m) 1/TE(m)
0000; 0000

- (KA(m)*KF(m))/(TA(m)*TF(m)) -1/TA(m) KA(m)/TA(m) KA(m)/TA(m)

0 KA(m)/TA(m);

000O0KF(m)/(TF(m)*TF(m)) 0 -1/TF(m)000; 0 KPSS/(T2*Ws(m))- (D(m)
FKPSS*ATI*Ws(m) )/ (2*H(m)*T2*Ws(m)) (-KPSS*T1*Igq(m)*Ws(m))/
(2*T2*Ws(m)*H(m)) (-KPSS*T1*Id(m)*Ws(m))/(2*T2*Ws(m)*H
(m))000 -1/T200; 0 (KTCSC/(T12*Ws(m))-(D(m)*KTCSC*T11*Ws(m))/
(2*H(m)*T12*Ws(m))) -(KTCSC*T11*Iq(m)*Ws(m))/(2*T12*Ws(m)*H

(m)) -(KTCSC*T11*Id(m)*Ws(m))/(2*T12*Ws(m)*H(m)) 0 0 0 0 -1/T12 0
;000000001/Ttesc -1/Ttcsc 1;

Bl _i(:,:,m)=[00; ((Ws(m)*Ig(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_d
(m)))/(2*H(m) ) C(Ws(m)*Td(m)*(X_d(m)-X_q(m)))-(Ws(m)*E_q(m)))/
(2%H(m)) ; -(Xd(m)-X_d(m))/(T_d(m)) 0 ; 0 (Xg(m)-X_q(m))/(T_q(m));
00;00;00; KPSS*TI*(Ws(m)*Iq(m)*(X_d(m)-X_g(m))-Ws(m)*E_d
(m))/(2*T2*Ws(m)*H(m)) KPSS*TL*(Ws(m)*Id(m)*(X_d(m)-X_qg(m))-
Ws(m)*E_q(m) )/ (2*T2*Ws(m)*H(m));
(KTCSCATI1*(Ws(m)*Iq(m)*(X_d(m)-X_q(m))-Ws(m)*E_d(m))/(2*T12*
Ws(m)*H(m))) (KTCSC*T11*(Ws(m)*Id(m)*(X_d(m)-X_qg(m))-Ws(m)*
E_q(m))/(2*T12*Ws(m)*H(m))); 007;
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B2_i(:,:,m)=[00;00;00;00;00;0 -KA(m)/TA(m);00;00;00;001;

El_i(:,:,m)=[00;Ws(m)/(2*H(m)) 0;00;00;00;0 KA(m)/TA(m); 00
KPSS*T1/(2*H(m)*T2) 0; KTCSC*T11/(2*H(m)*T12) 0; 007;

% MATRIX A1, B1, B2, E1 %

Al_.b1kd1ag(A11( 1),A1_i(:,:,2),A1i(:,:,3)); Bl =blkdiag(B1i
(:,:,1),B1 1( 2),Bli(:,:,3));

2—-b1kd1ag(821< ) B2_i(:,:,2),B2i(:,:,3)); El =blkdiag(Eli

(:,:,1),E1 1( 2),E1i(:,:,3));

/2 %

% LINEARIZATION OF STATORALGEBRAIC EQUATIONS %

form=1:3;

CliC:,:,m) =[-V(m)*(cos(DELTA(m)-THETA(m))) 0010000 ; V(m)*
(sin(DELTA(m)-THETA(m))) 01 00000 1;
D1i(:,:,m) =[-Rs(m) X_qg(m) ; -X_d(m) -Rs(m)7J;
D2i(:,:,m)=[V(m)*(cos(DELTA(m)-THETA(m))) -sin(DELTA(m)-THETA
(m)) 5 -V(m)*(sin(DELTA(m) -
THETA(m))) -cos(DELTA(m)-THETA(m))1;
end
m=2;
Cl_iC:,:,m)=[-V(m)*(cos(DELTA(m)-THETA(m)))001000000; V(m)
*(sin(DELTA(m)-THETA(m))) 0100000007;

D1_iC:,:,m)=1[-Rs(m) X_qg(m) ; -X_d(m) -Rs(m)];
D271(:,., ::[V(m)* coS(DELTA(m)-THETA(m))) -sin(DELTA(m)-
THETA(m)) ;

SV(m)*(sin(DELTA(m)-THETA(m))) -cos(DELTA(m) -
THETA(m))1;

% MATRIX C1, D1, D2 %

Cl=blkdiag(Cli( ,1),C1_diC: 2),Cli(:,:,3)); DI=>blkdiag
(D11(.,.,1),D171(.,., ),D11(.,.,3));

D2=blkdiag(D2i(:,:,1),02_1i(:,:,2),D2i(:,:,3));

DD ------------------------------------------------------------- %

% LINEARIZATION OF NETWORK EQUATIONS PERTAIN TO GENERATOR BUS %

form=1:3;

C2i(:,:,m)=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Tq(m)*V(m)*
(sin(DELTA(m) THETA(m))))0 0 00000 ; (-Id(m)*V(m)*(sin(DELTA(m)-
THETA(m)))-Tq(m)*V(m)*(cos(DELTA(m)-THETA(m)))) 0000000 J;

D3i(:,:,m)=[V(m)*(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-
THETA(m)));
V(m)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin(DELTA(m)-
THETA(m))) 1;

end

m=2;

C2_iC:,:,m)=[(Id(m)*V(m)*(cos(DELTA(m)-THETA(m)))-Iq(m)*V(m)*
(sin(DELTA(m)-THETA(m))))0 0000000 0; (-Id(m)
AV (m)*(sin(DELTA(m)-THETA(m)))-Iq(m)*V(m)*(cos
(DELTA(m)- THETA(m)))) 00000000 O0];
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D3_i(:,:,m)=[ V(M) *(sin(DELTA(m)-THETA(m))) V(m)*(cos(DELTA(m)-
THETA(m)));
V(m)*(cos(DELTA(m)-THETA(m))) -V(m)*(sin(DELTA(m)-
THETA(m)))1;

% MATRIX C2, D3 %

C2=blkdiag(C2i(:,:,1),C2_i(:,:,2),C2i(:,:,3)); D3=Dblkdiag
(D3i(:,:,1),D3_1(:,:,2),D31(:,:,3));

% SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS55555>>>>
% TO CALCULATE MATRIX D4 ( As in Program for ArticleC.1)%
% S>SS>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>

% SSSSSSSSSSSSSSSSS5SS5S5S5SSS5S555S>>5>>
% > TO CALCULATE MATRIX D5 >
% SO SSOSOSS5S5SS5S555555>5>
m=1;
k=4;

D51 _4 =[-V(m)*V(k)*Yn(m, k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))
-Vm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k)))1;
k=5;
D51_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k)))
V(m)*V(k)*deTYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m,k)));

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
VM) *Yn(m, k)*(sin(THETA(m) - THETA(K) -ALPHA(m, k) ))
V(m)*V(k)*de]Yn(m K)*(sin(THETA(m) -THETA(k) -GAMA(m,

)]s

k=6;
D51_6 =L-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
k=7;

D51_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
-Vm)*V(k)*deTYn(m,k)*(cos(THETA(m) -THETA(k) -
GAMA(m,k)));

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))
-V(m)*V(k)*deTYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m,k)))1;

k=8;

D51_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) )) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
SVim)*Yn(m, kK)*(sin(THETA(m) -THETACk) -ALPHA(m, k)))1;
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k=9;
D51_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
m=2;
k=4;
D52_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) )) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k) ))1;
k=5;
D52_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
Vm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
-Vm)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -
GAMA(m,k)));
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
Vm)*V(k)*deTYn(m,k)*(sin(THETA(m) -THETA(k) -
GAMA(m,k)))1;
k=6;
D52_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))71;
k=7;

D52_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
-Vm)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -

GAMA(m, k)));

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
Vm)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m,k)))1;

k=8;

D52_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SV(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA(K) -ALPHA(m, k) )) 1;
k=9;
D52_9=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ));

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))1;
m=3;
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k=4;
D53_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA (k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))1;
k=5;

D53_5 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
V(m)*Yn(m,k)*(cos(THETA(m)-THETA (k) -ALPHA(m,k)))
SVm)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k) -

GAMA(m,k)));
Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -
GAMA(m,k)))1;

k=6;

D53_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))1;
k=7;

D53_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA (k) -ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
-Vm)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA (k) -

GAMA(m, k)));

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m) -THETA(K) -

GAMA(m,k)))1;

k=8;
D53_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k)))71;
k=9;
D53_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))1;

D5 =[D51_4 D51_5 D51_6 D51_7 D51_8 D51_9
D52_4 D52_5 D52_6 D52_7 D52_8 D52_9;
D53_4 D53_5 D53_6 D53_7 D53_8 D53_91;

% SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS55>> %

% > TO CALCULATE MATRIX D6 >
m=4;

for k=1:3;

D64C:, :, k) =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k)))
-Vim)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m, k))) ;



380 APPENDIX C MATLAB Simulation Program

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -
ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))1;
end
m=>5;

for k=1:3;

D65(:,:, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,
k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k))) ;
V(m)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA
(k)))-Vm)*V(k)*imag(Y_N(m,k))*(cos(THETA(m) -
THETACK))) V(m)*(real(Y_N(m,k))*cos(THETA(m) -
THETA(k))+imag(Y_N(m,k))*sin(THETA(m)-THETA(k))) 1;

end
m=6;

for k=1:3;

D66(:,:, k) =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,
k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)));
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,
k))) -V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k)))1;

end

m=7;

for k=1:3;

D67(:,:, k) =[-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,
k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,
k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(K) -ALPHA(m,k))) ;
V(m)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA
(k)))-Vm)*V(k)*imag(Y_N(m,k))*(cos(THETA(m) -
THETA(K))) V(m)*(real(Y_N(m,k))*cos(THETA(m) -
THETA(K) )+imag(Y_N(m,k))*sin(THETA(m)-THETA
(k)))1;

end

m=8;
for k=1:3;

DE8(:, :, k) =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA
(m,k))) -V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k)))1;
end
m=9;
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for k=1:3;
DEI(:, k) =L-V(m)*V(K)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,
k)))
V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ));
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,
k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,
k)))1;
end
D6=[D64(:,:,1) D64C(:,:,2) D64(:,:,3) ; D65(:,:,1)D65(:,:,2) D65
(:,:,3); D66(:,:,1) D66(:,:,2) D66(:,:,3) ;
D67(:,:,1) D67(:,:,2) D67(:,:,3); D68(:,:,1) D68(:,:,2) D68
(:,:,3); D69(:,:,1) D69(:,:,2) D69(:,:,3) 1;

% %
% CALCULATION OF DIFFERENT SUMMATION TO GET MATRIX D7
for m=4:9;
fork=1:9;

t (k) =(Vm)*V(k)*Yn(m,k)*sin(THETA(m)-THETA(k) -
ALPHA(m,k)));
uCk) =(Vk)*Yn(m,k)*cos(THETA(m) -THETA(k)-ALPHA(m,k)));
v(k) =(V(m)*V(k)*Yn(m,k)*cos(THETA(m)-THETA(k) -
ALPHA(m,k)));
w(k) =(V(k)*Yn(m,k)*sin(THETA(m)-THETA(k) -ALPHA(m,k)));
end
e(m)=sum(t)-(V(m)*V(m)*Yn(m,m)*sin(THETA(m)-THETA(m) -
ALPHA(m,m)));
f(m)=sum(u);
g(m)=sum(v)-(V(m)*V(m)*Yn(m,m)*cos(THETA(m)-THETA(m) -
ALPHA(m,m)));
h(m)=sum(w) ;

end
% %
% Power Flow Mismatch Equation in Matrix D7 %
m=5;

fork=1:9;
te5 (k) =Vm)*V(k)*(-real (Y_N(m,k))*sin(THETA(m)-THETA(k))
+imag(Y_N(m,k))*cos(THETA(m)-THETA(k)));
uch(k)=-2*V(m)*real (Y_N(m,k))+V(k)*(real (Y_N(m,k))*cos
(THETA(m) -THETA(k))+imag(Y_N(m,k))*sin(THETA(m) -
THETA(K)) ) ;
end
ech(m)=sum(tc5)-(V(m)*V(m)*(-real (Y_N(m,m))*sin(THETA(m) -
THETA(m))+imag(Y_N(m,m))*cos(THETA(m)-THETA(m))));
fc5(m)=sum(uch);
m=7;
fork=1:9;
te7 (k) =Vm)*V(k)*(-real (Y_N(m,k))*sin(THETA(m)-THETA(k))
+imag(Y_N(m,k))*cos(THETA(m)-THETA(k)));
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uc/7 (k)= -2*V(m)*real (Y_N(m,k))+V(k)*(real (Y_N(m,k))*
CcOoS(THETA(m) -
THETA(K))+imag(Y_N(m,k))*sin(THETA(m)-THETA(k)));
end
ec7(m)=sum(tc7)-(V(m)*V(m)*(-real (Y_N(m,m))*sin(THETA(m) -
THETA(m))+imag(Y_N(m,m))*cos(THETA(m)-THETA(m))));
fc7(m)=sum(uc?);

% SSSSSS5S555555555555555555555555>>>

% > TO CALCULATE MATRIX D7 >
m=4;

k=4;

D74_4 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=5;
D74_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k)-GAMA(m,

k)))1;

k=6;

D74_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;
V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;

k=7;

D74_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k) ))
SVm)*V (k) *deTYn(m,k)*(sin(THETA(m) -THETA (k) -
GAMA(m,k)))T;
k=8;
D74_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=9;
D74_9=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

-V(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
m=5;
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k=4;
D75_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k) ))

Vm)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
V(m)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
Vm)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
(m,k))*sin(THETA(m)-THETA(k))) 1;

k=5;
D75_5=[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA
(m,k))))
-V (m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k) -GAMA(m, k) ))
-g(m) -h(m)-(Vm)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k))))
-V(m)*V(k)*delYn(m,k)*(sin(THETA(m) -THETA(k) -GAMA(m,k)))
ecbh(m) -fc5(m)+V(m)*(real (Y_N(m,k))*cos(THETA(m) -
THETA(CK) )+imag(Y_N(m,k))*sin(THETA(m)-THETA(k)))
(-V(m)2+V(m)*V(k)*cos(THETA(m)-THETA(k)))*dg(m,k)+V(m)
*V(k)*sin(THETA(m)-THETA(k))*db(m,k) 1;
k=6;

D75_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA (k) -ALPHA(m,k)))
SVm)*Yn(m, k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k) ))

Vim)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
V(m)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
V(m)*(real(Y_N(m,k))*cos(THETA(m)-THETA(k))+
imag(Y_N(m,k))*sin(THETA(m)-THETA(k)))1;

k=7;

D75_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k) ))
SVm)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -GAMA(m, k))) ;

Vm)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-V(m)*V(k)*imag

(Y_N(m,k))*(cos(THETA(m)-THETA(k))) V(m)*(real(Y_N(m,k))*cos

(THETA(m) -THETA(k) )+imag(Y_N(m,k))*sin(THETA(m)-THETA(k)))

(-V(m) 2+V(m)*V(k)*cos(THETA(m) -THETA(k)))*dg(m, k)+V(m)*V(k)*sin

(THETA(m)-THETA(k))*db(m,k)1;

k=8;

D75_8 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k)))

VIm)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k))) -
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V(m)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
V(m)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
(m,k))*sin(THETA(m)-THETA(k))1;

k=9;

D75_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) - THETA(K) -ALPHA(m, k)))

)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k))) -
Y*VCk)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
k))*sin(THETA(m)-THETA(k)))1;

m=6;

V(m
V(m
V(m
(m,
k=4;
D76_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;
Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=5;
D76_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k)-GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k)))
SVim)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -

GAMA(m,k)))1;

k=6;
D76_6="[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-
ALPHA(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=7;
D76_7=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
-V (m)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*V(k)*deTYn(m,k)*(sin(THETA(m) -THETA(k) -
GAMA(m,k)))1;
k=8;
D76_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=9;
D76_9=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;
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Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
m=7;
k=4;
D77_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(K) -ALPHA(m, k) ))

Vm)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
Vm)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
Vim)*(real(Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N(m,k))
*sin(THETA(m)-THETA(k)))1;

k=5;

D77_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA (k) -GAMA(m,k)));

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k) ))
-Vm)*V(k)*delYn(m,k)*(sin(THETA(m)-THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
Vm)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
Vim)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
(m,k))*sin(THETA(m)-THETA(k))
(-V(m) 2+V(m)*V(k)*cos(THETA(m)-THETA(k)))*dg(m, k)+
V(m)*V(k)*sin(THETA(m) -
THETA(K))*db(m,k)];
k=6;
D77_6=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m, k) ))

Vm)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
V(m)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
V(m)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
(m,k))*sin(THETA(m)-THETA(k)))1;
k=7;
D77_7 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA
(m,k))))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k)-GAMA(m,k)));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k))))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m) -THETA (k) -GAMA(m,k)));
ec7(m) -fe7(m)+V(m)*(real (Y_N(m,k))*cos(THETA(m) -
THETA(K))+imag(Y_N(m,k))*sin(THETA(m)-THETA(k))) (-V(m)"
2+V(m)*V(k)*cos(THETA(m)-THETA(k)))*dg(m,k)+V(m)*V(k)
*Sin(THETA(m) -THETA(k))*db(m,k) 1;
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k=8;
D77_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k))) ;

Vim)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
V(m)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
Vim)*(real(Y_N(m,k))*cos(THETA(m)-THETA(k))+
imag(Y_N(m,k))*sin(THETA(m)-THETA(k))) 1;

k=9;

D77_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k) ))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m, k))) ;

)*V(k)*real (Y_N(m,k))*(sin(THETA(m)-THETA(k)))-
)*V(k)*imag(Y_N(m,k))*(cos(THETA(m)-THETA(k)))
)*(real (Y_N(m,k))*cos(THETA(m)-THETA(k))+imag(Y_N
k))*sin(THETA(m)-THETA(k))) 1;

m=8;

V(m

V(m

V(m

(m,

k=4;

D78_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
Vm)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m,k))) 1;
k=5;
D78_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k)))
-V(m)*V(k)*delYn(m,k)*(cos(THETA(m) -THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m)-THETA(k) -ALPHA(m,k)))
-V(m)*V(k)*deTYn(m,k)*(sin(THETA(m)-THETA(k) -

GAMA(m,k)))1;

k=6;
D78_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m, k))) ;

Vim)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=7;
D78_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ))

-Vm)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))
SV(m)*V(k)*deTYn(m,k)*(sin(THETA(m)-THETA(k) -

GAMA(m,k)))1;
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k=8;
D78_8 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k) -
ALPHA(m,k))));
-g(m) -h(m)-(Vim)*Yn(m,k)*(sin(THETA(m)-THETA(k) -
ALPHA(m,k))))1;
k=9;
D78_9 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
m=9;
k=4;
D79_4 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SVim)*Yn(m, k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(K) -ALPHA(m,k)))

SV(m)*Yn(m,k)*(sin(THETA(m) -THETA(k)-ALPHA(m, k))) 1;
k=5;
D79_5=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))

SVm)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ))

-Vm)*V(k)*delYn(m,k)*(cos (THETA(m)-THETA(k) -GAMA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))
SV(m)*V(k)*deTYn(m,k)*(sin(THETA(m)-THETA(k) - GAMA(m,

k)))1;

k=6;
D79_6 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(k) -ALPHA(m,k))) ;

Vm)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k)*(sin(THETA(m) -THETA(k) -ALPHA(m,k))) 1;
k=7;
D79_7 =[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
-V(m)*Yn(m,k)*(cos(THETA(m) -THETA (k) -ALPHA(m, k) ))

SVm)*V(k)*delYn(m,k)*(cos(THETA(m)-THETA(k) -GAMA(m, k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m) -THETA(k)-ALPHA(m,k)))
SVm)*Yn(m,k)*(sin(THETA(m) -THETA (k) -ALPHA(m,k)))
SV(m)*V(k)*delYn(m,k)*(sin(THETA(m) -THETA(k) -
GAMA(m,k)))1;
k=8;
D79_8=[-V(m)*V(k)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA(m,k)))
SV(m)*Yn(m,k)*(cos(THETA(m) -THETA(K) -ALPHA(m,k))) ;

V(m)*V(k)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA(m,k)))
SVm)*Yn(m, k) *(sin(THETA(m) -THETA (k) -ALPHA(m,k))) 1;
k=9;
D79_9 =[e(m) -f(m)-(V(m)*Yn(m,k)*(cos(THETA(m)-THETA(k)-ALPHA
(m,k))));
-g(m) -h(m)-(V(m)*Yn(m,k)*(sin(THETA(m)-THETA(k)-ALPHA
(m,k)))NJ;
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D7 =[D74_4 D74_5 D74_6 D74_7 D74_8 D74_9 ; D75_4 D75_5 D75_6
D75_7 D75_8 D75_9 ; D76_4 D76_5 D76_6 D76_7 D76_8 D76_9 ;
D77_4 D77_5 D77_6 D77_7 D77_8 D77_9 ; D78_4 D78_5 D78_6
D78_7 D78_8 D78_9 ; D79_4 D79_5 D79_6 D79_7 D79_8 D79_9 1:

% CALCULATION OF SYSTEM MATRIX (A-SYS) WITH PSS AND TCSC %

K1=D4 - (D3*inv(D1)*D2); K2=C2 - (D3*inv(D1)*Cl); A_dot =

Al - (B1*inv(D1)*C1);

Bl_dot =B2 - (Bl1*inv(D1)*D2); B2_dot =zeros([26 ,14]); B_dot =
[ Bl_dot B2_dot];

Cl_dot =K2 ; C2_dot =zeros([14 26]); C_dot=[Cl_dot ; C2_dot];

D11 _dot =KI1; Dl2_dot =D5; D21_dot=D6; D22_dot =D7;
D_dot = [D11_dot D12_dot ; D21_dot D22_dot 1;

JAE =inv(D_dot);

A_tcsc =A_dot-B_dot*JAE*C_dot ; % SYSTEM MATRIX

eig_valtcsc=eig (A_tcsc) % CALCULATIONOF EIGEN VALUE WTH
PSS & TCSC

SIGMA=abs(real(eig_valtcsc)) ; % REAL PART OF THE DOMINANT EIGEN
VALUE%

OMEGA = abs(real(i*eig_valtcsc)) ; % IMAGINARY PART OF DOMINANT
EIGEN VALUE%

FREQ = OMEGA/ (2*pi) ; % FREQUENCY OF OSCILLATION
/=abs(eig_valtcsc);
/AT =SIGMA./Z % DAMPING FACTOR FOR DOMINANT

EIGEN VALUE%

% TIME RESPONSE ANALYSIS (INITIAL CONDITION RESPONSE) %
AA=A_tcsc; BB=El; CC=eye([26,26]); DD=zeros([26,6]);
sys =ss(AA,BB,CC,DD);

T=0:0.01:10; % SIMULATION TIME
X0=zeros(26,1); % INTIAL CONDITION
X0(10,1)=1; % STEP DISTURBANCE

[Y,T.XI=1initial(sys,X0,T);
plot(T,Y(:,10))

hold on
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system, 126
Alkaline fuel cell (AFC), 296-297
Alternators, 15, 16f
Amplifiers, 35-36, 36f
Angle stability
category of, 1
definition, 1
Angular acceleration, 2-3
Angular position, 2-3
Angular velocity, 2-5
Aperiodic drift, 7, 8f
Armature, of synchronous machines, 42
Asymptotic stability, 320, 320f
Automatic voltage regulator (AVR), 6
stability with/without, 7, 8f
Autonomous linear system, 162

B
Biogas, 300-301
Biomass energy, 300-302, 3001
Block diagram, of SMIB power system, 87
reduction approach applied to, 97f, 104-105
small-signal stability analysis using, 97f, 98-100
Blondel’s two-reaction theorem, 15-17
Boiler systems, speed governors of, 45
Boltzmann constant, 306-307
Bounded real lemma, in H,, control theory, 268
Buses
generator
linearization of network equations for, 50
in multimachine power system, 127-128,
133-135, 151
network equations for, 48-50, 49f
load
linearization of network equations for, 50-51
in multimachine power system, 127-128,
140-141, 147
network equations for, 48-51, 49f
Bus voltage
SSSC regulation of, 74-78, 74-75f, 7f
STATCOM regulation of, 60-65, 61f, 63f

SVC regulation of, 55-60, 56f, 58-59f
TCSC regulation of, 65-74, 65-66f, 70-71f
UPFC regulation of, 78-84, 79-80f, 83f

C

Capacity utilization factor (CUF), 289
CDIL. See Critical damping index (CDI)
Conduction angle (o), of SVC, 57-59, 58f
Constant current type load
models of, 51-53
PSS and, 185-189, 190-191¢
Constant impedance type load
models of, 51-53
PSS and, 185-189, 190-191¢
Constant power type load
models of, 51-53
PSS and, 185-189, 190-191¢
Control modes, 6
Control optimization, 243
exercises for, 285h
GA-based optimization for, 244
critical loading implications in, 259-261,
260-261¢
crossover step in, 244
illustration of, 249-251, 250¢, 252f, 252¢
mutation step in, 245
parameter optimization in, 245-249, 246f,
249¢
PSO compared with, 262, 262t, 263f
selection step in, 244
PSO for, 251
algorithm used in, 253
critical loading implications in, 260-261¢
fitness function in, 254
GA-based optimization compared with, 262,
262t, 263f
parameter selection in, 253-254
particle definition in, 254
performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
Control robustness, 243
exercises for, 285h
H,, control theory for, 262-264
algorithms for, 264-266, 264f
background for, 264
LMI approach in, 266-271, 267-268f

389



Index

Control robustness (Continued)
TCSC control design, 271-275, 271f, 274f,
274t, 276t
TCSC control performance, 275-278, 276t,
278t, 279-280f
multiarea closed-loop control, 283-285, 283,
285b
Critical damping index (CDI)
in GA-based optimization, 245
in PSO, 254
Critical inter-area mode
in H,, TCSC controller design, 273, 274t
in H,, TCSC controller performance, 275-278,
276¢, 277f, 279-280f, 283t
Critical load, GA-based optimization and PSO
implications for, 259-261, 260-261¢
Critical swing mode, 165
load effects on, 192, 193¢
of longitudinal power system with TCSC, 233,
234¢, 234f
of multimachine power systems
with PSS, 177-178, 178-179¢, 180f
with STATCOM, 229-230, 232¢
with TCSC, 220-221
of SMIB
with PSS, 171, 172¢
with STATCOM, 226
with TCSC, 209-214
Crossover, in GA-based optimization, 244
Current source converter (CSC), STATCOM with,
61-62, 61f
Cylindrical rotor machines, 16-17

D

DAEs. See Differential-algebraic equations
(DAEs)

Damped frequency of oscillations (wq), for
synchronous generators connected to
infinite bus, 11, 13

Damper windings, 11

in dynamic synchronous machine model in a—b—c
reference frame, 18

in steady-state modeling of synchronous
machines, 42

time constants for, 27

Damping. See also Flexible alternating current

transmission system (FACTS) controllers
PSS enhancement of, 169
exercises for, 194b
load effects on, 185-194, 190-191¢, 193-194¢
location selection indicators of, 179-185,
1831, 186-188f, 192—194, 194¢

in multimachine power systems, 175-178,
178-179¢, 180f
in SMIB power system, 122, 169-174, 170f,
172¢, 175f
Damping controller
SSSC with, 77, 77f
TCSC with, 71, 71f
UPFC with, 83, 83f
Damping ratio (&)
GA-based optimization of, 245
illustration of, 249-251, 250-252¢, 252f
of H,, TCSC controller, 275-278, 276t, 277f,
279-280f, 283t
load effects on, 192, 193¢
of longitudinal power system with TCSC, 235,
236-237f
of multimachine power systems
with PSS, 177-178, 178-179¢, 180f
with STATCOM, 229-232, 230f, 231-232¢
with SVC, 216-217, 216f, 218, 232t
with TCSC, 220-223, 221f, 222¢, 223f, 232t
PSO of, 254-259, 255-256f, 257-259t, 258f
of SMIB
with PSS, 171, 172¢
with STATCOM, 226, 226t, 227f
with SVC, 203-205, 204¢, 208f
with TCSC, 209-214, 210-211¢, 214f
of synchronous generator connected to infinite
bus, 11, 13
Damping torque, 7, 8f
of equation of motion, 5
PSS production of, 53-55, 53f, 55f
in SMIB power system, 88
excitation system effects on, 113-115
illustration of, 116-123, 118¢
with negative K, 107-108, 107f
at rotor oscillation frequency, 115-116
steady-state calculation of, 115
Damping torque coefficient (Tp), 7
Dc exciters. See Self-excited dc circuit
Delayed speed signal, in multiarea closed-loop
control, 284-285
DERs. See Distributed energy resources (DERs)
DFIG. See Doubly-fed induction generators (DFIG)
Differential-algebraic equations (DAEs)
distributed energy resources, 309-310
of multimachine power system, 126
of generator with static exciter, 149
linearization of, 129
reduced-order flux-decay model, 149-150
network equations with, 51
of SMIB power system, 89-91
linearization of, 91-95



Differential-algebraic model, 148
Differential equations
of multimachine power system, 128—129
reduced-order flux-decay model, 149-150
of SMIB power system, 89
of synchronous machine dynamic model in a~b—c
reference frame, 18, 20
of synchronous machine dynamic model
in d—g—o reference frame, 21
Direct axis, in dynamic synchronous machine
model in a—b—c reference frame, 18
Direct axis transient reactance, 26-27
Distributed energy resources (DERs), 287-288
exercises for, 311-312
four-machine two-area power system, 312, 312f
fundamentals of
biomass energy, 300-302, 300/
fuel cells (FCs), 296-299
geothermal energy, 294-296, 295f
hydroelectric power, 293-294, 293f
solar photovoltaic (PV) system, 288-290,
289-290f
wind energy system, 288, 290-293, 291-292f
power system stability analysis
small signal stability, 303-309
typical grid-connected system, 302-303, 303/
Doubly-fed induction generators (DFIG), 292, 304
d—g-o reference frame, dynamic synchronous
machine model in, 21-24, 23f
Dynamic circuit of synchronous machine, 152f
Dynamic circuit synchronous machine flux-decay
model, 149f
Dynamic circuit synchronous machine two-axis
model, 127f
Dynamic stability, 1, 309
Dynamic synchronous machine models
a—b—c reference frame, 18-20, 19f
d—q—o reference frame, 21-24, 23f
steady-state modeling, 42-44, 44f
Dynamic system, linearization of, 321-322
Dynamic voltage stability, 1, 7, 87

E
Eigenvalues, 322-323
of multimachine power system, 162, 164, 165¢
Eigenvectors, 322-323
of multimachine power system, 161, 163
right and left eigenvectors, 323-325
Electrical equation
after per unitization, 25
for dynamic synchronous machine model in a-b-c
reference frame, 18
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Electrical torque (7)
components of, 7, 8f
of synchronous generators, 2—4
Electromechanical oscillations. See Oscillations
Electromechanical swing modes
of multimachine power systems
participation factor analysis for identifying,
161-163
with PSS, 177-178, 178-179¢, 180f
swing mode and participation ratio, 164
of SMIB, with PSS, 171, 172¢
Enhanced geothermal systems, 295-296, 295f
Equation of motion. See Swing equation
Equipment models. See Power equipment models
Ethanol fuel, 301
Exciter modes. See Control modes
Exciters
fundamental models of
IEEE Type I exciter, 34-38, 35-36f
static exciter, 38-39, 39f
PSS action through, 53-55, 53f, 55f, 170-171,
170f
OPLI and, 182
in SMIB power system, 97f, 99-100, 111-116
illustration of, 116-123, 118¢
steady-state synchronizing and damping
torque calculations, 115
synchronizing and damping torque at rotor
oscillation frequency, 115-116
torque-angle loop effects, 97f, 113-115, 114f

F

FACTS controllers. See Flexible alternating current
transmission system (FACTS) controllers
Faraday’s constant, 299
Ferranti effect, 200
Field, of synchronous machines, 42
Field windings
in dynamic synchronous machine model in a—b—c
reference frame, 18
in steady-state modeling of synchronous
machines, 42
time constants for, 27
Finite stability, 319, 320f
Firing angle (a), of TCSC, 65-67, 69-70, 70f,
73-74
Fitness function, in PSO, 254
Flexible alternating current transmission system
(FACTS) controllers, 37-40, 147-149,
197-198, 311
definition of, 55, 198
GA-based optimization for
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Flexible alternating current transmission system
(FACTS) controllers (Continued)
critical loading implications in, 259-261,
260-261¢
crossover step in, 244
illustration of, 249-251, 250-252¢, 252f
mutation step in, 245
parameter optimization in, 245-249,
246-247f, 249t
PSO compared with, 262, 262¢, 263f
selection step in, 244
H,, control theory for, 262-264
algorithms for, 264-266, 264f
background for, 264
LMI approach in, 266-271, 267f
TCSC control design, 271-275, 271f, 274f,
274t
TCSC control performance, 275-278, 276t,
277f, 279-280f, 283t
modeling of, 55
SSSC, 74-78, 74-75f, 77f
STATCOM, 60-65, 61f, 63f
SVC, 55-60, 56f, 58-59f
TCSC, 65-74, 65-66f, 70-71f
UPFC, 78-84, 79-80f, 83f
multiarea closed-loop control and, 283-285,
283-284f
multimachine model with, 215, 216f, 218¢, 232¢
PSO for, 251
algorithm used in, 253
critical loading implications in, 259-261,
260-261¢
fitness function in, 254
GA-based optimization compared with, 262,
262t, 263f
parameter selection in, 253-254
particle definition in, 254
performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
SMIB system model with, 202-203, 202f, 204¢,
208f
STATCOM in small-signal stability
improvement, 224
multimachine model with, 228-229, 230f,
231-232¢
SMIB system with, 224-232, 224f, 226¢, 227f
SVC in small-signal stability improvement,
201-207
illustrations of, 203-207, 204¢, 208f, 216-217,
216f, 218t
TCSC in longitudinal power system

description of test system and base case study,
232-233, 2341, 234f
generation drop disturbances and, 235,
236-238f
SSSR applied to, 232, 239-241, 239¢
time domain study of, 235, 237-238f
transmission line outage disturbances and,
235, 236-238f
TCSC in small-signal stability improvement,
208-209
eigenvalue computation and performance
analysis illustration of, 209-214, 210-211¢
multimachine model with, 220-223, 221f,
222t, 223f, 232t
SMIB system model with, 208-209, 208f,
210-211¢, 214f
technology of
series compensation, 198-200, 199f
shunt compensation, 200-201
Flux—current relationships
after per unitization, 26-27, 26f
for dynamic synchronous machine model
in a—b—c reference frame, 18, 20
for dynamic synchronous machine model
in d—g-o reference frame, 23-24
stator, 28
Frequency response analysis, 87
Fuel cells (FCs), 296-299
electrical power generation system, 298, 299f
liquid/molten carbonate fuel cells (MCFC),
296-297, 298f, 299

G

Generation drop disturbances
H,, TCSC controller performance with,
275-278, 276t, 277f, 279-280f, 283t
in longitudinal power system with TCSC
SSSR computations for, 240
Generator buses, network equations for, 48-50, 49f
linearization of, 50
in multimachine power system, 127-128,
133-135, 151
Generator notation, conversion to, 24-26
Genetic algorithms (GAs), control optimization
using
algorithm of implementation of, 248
critical loading implications in, 259-261,
260-261¢
crossover step in, 244
illustration of, 249-251, 250-252¢, 252f
mutation step in, 245
parameter optimization in, 247f, 249t



PSO compared with, 262, 2621, 263f
selection step in, 244
Geothermal energy, 294-296, 295f
Global stability, 320, 3201
Governor, 45-46, 45-46f
Grid connected photovoltaic generator system, 289,
290f, 306, 306f

H

H constant. See Normalized inertia constant
H,_, control, 262-264
algorithms for, 264-266, 264f
background for, 264
LMI approach in, 266271, 267-268f
PSO, 278-282, 280f, 281¢, 282f, 283t
TCSC control design, 271-275, 271f, 274f, 274t
TCSC control performance, 275-278, 276t, 277f,
279-280f, 283t
weighting functions W,(s) and W»(s), selection
of, 329-330, 331f
Heffron—Phillips model, of SMIB power system,
88-98, 88-89f
derivation of K constants, 95-98, 97f
differential algebraic equations, 89—-90
linearization process, 91-95
network equations, 90
state-space model, 91-95
stator algebraic equations, 90
Heuristic optimization methods, 243
High-gain exciter. See Static exciter
Hopf bifurcation, 7, 87
GA-based optimization and PSO implications
for, 259-261, 260-261¢
Horizontal-axis wind turbines (HAWT), 291,
292f
Hydroelectric power, 293-294, 293f
Hydroturbines, speed governors of, 45

IEEE Type I exciter, 34-38, 35f
amplifiers of, 35-36, 36f
combined components of, 37-38, 37f
self-excited dc circuit of, 35, 36f
stabilizer circuit of, 36-38, 37f
Individual, in GA-based optimization, 245-246,
246f
Induction generators (IGs), 304, 310-311
Initial conditions of the state variables, computation
of, 150-161
Inter-area mode, critical
in H,, TCSC controller design, 273, 274t
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in H,, TCSC controller performance, 275-278,
276t, 277f, 279-280f, 283¢
Inter-area mode oscillations, 6
analysis methods for study of, 6
Interior-point method, 327-329

K

K constants, in SMIB power system, 87
derivation of, 95-98, 97f
small-signal stability analysis with negative Ky,
107-108, 107

L

Left-eigenvector, 323-325
Linearization
of dynamic system, 321-322
of generator bus network equations, 50
of load bus network equations, 50-51
of multimachine power system equations,
129-149
of nonlinear function, 320-321, 320f
of SMIB power system equations, 91-95
Linearized differential-algebraic model for the
multimachine system, 147
Linear matrix inequality (LMI)
in H,, control theory, 266-271, 267-268f
semi-definite programming (SDP) problems,
325-327
Load
modeling of, 51-53, 309
PSS effects of, 185-194
critical swing mode and, 192, 193¢
location indicators and, 192—-194, 194¢
type of load and, 189-192, 190-191¢
Load buses, network equations for, 48-51, 49f
linearization of, 50-51
in multimachine power system, 127-128,
140-141, 147
Load-flow equations, of multimachine power
systems, 150
Load-flow formulation, 150
Load increase disturbances
GA-based optimization and PSO implications
for, 259-261, 260-261¢
H,, TCSC controller performance with,
275-278, 276t, 277f, 279-280f, 283t
in longitudinal power system with TCSC, 235,
236-238f
SSSR computations for, 240
Local mode oscillations, 6
analysis methods for study of, 6
Local stability, 319, 320f
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Longitudinal power system, TCSC in, 232
description of test system and base case study,
232-233, 2341, 234f
generation drop disturbances and, 235, 236-238f
load increase disturbances and, 235, 236-238f
SSSR applied to, 232, 239-241, 239¢
time domain study of, 235, 237-238f
transmission line outage disturbances and, 235,
236-238f
Lyapunov equation, 326

M
Machine rotor angle, 155, 157, 159
Masson’s gain rule, 106
MATLAB program, 59, 70-71, 119-122, 164-165,
172-174, 248, 349-388
MCEC. See Molten carbonate fuel cells (MCFC)
Mechanical equations
after per unitization, 25
for dynamic synchronous machine model
in a-b—c reference frame, 18
in dynamic synchronous machine model
in d—q—o reference frame, 22
Mechanical torque (Ty,), of synchronous generators,
2-4
Mixed-sensitivity-based H,, controller, 266-271,
267-268f
Molten carbonate fuel cells (MCFC), 296-297,
298f, 299
Multiarea closed-loop control, 283-285, 283-284f
Multimachine power systems, 125
calculation of initial conditions of state variables
for, 150-161
illustration of, 154-161
electromechanical swing modes, identification of
participation factor analysis, 161-163
swing mode and participation ratio, 164
PSS in, 175-178
combined model, 176-177
eigenvalue and swing mode analysis,
177-178, 178-179¢, 180f
location selection of, 179-185, 183¢, 186—188f
small-signal model formulation for, 125-150
DAEs, 126
of generator with static exciter, 149
linearization and state-space model, 129-149
reduced-order flux-decay model, 149-150
two-axis model of multimachine system,
126-129
STATCOM in, 228-229
illustration of, 229-232, 230f, 231-232¢
SVC in, 215-217

illustration of, 216217
TCSC in, 217-220, 219f
illustration of, 219f, 220-223, 221f, 222¢, 223f,
232t
test case of, 164—167, 165¢
Multimachine small-signal model, 125-150
linearization process and multimachine
state-space model, 129-149
reduced-order flux-decay model, 149-150
two-axis model of multimachine system,
126-129
Multimachine state-space model, 129-149
Mutation, in GA-based optimization, 245

Net participation, 162
Network equations
for generator buses, 48—49, 49f
linearization of, 50
for load buses, 4849, 49f
linearization of, 50-51
load modeling and, 51-53
of multimachine power system, 127, 150
linearization of, 133—-134, 140-141
of SMIB power system, 90
Network models. See Power network models
Newton decrement, 328-329
Nonlinear function, linearization of, 320-321, 320f
Normalized inertia constant, 4

0
OPLI. See Optimum PSS location index (OPLI)
Optimal control, 243
exercises for, 285b
GA-based optimization for, 244
critical loading implications in, 259-261,
260-261¢
crossover step in, 244
illustration of, 249-251, 250-252t, 252f
mutation step in, 245
parameter optimization in, 245-251, 246-247f
PSO compared with, 262, 262t, 263f
selection step in, 244
PSO for, 251
algorithm used in, 253
critical loading implications in, 259-261,
260-261¢
fitness function in, 254
GA-based optimization compared with, 262,
262t, 263f
parameter selection in, 253-254
particle definition in, 254



performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
Optimum PSS location index (OPLI)
algorithms of calculation of, 182
illustration of, 183-185, 183¢
implication of PSS gain in characteristics of, 185,
186-188f
load effects on, 192-194, 194¢
PSS location selection using, 179, 182
Oscillations
analysis methods for study of, 6
H., TCSC controller damping of, 275-278, 276t,
277f, 279-280f, 283t
modes of, 6-7
nature of, 5-6
PSS damping of, 169
in SMIB power system, 172, 175f
STATCOM damping of
in multimachine power systems, 229-232,
230f, 231-232¢
in SMIB power system, 226, 226t, 227f
SVC damping of
in multimachine power systems, 216-217,
216f, 218t
in SMIB power system, 208-209, 208f
of synchronous generators, 2-5, 2-3f
of synchronous generators connected to infinite
bus, 8-11, 9f
illustration of, 11-13, 12f
TCSC damping of
in multimachine power systems, 220-223,
221f, 222t, 223f
in SMIB power system, 212, 214f
Oscillatory instability, 7, 8f

P
Parameter optimization
in GA-based optimization, 245-249, 246-247f,
249t
in PSO, 254-258, 255-256f, 257-258t, 258f
Park’s transformation, 15, 20-24, 23f
Participation factor (PF)
for multimachine power system, 162
PSS location selection using, 181
illustration of, 183—-185, 183¢
Participation factor analysis, for multimachine
power system, 161-163
Participation matrix (P)
for multimachine power system, 161, 162b, 163
for SMIB power system, 109-110
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Participation ratio, for multimachine power
systems, 164
Particles, in PSO, 251, 254
Particle swarm optimization (PSO), control
optimization using, 251
algorithm used in, 253
critical loading implications in, 259-261,
260-261¢
fitness function in, 254
GA-based optimization compared with, 262,
262t, 263f
H,, control, 278-282, 280f, 281t, 282f, 283t
parameter selection in, 253-254
particle definition in, 254
performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
Penstock gate, 45
Per-unit power, of synchronous generators, 3—4
Per unit representation, of synchronous machine
equations, 24-26
physical significance of, 26-27, 26f
Per-unit rotor angular velocity (wpy), 4-5
Phosphoric acid fuel cell (PAFC), 296-297
Photovoltaic (PV) system, 288-290, 289-290f, 306
Polymer electrolytic membrane fuel cell (PEMFC),
296-297
Population, in GA-based optimization, 245-246,
246f
Power equipment models, 41
exercises for, 84b
FACTS devices
SSSC, 74-78, 74-75f, T7f
STATCOM, 60-65, 61f, 63f
SVC, 55-60, 56f, 58-59f
TCSC, 65-74, 65-66f, 70-71f
UPFC, 78-84, 79-80f, 83f
governor, 45-46, 45-46f
load model, 51-53
PSS, 53-55, 53f, 55f
synchronous generator simple model, 4142,
42f
synchronous machine steady-state model, 42-44,
44f
turbine, 4647, 47-48f
Power flow models
of STATCOM, 61f, 62
of UPFC, 80, 80f
Power network models, 41, 48-51, 49f
exercises for, 84b
load modeling, 51-53
Power, of synchronous generators, 3—5
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Power system dynamic analysis, 152
Power system stability analysis, with DERs
small signal stability
impact, 309-311
induction generators (IGs), 304
load, modeling of, 309
solar PV generation system, modeling of, 306
synchronous generators, modeling of, 303
voltage source converter (VSC) system, 307
typical grid-connected system with, 302-303, 303f
Power system stabilizers (PSSs), 37-40, 147-149,
169, 311
for 14-area, 24-machine, 203-bus system, 347
exercises for, 194b
load effects on, 185-194
critical swing mode and, 192, 193¢
location indicators and, 192—-194, 194¢
type of load and, 189-192, 190-191¢
location selection indicators of, 179
illustration of, 183-185, 183¢
implication of PSS gain in characteristics of,
185, 186-188f
load effects on, 192-194, 194¢
OPLI, 179, 182
participation factor, 181
SPE, 179, 181-182
modeling of, 53-55, 53f, 55f
in multimachine power systems, 175-178
combined model, 176-177
eigenvalue and swing mode analysis,
177-178, 178-179¢, 180f
location selection of, 179-185, 1837, 186—188f
in SMIB power system, 122, 169-174, 170f
combined model of SMIB with PSS, 170-171,
170
eigenvalue analysis, 171, 172¢
time domain analysis, 172, 175f
SVC compared with, 203, 204¢, 208f
TCSC compared with, 209-214, 210-211z,
214f
WSCC type 3-machine, 9-bus test system,
parameters of, 334
Practical power systems, 125
Proximity sensor (PS), in multiarea closed-loop
control, 283-285, 283-284f
PSSs. See Power system stabilizers (PSSs)

Q

Quadrature axis, in dynamic synchronous machine
model in a—b—c reference frame, 18
Quadrature axis transient reactance, 27

R

Reactive power, 7
of TCSC, 73
of voltage source converters, 308, 308/
Real power, 7
of TCSC, 73
of voltage source converters, 308, 308f
Reduced-order flux-decay model, 149-150
Reduced-order model
of synchronous machines, 30-31
Renewable sources of energy, 287, 302-303
Right-eigenvector, 323-325
Robust control, 243
exercises for, 285b
H,. control theory for, 262-264
algorithms for, 264-266, 264f
background for, 264
LMI approach in, 266-271, 267-268f
TCSC control design, 271-275, 271f, 274f,
274t
TCSC control performance, 275-278, 276t,
277f, 279-280f
multiarea closed-loop control, 283-285,
283-284f
TCSC control performance, 278¢
Root-locus method of stability analysis, SMIB
power system illustration of, 101, 101f,
103f
Rotor angle, of multimachine power systems, 155,
157, 159
Rotor angle stability, 1
Rotor angular position (6,,,), 2-3
Rotor angular velocity (o), 2-5
Rotor dynamic equations, 28-29
Rotor equation of motion. See Swing equation
Rotor equations
after per unitization, 25
in dynamic synchronous machine model in a—b—c
reference frame, 18
in dynamic synchronous machine model
in d—q—o reference frame, 22
Rotor oscillation frequency
damping torque at, 115-116
synchronizing torque at, 115-116
Rotor oscillations. See Oscillations
Rotor synchronous angular velocity (Wmsyn), 3-5, 3f

S

Salient pole machines, models of, 16-17,
16-17f
Scaling, of synchronous machine equations, 24-26



SCIG. See Squirrel cage induction generator
(SCIG)
Selection, in GA-based optimization, 244
Self-excited dc circuit, 35, 36f
Semi-definite programming (SDP) problems
interior-point method, 327-329
linear matrix inequality (LMI), 325-327
Sensitivity of PSS effect (SPE)
algorithms of calculation, 181-182
illustration of, 183-185, 183¢
implication of PSS gain in characteristics of, 185,
186-188f
load effects on, 192-194, 194¢
PSS location selection using, 179, 181-182
Series compensation, FACTS controllers in,
198-200, 199f
SGs. See Synchronous generators (SGs)
Shunt capacitive compensation, 200
Shunt compensation, FACTS controllers in,
200-201
Shunt inductive compensation, 200
Signal transmission delay, in multiarea closed-loop
control, 284-285
Single-machine infinite bus (SMIB) power system,
87-88
block diagram of, 87
reduction approach applied to, 97f, 104-105
small-signal stability analysis using, 97f,
98-100
exciter effects on, 97f, 99-100, 111-116
illustration of, 116-123, 118¢
steady-state synchronizing and damping
torque calculations, 115
synchronizing and damping torque at rotor
oscillation frequency, 115-116
torque-angle loop effects, 97f, 113-115, 114f
exercises for, 122-123b
Heffron—Phillips model of, 88-98, 88—89f
derivation of K constants, 95-98, 97f
differential algebraic equations, 89-90
linearization process, 91-95
network equations, 90
state-space model, 91-95
stator algebraic equations, 90
illustration of, 100-106, 101f, 103f
with exciter, 116-123, 118¢
with negative K,, 107-108, 107f
PSS in, 122, 169-174, 170f
combined model, 170-171, 170f
eigenvalue and swing mode analysis, 171, 172¢
time domain analysis, 172, 175f
STATCOM in, 224-232, 224f

Index 397

illustration of, 226-228, 226t¢, 227f
state-space model of, 91-95
small-signal stability analysis using, 97f
SVC in, 202-203, 202f
parameters, 333, 333¢
simulation illustration of, 203-207, 204¢, 208f
TCSC in, 208-209, 208f
eigenvalue computation and performance
analysis illustration of, 209-214, 210-211¢,
214f
parameters, 333, 333¢
Small-signal oscillations. See Oscillations
Small-signal stability, 125
concept of, 1-2
analysis of oscillations, 6-7
damping torque, 7, 8f
exercises for, 13-14
modes of oscillations, 6-7
nature of oscillations, 5-6
oscillations in synchronous generators
connected to infinite bus, 8-13, 9f, 12f
swing equation, 2-5, 2-3f
synchronizing torque, 7, 8f
electromechanical swing modes, identification of
participation factor analysis, 161-163
swing mode and participation ratio, 164
initial conditions of the state variables,
computation of, 150-161
in longitudinal power system with TCSC, 232
description of test system and base case study,
232-233, 234t, 234f
generation drop disturbances and, 235,
236-238f
load increase disturbances and, 235, 236-238f
SSSR applied to, 232, 239-241, 239¢
time domain study of, 235, 237-238f
transmission line outage disturbances and,
235, 236-238f
multimachine small-signal model, 125-150
linearization process and multimachine
state-space model, 129-149
reduced-order flux-decay model, 149-150
two-axis model of multimachine system,
126-129
power system stability analysis with DERs
impact of, 309-311
induction generators (IGs), 304
load, modeling of, 309
solar PV generation system, modeling of, 306
synchronous generators, modeling of, 303
voltage source converter (VSC) system, 307
in SMIB power system, 87-88
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excitation effects on, 97f, 99-100, 111-116,
114f, 118¢
exercises for, 122-123b
Heffron—Phillips model of, 88-98, 88-89f, 97f
illustrations of, 100-106, 101f, 103f, 116123,
118¢
with negative K, 107-108, 107f
state-space model and block diagram analysis
of, 97f, 98-100
STATCOM in, 224
multimachine model with, 228-229, 230f,
231-232¢
SMIB system with, 224-232, 224f, 226t, 227f
SVC in, 201-207
illustrations of, 203-207, 204¢, 208f, 216-217,
216f, 218t
multimachine model with, 215, 216f, 218¢,
232t
SMIB system model with, 202-203, 202f,
204¢, 208f
TCSC in, 208-209
eigenvalue computation and performance
analysis illustration of, 209-214, 210-211¢,
214f
multimachine model with, 220-223, 221f,
2221, 223f, 232t
SMIB system model with, 208-209, 208f,
210-211¢, 214f
test case of, 164-167, 165¢
Small-signal stability rank (SSSR), 232, 239-241,
239¢
generation drop computations for, 240
load increase computations for, 240
transmission line outage computations for, 240
Solar photovoltaic (PV) system
advantages of, 288, 290
capacity utilization factor (CUF), 289
disadvantages, 290
efficiency, 289
grid-connected PV system, 289, 290f, 306, 306f
modeling of, 306
PV cell, module, and solar panel, 288-289, 289f
Solid oxide fuel cells (SOFC), 296-297
SPE. See Sensitivity of PSS effect (SPE)
Speed governors, 45-46, 45-46f
Squirrel cage induction generator (SCIG), 292,
304-305, 305f
SSSC. See Static synchronous series compensator
(SSSC)
SSSR. See Small-signal stability rank (SSSR)
Stability, in nonlinear system, 319

finite stability, 319, 320f
global/asymptotic stability, 320, 320f
local stability, 319, 320f
Stabilizer circuit, 36-38, 37f
STATCOM. See Static synchronous compensator
(STATCOM)
State-space model
of multimachine power system, 129-149
of SMIB power system, 91-95, 97f, 98-100
State variables, of multimachine power systems,
calculation of initial conditions of, 150-161
Static exciter, 38-39, 39f
Static synchronous compensator (STATCOM),
197-198. See also Unified power flow
controller (UPFC)
modeling of, 60-65, 61f, 63f
with controller, 63, 63f
power flow model, 61f, 62
Static synchronous series compensator (SSSC).
See also Unified power flow controller
(UPFC)
modeling of, 74-78, 74-75f, T1f
with damping controller, 77, 77f
Static VAR compensator (SVC), 197-198, 338, 338¢
14-bus test system, parameter for, 338, 338¢
GA-based optimization of
critical loading implications in, 259-261, 260t
illustration of, 249-251, 250-252¢, 252f
parameter optimization in, 245-249,
246-247f, 249t
PSO compared with, 262, 262t, 263f
modeling of, 55-60, 56f, 58-59f
with controller, 59, 59f
PSO of
critical loading implications in, 259-261, 260t
GA-based optimization compared with, 262,
262t, 263f
performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
PSS compared with, 203, 204z, 208f
in small-signal stability improvement, 201-207
illustrations of, 203, 204z, 208f, 216-217, 216f,
218t
multimachine model with, 201-207, 216f,
218¢, 232t
SMIB system model with, 202-203, 202f,
204¢, 208f
SMIB system, parameters for, 333, 333¢
STATCOM compared with
in multimachine power system, 229-232,
230f, 231-232¢
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WSCC type 3-machine, 9-bus test system,
parameters of, 334
Stator algebraic equations, 30-31
equivalent circuit of, 32-34, 33-34f
of multimachine power system, 127, 150
linearization of, 131-132
of SMIB power system, 90
Stator equations
in dynamic synchronous machine model in a—b—c
reference frame, 18
in dynamic synchronous machine model
in d—g-o reference frame, 21-22
Stator flux—current relationships, 28
Stator windings, in steady-state modeling of
synchronous machines, 42
Steady-state modeling, 42-44, 44f
Steady-state stability, 1
Steady-state variables, 154—160
Steam turbines, 46-47, 47-48f
Stochastic universal sampling selection,
in GA-based optimization, 244
SVC. See Static VAR compensator (SVC)
Swarm of particles, in PSO, 251, 254
Swing equation
for synchronous generators, 2-5, 2-3f
for synchronous generators connected to infinite
bus, 8-11, 9f
illustration of, 11-13, 12f
Swing-loop participation ratio (r), of multimachine
power systems, 164—165
Swing modes, 164, 165¢. See also Critical swing
mode
of multimachine power systems
participation factor analysis for identifying,
161-163
with PSS, 177-178, 178-179¢, 180f
of SMIB, with PSS, 171, 172¢
Synchronizing torque, 7, 8f
in SMIB power system, 88
excitation system effects on, 113-115
illustration of, 116123, 118¢
with negative K4, 107-108, 107f
at rotor oscillation frequency, 115-116
steady-state calculation of, 115
Synchronizing torque coefficient (T), 7, 10, 12—13
Synchronous angular velocity, 3, 3f
Synchronous electrical radian frequency (wgyn), 4-5
Synchronous generators (SGs), 310-311
modeling of, 303
models of, 16-17, 16-17f
simple model of, 41-42, 42f
swing equation applied to, 2-5, 2-3f
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Synchronous generators connected to infinite bus.
See also Single-machine infinite bus
(SMIB) power system

illustration of, 11-13, 12f
models of, 16-17, 16-17f
small-signal oscillations in, 8-11, 9f

Synchronously rotating reference frame, 3, 3f,
32-34, 33-34f

Synchronous machines

fundamental models of, 15-17, 16-17f
dynamic model in a—b—c reference frame,
18-20, 19f
dynamic model in d—q—o reference frame,
21-24, 23f
equivalent circuit of stator algebraic equations,
32-34, 33-34f
exercises for, 39b
IEEE Type I exciter, 34-38, 35-36f
Park’s transformation, 15, 20-24, 23f
per unit representation, 24-27, 26f
reduced-order model, 30-31
rotor dynamic equations, 28-29
scaling, 24-26
static exciter, 38-39, 39f
stator flux—current relationships, 28
in power network models, 48-51, 49f
steady-state modeling of, 42—44, 44f

T

Taylor’s series expansion, 321
Thermal energy plants, 295
Thermal inertia, 45
Three-phase synchronous machines, 15, 16f
Thyristor-controlled reactor (TCR), 55-57, 56f
Thyristor-controlled series compensator (TCSC),
197-198
for 14-area, 24-machine, 203-bus system, 347
14-bus test system, parameter for, 338, 338¢
GA-based optimization of
critical loading implications in, 259-261, 261¢
illustration of, 249-251, 250-252t, 252f
parameter optimization in, 245-249,
246-247f, 249¢
PSO compared with, 262, 262t, 263f
H.., 278-280, 280f, 2811, 282f, 283t
design of, 271-275, 271f, 274f, 274t
performance of, 275-278, 276t, 277f, 278t,
279-280f
modeling of, 65-74, 65-66f, 70-71f
with damping controller, 71, 71f
in multiarea closed-loop control, 283-285,
283-284f
PSO of
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Thyristor-controlled series compensator (TCSC)
(Continued)
critical loading implications in, 259-261
GA-based optimization compared with, 262,
262t, 263f
performance study of, 259, 259¢
placement and parameter optimization in,
254-258, 255-256f, 257-258t, 258f
in small-signal stability improvement, 208-209
eigenvalue computation and performance
analysis illustration of, 209-214, 210-211z,
214f
multimachine model with, 220-223, 221f,
222t, 223f, 232t
SMIB system model with, 208-209, 208f,
2102111, 214f
SMIB system, parameters for, 333, 333¢
WSCC type 3-machine, 9-bus test system,
parameters of, 335
Time constants, for field and damper windings, 27
Time domain analysis, 172, 175f
Torque-angle loop, in SMIB power system, 97f,
99-100, 104, 114f
excitation system effects on, 113115
Torsional oscillation modes, 67
Transient stability, 1
studies of
swing equation in, 2-5, 2-3f
synchronous generator modeling in, 41-42,
42f
Transmission line outage disturbances
H,, TCSC controller performance with,
275-278, 276t, 277f, 278t, 279-280f
in longitudinal power system with TCSC, 235,
236-238f
SSSR computations for, 240
Turbines, 4647, 47-48f
Two-area power system, 166f
Two-area system
14-area, 24-machine, 203-bus system, 339-347
exciter data, 340t
machine data, 339¢
PSS and TCSC for, 347
transmission line data, 340-347¢

14-bus test system
IEEE type, 336-337, 336-338¢
SVC and TCSC for, 338, 338¢
excitation system data, 336¢
load-flow results for, 336¢
machine data, 335¢
transmission line data, 335¢
Two-axis multimachine power system, 126-129
DAE:s for, 126
linearization of, 129
state-space model, 129-149
Two-pole synchronous machines, 18-24, 19f, 23f

U

Undamped natural frequency of oscillations (w,,),
for synchronous generators connected to
infinite bus, 11, 13

Unified power flow controller (UPFC), 78-84,
79-80f

damping controller, 83, 83f
power flow modeling, 80, 80f

Uniform damping, 164-165

vV

Variable impedance-type controllers, 197-198
Vertical-axis wind turbines (VAWT), 291-292,
292f
Voltage source converter (VSC), 306
FACTS controllers based on, 197-198
modeling of, 307, 308f
of STATCOM, 61-62, 61f
Voltage stability, 1, 7, 87

w

Wind energy system, 288, 290-293, 291-292f
Wind generator (WG), 302-303
‘Wound-Rotor Induction Generator (WRIG), 292
WSCC type 3-machine, 9-bus test system, 155f,
164-165

exciter data, 334¢

load-flow data, 333-334¢

machine data, 334¢

PSS and SVC parameters, 334

TCSC parameters, 335
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