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ABSTRACT

The small signal stability of a power system is the ability of the system to maintain
synchronism under small disturbances like variation in load and/or generation. The
disturbances are considered sufficiently small for linearization of system equations to be
permissible for the purpose of analysis. Traditional ways to improve small signal stability
included power system stabilizers (PSS). Shunt FACTS Controllers like Static Var
Compensator (SVC) are primarily used to improve the voltage profile and for reactive power
compensation. SVC susceptance modulation using a damping controller can achieve the
additional objective of power oscillation damping. It is observed that SVC with only voltage
controller increases the small signal stability marginally. However, when a damping
controller is added, a marked increase in the system small signal stability is observed. A
damping controller can use a variety of auxiliary or supplementary signals to improve the
power oscillation damping. Usually, at the SVC location, electrical power, synthesized
frequency, line current etc. are used as auxiliary signals. In this work, line current signal is
used as a supplementary signal, with the SVC connected at the mid-point of the transmission
line. Multiple case studies with a SMIB system validate this.
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CHAPTER 1
INTRODUCTION

1.1 BASIC CONCEPT AND DEFINITIONS

Power system stability may be broadly defined as that property of a power system that
enables it to remain in a state of operating equilibrium under normal operating conditions and

to regain an acceptable state of equilibrium after being subjected to a disturbance.

Small signal stability is the ability of the power system to maintain synchronism under small
disturbances. Such disturbances occur continually on the system because of small variation in
load and generation. The disturbances are considered sufficiently small for linearization of
system equations to be permissible for the purpose of analysis. Instability that may result can

be of two forms:
(1) Steady increase in rotor angle due to lack of sufficient synchronizing torque or
(2) Rotor oscillations of increasing amplitude due to lack of sufficient damping torque.

The nature of system response to small disturbances depends on a number of factors
including the initial operating condition, the transmission system strength, and the type of

generator excitation controls used.

In today's practical power system, small signal stability is largely a problem of insufficient

damping of oscillations.
Traditional ways to improve small signal stability included power system stabilisers (PSS).

FACTS Controllers like Static Var Compensator (SVC) can be used to improve power

transfer capability by improving system bus voltage profile.

In this work, the small signal stability of a single machine infinite bus (SMIB) system is
analysed. In this system, the generator is connected to the infinite bus through a step up
transformer and a long transmission line. The SVC is connected at the mid-point of the

transmission line.
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It is observed that SVC with only voltage controller marginally increases the system small
signal stability. However, when a damping controller is added, a marked increase in the

system small signal stability is observed.

A damping controller can use a variety of auxiliary or supplementary signals to improve the
power oscillation damping. Usually, deviations in the rotor speed, electrical power, line
current etc. are used as auxiliary signals. In this work, line current is used as the auxiliary

signal.
1.2 LITERATURE REVIEW

Power system stability is a topic that has always challenged power system engineers. A
review of the history of the subject is useful for a better understanding of present day stability

problems.

The stability of power systems was first recognized as an important problem in 1920. Results
of the first laboratory tests on miniature systems were reported in 1924. The first field test on

the stability on a practical power system was conducted in 1925.

[1] presents terms and definitions in the analysis of Power System Stability. This paper also
gives the mathematical analysis of representing the d-axis and g-axis saturation in the small
perturbation of a synchronous machine. The analysis is performed for a synchronous machine

connected to an infinite bus system through a transmission line.

[2] describes the modelling techniques for the small signal stability analysis of a single
machine infinite bus system by Phillips-Heffron model and the eigenvalue analysis. It also

presents the use of the participation factors for identifying the relevant swing modes.

[3] presents the small signal stability of nonlinear system as given by the roots of

characteristic equation of the system i.e., by the eigenvalues of state matrix A.
[4] describes participation factor for analysing a system.

[5] describes the eigenvalue computation by solving the characteristic equation of a simple
second-order system. Using the state space representation and modal analysis, the torque-
angle relationship is used to analyze the system stability characteristics.
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The block diagram approach was first used by Heffron and Phillips[6] and later by deMello
and Concordia[7] to analyze the small signal stability of a synchronous machine connected to

a power system.

CIGRE defines a static var system (SVS) as a combination of a static var compensator (SVC)
and mechanically switched capacitors and reactors, all under coordinated control [8]. Most

of this paper pertains to the modeling of static var compensators.

Speed deviation is used as the supplementary control signal as described in [9]. However, at
the mid-point of the line, the speed deviation signal may not be available. Hence, other
supplementary signals like line current, frequency deviation, deviation of line active power

etc. may be used.
[10] describes static var compensator models for power flow and dynamic analysis.

The influence of dynamic devices on the behavior of different electromechanical modes can
be explained through the associated synchronizing and damping torques by modal analysis as
in [11], [12].

The Philips Heffron block diagram model of a single machine infinite bus system installed
with an SVC, incorporating a damping controller using a supplementary input signal is
described in [11,13,14].

Power system damping enhancement by application of SVC has been described in [15] based

on the well-known equal area criterion.

Use of dynamic reactive power compensation to improve voltage and reactive power
conditions in a SMIB system is described in [16]. It is shown that additional tasks can also be
performed by an static Var Compensator (SVC) to increase the transmission capacity when a

SVC is used for power oscillation damping.

[17] has reported that damping control introduced by the SVC ia able to provide the power

system with damping whose capability increases at higher level of load.

[18] describes the application of Static Var Systems for enhancing system dynamic

performance.
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[19] presents the results of a recent EPRI-sponsored study to compare the performance of
GTO-based systems with conventional SVCs and synchronous condensers, so that decisions
for development and eventual procurement of such systems can be made on a rational

technical and economic basis.

[20-21] presents the various measurement systems employed in the SVC control system. The
demodulation effect of the measurement systems was discussed in detail. The different

components of the basic SVC voltage control system are described.

[22-25] presented different control issues related to the voltage-control function of the SVC.
The procedures for design of voltage regulator are described, and the influences of network
resonances and harmonic resonances on the performance of SVC voltage control are also

discussed.

The advantage achieved by adopting the voltage-modulation control strategy, in comparison

to constant-voltage regulation, is presented in ref. [26].

The optimal robust control and H,, optimization are described in [27, 28]

SVC with a primary-voltage control loop and an auxiliary controller with generator-speed

deviation as the control signal [29].

An SVC with a single-input-signal-output (SISO) proportional-integral derivative (PID)
auxiliary-speed controller, in conjunction with a voltage regulator, is proposed in [30] for

damping torsional oscillations.

An concept is described in [31], in which a midline-located SVC in a series-compensated

SMIB system is used for power-transfer improvement.

[32] presents a fundamental analysis of the application of static VAr compensators (SVC) for
stabilizing power systems. Basic SVC control strategies are examined in terms of enhancing
the dynamic and transient stabilities, improving tie line transmission capacity and damping

power oscillations.
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1.3 ORGANISATION OF THE THESIS

In this thesis, the small signal stability of a single machine infinite bus (SMIB) system
incorporated with a Static Var Compensator (SVC) at the midpoint of transmission line, is
analysed. The SVC is equipped with a voltage controller and a damping controller which uses

line current magnitude as the auxiliary signal. The thesis consists of five chapters.

Chapter one presents an overview of the general ideas about stability, the SVC as a shunt
connected FACTS controller and related works.

Chapter two describes the small signal stability model of single machine infinite bus system.
Chapter three describes the SVC Voltage controller and damping controllers.

Chapter four addresses the modelling of a single machine infinite bus system with SVC
voltage and damping controller.

Chapter five presents the different case studies taken up for analysis and the results.
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CHAPTER-2

SMALL SIGNAL STABILITY OF ASINGLE MACHINE

INFINITE BUS SYSTEM

2.1 INTRODUCTION

Small signal stability is the ability of the system to maintain synchronism under small
disturbances like change in loads or generation. Such disturbances occur continually on the
system because of small variation in load and generation. The disturbances are considered
sufficiently small for linearization of system equations to be permissible for the purpose of
analysis. Traditional ways to improve small signal stability included power system stabilisers
(PSS). The general system configuration for a single machine infinite bus system is shown in
fig 2.1(a). For the purpose of analysis, the system of fig 2.1(a) can be reduced to the form of
fig 2.1(b) by using Thevenin's equivalent of the transmission network external to the machine

and the adjacent transmission system.

We will analyze the small signal stability of the system of Fig 2.1(b) with the synchronous
machine represented by models of varying degrees of detail. We will begin with the classical
model and gradually increase the model detail by accounting for the effects of the dynamics
of the field circuit, and the excitation system.

Large
/\J 1 ]
Q Z5 system

72 Z3 76

Fig 2.1(a): A single machine connected to a large power system through transmission lines
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Et Eb

(G) :»—‘ Infinite bus
Zoq=Re +jXe

e

Fig 2.1(b): Equivalent circuit of the system shown in Fig. 2.1 (a)

2.2 GENERATOR REPRESENTED BY THE CLASSICAL MODEL

The system representation is shown in Fig 2.2.The generator is represented the classical
model and all resistances neglected. Here E' is the voltage behind Xd'. Its magnitude is
assumed to remain constant at the pre-disturbance value. Let 6 be the angle by which E' leads

the infinite bus voltage Eb. As the rotor oscillates during a disturbance, 6 changes.

E:

E'Z ) Ez/ O

Fig 2.2 SMIB system with generator represented by the classical model

From Fig 2.2, with E' as the reference phasor, the generator current is given by

i _E'20-Egs-§
o jXr

E' — Eg (cos8 — jsind)

i =
¢ Xt

2.1)

E = Et0 + iX’ditO

XT :X’d +XE
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The complex power behind X4 is given by
S'= P+jQ

_ E'Egsing N E'(E' — Egcosd)
Xy Xr

(2.2)

With armature resistance neglected, the air gap power is equal to the terminal power ‘P’. In

p.u., the air-gap torque is equal to the air-gap power,
Hence,

E'E
T,=pP=—2=

siné (2.3)

T

We linearize the expression for the air-gap torque around the operating point.
Linearizing about an operating condition represented by § = &, .

oT,

AT, = 55

AS (2.4)

E'Eg
X, cosdy(AS)

Basic equation of motion :-

The basic electromechanical equation, also known as the swing equation, is given by

2H )
—D 6= (Tm — T, — KDAwr)
Wo

It can be observed that the swing equation is a 2™ order nonlinear differential equation and

can be represented by two first order differential equations. These are

1
= 2H (T, — Te — KpAw;) (2.5)
pd = woAw, (2.6)

where
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Aw, = per unit speed deviation
o  =rotor angle (elec rad.)
w, = Base rotor electrical speed (rad/sec)

p = Differential operator d/dt (time in sec)

Linearizing equation (2.5) and putting the value of AT, from equation (2.4), we get,

1
pAwr = ﬁ (ATm - K5A6 - KDAwr)

where AT, is considered as change in mechanical torque and

E'E
Ks= —2cosd,
XT

In the above equation, Ks is the synchronizing torque coefficient
Linearizing equation (2.6), we get
pAS = wolAw,

Writing Equations (2.7) and (2.9) in the vector matrix form, we obtain

sl =[5 0 [l

2.7)

(2.8)

(2.9)

(2.10)

Equation (2.10) is in this form x = Ax+ Bu. The element of the state matrix A are

dependent on the parameters Kp H, X7 and the initial operating values of E' and .
Taking the Laplace transformation of equations (2.7) and (2.9), we get,
1
sAw,(s) = i (AT (s) — KsAS(s) — KpAw,(s))

800, (5) = = (AT (5) — Ks8(5) — Kplaoy (5))

SAS(s) = woAw,(s)
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AS(s) = %Awr(s)

(2.12)

These equations are represented in the transfer function block diagram as shown in Fig. 2.3.

Ks

1 A(Dr ~ QN Ad
2Hs S

KD‘

Fig 2.3: Transfer function block diagram of SMIB system
Simplifying equations (2.11) and (2.12), we get,

wol 1

Ab = ? ﬁ{ATm - K5A6 - KDAa)r}]

Aa—w"[l {AT KAS — K M}]
s leps5T 78 Dsa)o

Rearranging,

S2(A8) + 22 048 + X5 o (a8) = Lo AT
2H 2H ° 2H- ™

Therefore, the characteristic equation is given by

Kp K

2 S

_Z 2 =0
s° + 2H s+ >H Wy

The characteristic equation is in the general form of

s2+ 28wys + w2, =0

Roots of this equation are
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s = —¢wy ijwn\ll _EZ

=0tjw

The real part of the eigenvalues gives the damping and the imaginary part of the eigenvalues
gives the frequency of the oscillation. A negative real part indicates a damped oscillation
whereas a positive real part indicates oscillation of increasing amplitude.

The pair of eigenvalues are
A=0ctjw

The frequency of damped oscillation is in Hz is given by

_ w
I=2m
The damping ratio is given by
_ —0
Vo? + w?

The damping ratio ‘&’ determines the rate of decay of the amplitude of the oscillation.
When 0 < & < 1, the system is under damped

& =1 critically damped

&> 1 over damped

If £< 0, the system is unstable

In any system, we have to ensure that the damping is adequate so that the oscillations
generated in the system are damped. Whenever we design the controller for the system we

have to achieve a minimum damping for all the modes which are present in the system.

Thus, from equation (14), the undamped natural frequency is
w, = |Ks=2 rad/s (2.15)

S 2H

and the damping ratio is
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1 Ky
" 22Hw,

Kp

VKs2Hw,

1 2.16
¢ > (2.16)

From equations (2.15) and (2.16), it can be observed that when the synchronizing torque
coefficient Ks increases, then w,, increases and ¢ decreases. An increase in damping torque

coefficient Kp increases ¢ whereas an increase in inertia constant decreases both w,, and ¢.

2.3 EFFECTS OF SYNCHRONOUS MACHINE FIELD CIRCUIT
DYNAMICS :

We now consider the system performance including the effect of field flux variations.
The amortisseur effect will be neglected and the field voltage will be assumed constant

(manual excitation control).

A state-space model of the system is developed by first reducing the synchronous
machine equations to an appropriate form and then combining them with network equations.
We will express time in seconds, angles in electrical radians, and all other variables in per

unit.
2.3.1 Synchronous machine equations

As in the classical generator model, the acceleration equations are

1
pAw, = >H (T, — T, — KpAw,) (2.17)
pé = wolAw, (2.18)

where
wo = 21Ify elec. rad/s.

In this case, the angle by which the g-axis leads by reference Eg is the rotor angle 5. As
shown in the Fig (2.4), the rotor angle o is the sum of the angle §; (internal angle) and the
angle of Et leads Eg. For identifying the rotor position with respect to an appropriate
reference and keeping track of it as the rotor oscillates, the g-axis is used. The choice of Eg as
the reference for measuring rotor angle is convenient from the viewpoint of solution of

network equations.
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d-axis

Fig 2.4 Relation between d-axis and g-axis quantities

The field circuit dynamic equations is

pP¥ra = wo(erat+Rraisa)

WoRgq .
= 2 By — woRfaifa (2.19)
adu

R
where e/, = ﬁEfa

where Ef, is the exciter output voltage. Equations (2.17) — (2.19) describe the dynamics of

the synchronous machine with Aw,, 8 and Wi, are the state variables.
The Rotor and Stator flux linkages are given by
Wa = —Lyig + Lags(—ig + ira)
= —Lyig+ ¥y (2.20)
W, = —Lyig + Lags(—ig)

= —Lyig + Wqq (2.21)

Wrq = Lags(—ia + ira) + Lraifa
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=Wy + Legisg (2.22)
where
Waa » Paq =Air-gap (mutual) flux linkages
Lqqs = Saturated values of the mutual inductances

From equation (2.22), the field current is expressed as

WYeg — ¥
g = % (2.23)
fd
The d-axis mutual flux linkage can be written as
Waoa = —Laasta + Ladsifd
_ . Lads
= ~Leasia +7— (Wra — Yaa) (2.24)
fd
¥
, : fd
= L gqs—ig + L_
fd
where
1
Lags = (= ) (2.25)
Laas  Lfa
The mutual flux linkage of g-axis is given by
Wag = —Lagsiq (2.26)
The air-gap torque is given by
T, = Wai, — Yyig
= Woaiy — Pagla (2.27)

With p¥ terms and speed variations not considered (neglected), the stator voltage equations

are
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eq = _Raid — qu

= —Rgig + (Ljig — ¥aq) (2.28)
eq = _Raiq — l.IJd
= —Raiq + (Llid - l'I',a'd) (229)

2.3.2 Network equations

There is only one machine, the machine network equations can be expressed in term of d-q
reference frame. Referring to Fig 2.4 the machine terminal voltage and the infinite bus

voltage in term of d-q components are
E. =e4+je, (2.30)
Ep = Egq + jEgq (2.31)
From the system network equation
E. = Ez + (Rg + jXp)I,
eq +jeq = (Epa + jEpq)*(Rg + jXe) (ia + jiq) (2.32)

Again solving into d and g component gives

eq = Rgiq — Xgig + Epq (2.33)
eq = Rgig + Xgiq + Epg (2.34)
where
Epq = Egsind (2.35)
Epq = Egcosé (2.36)

Manipulating the above equations, the expressions of igand iq in terms of state variables are:

Lads .
~ Xrq[Wra (lads+Lfd) — Egcosé| — RrEgsind

ig = D

(2.37)
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lads +Lfd

Ry [‘Pfd ( Lads ) - EBCOS(S] + X;4Egsing

iy = - (2.38)
where
Ry =R, + Rg
Xrq =Xg+ (Lags + L) = Xg + Xgs
Xra =Xg + (L'aas + L) = Xg + X'y (2.39)
D = R*r + XrgXra
where
Xqs » X' qs = saturated values. (pu) = corresponding inductances.
2.3.3 Linearized system equations
Expressing equations (2.37) and (2.38) in terms of perturbed values, we get,
Aig = myAS + myA¥s, (2.40)
Aig = nA6 + nyAWgg (2.41)
where
EpX7qsindy — Rycoséy)
m; = D
Eg(Rrsindy+ Xrqc0s9,
n, = D
m, = Xrg__ Laas (2.42)

D (Lads + Lfd)

_ RT Lads

n, = ——
27 D (Lags + Lsq)

Now linearizing equations (2.24) and (2.26) and substituting the values from equations (2.40)
and (2.41), we get
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, . A%
AVWqq = L' gas(—Aig + Lfd )

1 ! !
=\|——my | L qqsA%rq — M1 L 1q5AS (2.43)
Lfd

AW = —Lagshi,
= _nzLaqulpfd - TllLaqu6 (2.4‘4‘)

Linearizing equation (2.23) and substituting the value from equation (2.43) gives

AW:; — AW
Aifd — fa ad
Lsgq
1 L qas , 1 ,
== L_ 1 - L + mzL ads Alpfd + L_mlL adsA6 (245)
fd fd fd

The linearized equation (2.24) is
AT, =W aq0lig + igoA%aq + Pagolia — igoA¥ g
Putting the values of Ai, , Ai, , AW,4 and AW, from equations (2.40) to (2.44), we obtain
AT, = K1A8 + KAy (2.46)
Where

Ki=n (LpadO + Laqsido) —my (Lpaqo + Lladsiqo) (2.47)

: ;o L'aqs .
KZ = nZ(LpadO + Laqsldo) - mZ(LpaqO +L adslqO) + ﬁlqo (2-48)
Linearizing equations (2.17) — (2.19) and substituting the values of Air; and AT, from

equations (2.45) and (2.46), we get the system equations as

Ad{r a;; Q2 A13]| Awy by; 0 AT
AS |=|az1 O 0 AS |+ [ 0 0 ] AEm (2.49)
AY,y 0 asz; aszl|A%gy 0 b3 ra

where
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2H
_Kl
@2 =
_K2
a3 = _ZH
a21 == (1)0 == ZHfO (250)
woRsq ,
az; = — Lf; 1L aas
woR
azz = — 0 7d (1 B+ myL gqs)
Lfd Lfd
1
b4 >H
_ WoRpy
H Ladu

AT,, and AE; depend on the prime-mover and the excitation controls. When constant

mechanical input torque is, AT;,, = 0; and when constant exciter output voltage , AE¢; = 0.

In these equations mutual inductances are saturated values. The method of accounting for

saturation for small signal analysis is defined below.
2.3.4 Representation of saturation in small-signal studies

Since we are expressing small-signal performance in terms of perturbed values of flux
linkages and currents, a difference has to be made between incremental saturation and total

saturation.

Total saturation is related with total values of flux linkages and currents. while the
incremental saturation is related with perturbed values of flux linkages and currents. So ,the
incremental slope of the saturation curve is used to computing the incremental saturation as

shown in in the fig.

Representing the incremental saturation factor Ksgncr), We get
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Lads(incr) = st(incr)Ladu (2.51)

1
1+ BsatAsateBSat(\pato—‘Pn)

st(incr) = (2.52)

Similar is the case for g-axis saturation.

Total saturation is used for computing the initial values of system variables. While
incremental saturation is used for relating the perturbed values i.e. in equations (2.39),
(2.42), (2.47), (2.48) and (2.50), the incremental factor is used.

2.3.5 Summary of procedure for formulating the state matrix
step 1 The following parameters are given:
Py Qt Et Re Xe

Lq Lg LI Ra Lt Rid Asat Bt Y11

step 2 The next is to compute the initial steady state values (denoted by subscript 0) of
system variables:
I, power factor angle @

Total saturation factor K, and K,

e War = |Ea| W) = AggeePoe MV B = B+ Ry +

Ksq = qu = TR

JXDI,

Xas = Las = KsqLaau + Ly

Xgs = Lgs = KsqLaqu + Ly
[t Xg5c0SD — ItR;SIn®
_ -1 tAqs tRa
6; = tan™ (.

Et+1tRqcoSD + [t X gsSind
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eqo = E¢sind;
eqo = Ercosé;
igo = I;sin(5; + @)
iqo = I;cos(6; + @)
Egao = €qo — Rglao + Xgigo
Egqo = €q0 — Relgo — XElao

8o = tan™1(Z2L)
EBqO

Eg = (E®gao + EZqu)l/2

egotRaligo+Lgst
. _ €qoTRatqoThdstdo _ .
fa0 = P v Erao = Laaulrao

Wado = Laas(—tao + ide)a LpaqO = _Laqsiqo

step 3 The next next step to compute incremental saturation factor and the corresponding
saturated values of Lags ,Lags ,L"ags @nd then put in equations(2.39),(2.42),(2. 46) and

(2.47)

step 4 Finally, we compute the matrix A.

Block diagram representation

Fig 2.5 shows the transfer function block diagram of the SMIB system.
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Ky

- +
AEy=0 +/ K; AV K + & 1 Aoy g AS
2 145T, : /- 2Hs Ko 5
Field circuit

Fig 2.5 Transfer function block diagram representation of SMIB system with constant Egq

2.4 EFFECTS OF THE EXCITATION SYSTEM

In this section, we will extend the state space model and develop the transfer function
block diagram to include the excitation system. We will examine effect of the excitation

system on the small signal stability performance of the SMIB system.

The excitation input control signal is normally the generator terminal voltage E; Here

E; is not a state variable . So, E; has to be described in terms of the state variables.
E; can be expressed in complex form as:
E,=e4+je,
Hence,
E? = e*; +e?,

Applying a small perturbation, we may write

(Ero + AEL)? = (eqo + Aeg)® + (g0 + Aey)?
Now neglecting second-order terms involving perturbed values, we get

EoAE; = egoley + eqoley

Therefore,
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AE, = ‘;L;()’Aed + ZLtZAeq (2.53)

Equations (2.28) and (2.29) may be written (terms in perturbed values) as
Aed = —RaAid + LlAiq — quaq
Aeq = —RaAiq - LlAid + quad

Then we substitute the values of Aiy , Ai, AW,q and AW, in the above equations in terms

of the state variables and get
AE, = KsAS + KgAW,g (2.54)
where,

e !
Ks =22 [—Rymy + Ling + Lagsnq| + a [Ramy = Limy — L'agsm] - (2.55)

Eto

e , 1
Kg = Sdo [—Ramz +Lin, + Laqsnz] + Eitz [—Ran; — Limy — L' gqs (m - m2>(2'56)

Eto

For the purpose of examination and illustration of the effect on small signal stability, we will
include the excitation system model as shown in Fig 2.6. We assume a thyristor excitation

system.

A high exciter gain, without transient gain reduction or derivative feedback, is used.

Component Tr represents the terminal voltage transducer time constant.

Vref
Terminal voltage _ Erpiax
transduser + Exciter
1 i K >
E, 1+5sT, 4>@—> ' o

FMIN

Fig 2.6 Block diagram of thyristor excitation system with AVR
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The output voltage of the exciter is represented by Erpvax and Egmin. These limits are ignored
for small disturbance studies as we are interested in a linearized model about an operating

point such that E¢q within the limits.

From Fig 2.6, using perturbed values, we get

Av, = AE
LS Tt

Hence,
1
pAv; = — (AE; — Av,)
Ty

Substituting the value of AE; in above equation from equation (54), we get

Ks K, 1
pA'Ul = T—RA5 + T—RAqud - T—RAvl (256)

From Fig. 2.6
Efd = KA(Vref — )
In terms of perturbed value, we get

AEfd = KA(—AUI) (257)

The field circuit dynamic equation with the effect of the excitation system included, becomes
pAl'pfd = a31Awr + a32A6 + a33ALPfd + a34AU1 (258)

where

Azq = —b3Ky = — Tt Ky (2.59)

adu

Since we have a first order model for the exciter, the new state variable added is Av,. from
equation (2.56)

pAv1 = a41AwT + a42A5 + a43Aled + a44Av1 (260)

Where
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asy =0

Ks
Ay = T
_ % 2.61
Ay3 = T (2.61)
1
Aag = =70
R

Since pAw, and pAé are not affected by the exciter,
A4 = A4 =0

The complete state-space model for the power system including the excitation system has the
following form:

|[ Adg ]| a;; Az a3 0 Aw, b
A a 0 0 0 A8 0
| 5% |z %21 + AT 2.62
| Alpfd | 0 as; az as||A%a 0 m ( )
I Avq | L0 aw a aullav 0

With constant mechanical torque input,
AT, =0
Block diagram representation including the excitation system

Fig 2.7 shows the transfer function block diagram obtained by including the voltage
transducer and exciter blocks.
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Vref AT
m
Exciter _ .
AEg 4 Ko |0V AT 1| Dol wg| |28
LK g wo ,
Gl Ut ok T ey
Avy Field circuit
Ky Ky
1 A & ]
t + ¢
sl "
Voltage transduser

Fig 2.7 Transfer function block diagram representation including exciter and AVR
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CHAPTER-3

STATIC VAR COMPENSATOR

3.1: INTRODUCTION

Static var compensator (SVCs) is a shunt-connected FACTS controller. It is a static generator
and supplies/or absorbs reactive power to control specific parameters of the electric power
system . The term "static" is used to indicate that's SVCs, unlike synchronous compensators,

have no moving or rotating components.

Thus an SVC consists of static var generator (SVG) or absorber devices and a suitable control

device.

SVCs are used to improve voltage and reactive power conditions in ac systems. An additional

task of SVC is to increase transmission capacity as result of power oscillation damping.

The schematic diagram of a static var compensator is shown in Fig 3.1.

Fig 3.1 A static var compensator

3.1.1 Types of SVC:
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The following are the basic types of elements which control reactive power in any static Var

system.

e Saturated Reactor (SR)

e Thyristor Controlled Reactor (TCR)

e Thyristor - Swiched Capacitor (TSC)

e Thyristor Controlled Transformer (TCT)

e Self or Line Commutated Convertor (SCC / LCC)

3.2 STRUCTURE OF SVC CONTROLLERS

Measuring
circuit | Transmission
Voltage
Thyristor
+ _
Vref (\ RVoItIagte 4 Succeptance Ifnter

egulator ace
+ + control élsvc
Other Other
signals signals

Fig 3.2: Block diagram representing of SVC control

Figure 3.2 shows the block diagram for voltage and damping control by a SVC. The voltage

regulator is of the proportional type.

3.2.1 Effect of the SVC on synchronizing and damping torque

The influence of a SVC is integrated in the response of the i electromechanical mode as
shown in the modified block diagram of Fig. 3.3 This diagram comprehensively demonstrates
the individual effects of the SVC voltage regulator as well as the SVC auxiliary power swing
damping controller (PSDC). The SVC can provide damping to the power system only if the
auxiliary damping controllers are incorporated in the SVC control, which modulate the bus
voltage in response to a control signal sensitive to power oscillations. Although both the
synchronizing and damping-torque coefficients are influenced by the generator-excitation

systems, only the damping torque is affected by the system loads and turbine governors.
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SVC Voltage Regulator: This generates a susceptance reference signal, ABsyci, that primarily
causes the bus voltage to change by AV3g; through a function Kygi(s) representing the network
response. The same susceptance output ABsyci, also generates a synchronizing-torque
contribution by acting through a function Krgi(s). The SVC voltage regulator is represented
by the transfer function Vregi(s):

The modal voltage at the SVC bus is influenced by the modal speed §; and, consequently, by
the modal angle w; both of which impart their contribution through the frequency-dependent
function Kygi(s),

SVC PSDC: An auxiliary control signal, AXs;, is provided as input to the SVC PSDC. As
explained previously, this signal must be a function of the modal speed or modal angle Ag;, to
which its relationship must be expressed through the transfer function Kxdi(s). The SVC
PSDC is modeled by the transfer function PSDCx(s) that contributes an additional
modulating input AV to the voltage regulator. The SVC susceptance ABsyci, generates an

inner-loop response AX.i which influences the auxiliary signal through the transfer function

Ki(s) = N
ATs; Contribution of
Di(s) « power system
AT, without svc
1 J Wb AS
ATowiit~ e . i ‘
svci Y
Krgi(S) Contribution of
+7 \+ SVC Voltage
Kyai(s - Ksi(s g
vii(S) AV 2 AV vsi(S) Regulator
4 _| AV KXsi(S)
ABsyei Vreg(S) ‘—@ <
| +l[ Vmodi ‘fXGi
PSD
SDC(s) 2 Contribution of
+ SVC PSDC

KxBi(S) ]

Figure 3.3 Transfer function block diagram representation showing model damping and

synchronizing torque contributions
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3.3 SVC VOLTAGE CONTROLLER

Fig 3.4 shows the voltage controller model. The gain Kk is reciprocal of the slope. The slope
setting of Kr varies between 20 per unit (5% slope) and 100 per unit (1% slope) on the SVC
base. The time constant, Tg is between 20 to 150 msec. The leg-lead terms are zero. The lag-
lead terms can be used to provide adequate phase and margin. Integrators should be non —

windup.

Bmax

Verror 1+I§-R|_ Bref
R

Bmin

Figure 3.4 Block diagram of SVC voltage regulator model

3.4 SVC DAMPING CONTROLLER

Design Procedure for a PSDC

The following procedure is suggested in [11, 12] for the design of the auxiliary PSDC.

1. The controller is designed primarily for the dominant swing-mode frequency.

2. The desired phase angle of the controller-transfer function is obtained corresponding to the
pure-damping condition. This phase angle is a function of the controllability and
observability constants.

3. An operating point signifying a heavy-power transfer scenario is chosen and a specific
magnitude of system damping is selected for this scenario. The desired controller gain is that
which ensures the specific magnitude of damping for the chosen operating point subject to
the following conditions:

a. an inner-loop gain margin of at least 10 dB is satisfied for the most constraining network
configuration;

b. a maximum level of interaction with sub synchronous modes is ensured; and

c. a noise amplification beyond an acceptably small limit is not permitted.
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4. The efficacy of the PSDC controller must be established for both forward and reverse
power flow in the tie-line. A tentative value of controller gain can be obtained by performing
stability simulations for the worst system configuration in the absence of PSDC and noting
the maximum variation in the auxiliary signal magnitude. The gain maybe chosen as that
which can cause the SVC reactive power to traverse its entire controllable range for this peak
variation in the auxiliary control signal. A typical PSDC controller comprises a lead-lag
stage, a washout stage, and a high-frequency—filtering stage, together with a gain [11] as
shown in Fig. 3.5. The filter is designed to pass the swing-mode-frequency signal while
allowing for any variation in this frequency from system conditions. It rejects frequencies
associated with non—power-swing modes, such as sub synchronous torsional oscillations and
modes relating to noise signals that override the auxiliary control signals. In some cases, this
noise may be within the bandwidth of the power-swing frequencies. The control system,
therefore, needs to be designed by avoiding too high a gain. This technique for PSDC
controller design is valid for a two-area, three-area [11], [12] or a multi-area system. The
effectiveness of the same SVC is dependent on the location of the loads as well as its own
placement. The controllability of a mode may improve if the SVC is located close to the
midpoint of that mode shape. In the event that the midpoints of different modes are at
different locations, the damping benefit, which the SVC can provide for one mode, will not

be the same as that for the other modes.

+VuL
Input
signals STy | 14sT, Vvon
> Kppsc 1+sT,, 1+sT,
-V

Figure 3.5 Block diagram of SVC damping controller model

30|Page




CHAPTER-4

SYSTEM MODELLING

4.1 SYSTEM UNDER CONSIDERATION

The Single Machine Infinite Bus system is shown in fig 4.1. This system consists four 555

MVA, 24 kV, 60Hz thermal generating units. It is chosen to analyze the improvement of

small signal stability by using SVC.

The system data and parameters are given in Appendix.

Infinite
Transformer ‘
2220 MM
MVA
j Xt J X line
E
p —
—
Q

Fig. 4.1 Schematic diagram of SMIB system

4.2 ANALYSIS OF SMIB SYSTEM WITH SVC

The Static var compensator (SVC) is shunt-connected static generator or absorber whose

output varies so as to control specific parameters of the electric power system. Thus a SVC

consists of static var generator (SVG) or absorber devices and a suitable control device. It is

used to improve voltage and reactive power conditions in ac systems. An additional task of

SVC is to increase transmission capacity as result of power oscillation damping.

Fig. 4.2 shows the schematic diagram of SMIB system incorporating SVC at the

midpoint of transmission line. The equivalent circuit diagram of SMIB system with SVC is

shown in Fig. 4.3. It is shown that the SVC is represented by a susceptance Bs.. The

generator is represented by an emf behind a transient reactance X/. All resistances in the
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system are neglected. When the SVC provide reactive power to the system it acts as a

capacitor and vice-versa.

P+jQ — E: Es
JXine1 JXline1

Fig 4.2 Schematic diagram of SMIB system installed with SVC at midpoint of line

X iX,

. LT HT 7
E/ jsmﬂ Es/0

Fig 4.3 Equivalent circuit of system shown in Fig. 4.2

For the purpose of analysis, the circuit shown in Fig 4.3 can be reduced to the form of Fig 4.4

by using the Thevenin equivalent of the transmission network external to the machine and the

adjacent transmission.

The small signal stability of the system of Fig 4.4 is analysed by accounting for the effects of

the excitation system and the SVC voltage and damping controllers.
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Ex jX¢ jXIinel Y- thh
M L A

Xq
RAAS Y
I | |
. LT HT
ELS A A Vinh = CiEg)

Xe = Xt + Xiiner + Xin

Fig 4.4 Thevenin equivalent circuit of SMIB power system installed with SVC

From Fig. 4.4
Vin-CEp
Zen = C1Xjine1
where
B 1
€ = 14+ Xiine1
XSVC

4.2.1 Effects of Synchronous Machine field Circuit Dynamics:

We now consider the system performance including the effect of field flux variations.
The amortisseur effect will be neglected and the field voltage will be assumed constant

(manual excitation control).

A state-space model of the system is developed by first reducing the synchronous
machine equations to an appropriate form and then combining them with network equations.
We will express time in seconds, angles in electrical radians, and all other variables in per

unit.
4.2.1.1 Synchronous machine equations

As in the classical generator model, the acceleration equations are

1
pAw, = 2H (T, — Te — KpAw,) (4.1)

pd = wolAw, (4.2)

where
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wo = 211fy elec. rad/s.

In this case, the g-axis leads the reference Eg by the angle 8. As shown in the Fig 4.5, the
rotor angle & is the sum of the angle §; (internal angle) and the angle by which Et leads Eg.
The choice of Eg as the reference for measuring rotor angle is convenient from the viewpoint

of solution of network equations.

d-axis

Fig 4.5 Relation between quantities in d-axis and g-axis
The field circuit dynamics equations are
PW¥ra = wo(erat+Rraisa)

woRsq )
=~ T2 B — woRsqirg (4.3)
adu

R
Whereefd = ﬁ Efd

where Ef, is the exciter output voltage. Equations (17) - (19) describe the dynamics of the

synchronous machine with Aw,., 5 and Wy, as the state variables.

With amortisseurs neglected, the equivalent circuits relating the machine flux linkages and

current are as shown in Fig 4.6
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L L
0= W < W
Voo -—
e B

Vi

Fig 4.6 Equivalent circuit relating machine flux linkages and current
The rotor and stator flux linkages are given by
Vg = —Lyig + Lags(—ig + irq)
= —Liig +Waq
W, = —Lyig + Lags(—iy)

= _Lliq + l'paq

Wra = Laas(—ia + ira) + Lraisa
=Waa + Lrglsg
where
Waa » WPaq =Air-gap (mutual) flux linkages
Lqqs = Saturated values of the mutual inductances

From equation (4.6), the field current is expressed as

i __q?d'_lpad
=
f Lfd

The d-axis mutual flux linkage can be written as
Waa = —Laasla + Laasira

Lads

= —Lggslq + T (qud - llJad)
fd
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=L gqs(—ig +—
ads d Lfd
where
, 1
L' qas = (ﬁ) (4.9)
_|_ —_—
Laas Lfd
The mutual flux linkage of g-axis is given by
Waq = —Lagsiq (4.10)
By linearizing above equations, we get
. AWy
Alpad = L,ads —Ald + (411)
Lgq
AW g = —LggsAiy (4.12)

The air-gap torque is given by

T, = Waig — Yqig

= Woaiy — Pagla (4.13)
By linearizing the above equation, we get

AT, = Waaohiy + igoAWaq — Wagolia — igoAWaq (4.14)

With p¥ terms and speed variations not considered (neglected), the stator voltage equations

are

ed=—‘P

= (Lliq - Lpaq) (4.15)
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=—(Lijig — Yaq)

4.2.1.2 Network Equations

(4.16)

The machine terminal and infinite bus voltage in terms of the d-axis and g-axis components

are given below
E.=e4+ jeq
Vin = C,Ep
= C1{Epp + jEgq}
The network constraint equation is
E¢ = Vi tjXgl
(eq +Jjea)= C1Ep + jXgI,
= Cl(EBd +jEBq) +jXE(1td + Itq)
Separating Into d-axis and g-axis Components are given by
eq = —Xglg + C1Epq
eq = Xply + C1Epg
Where
Epq = Ep sins

EBq = Ep coss

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

By manipulating the above equations, the expressions of ig and iy in terms of the state

variables are obtained as

g
L g4 ?f: — C,Egcosd

i
d L+ Xg + L gy

g
L 44 7’1‘; — C,Egcosé

i =
¢ Xra
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) C1Egsind
1, =
T L+ Xg + Lags

C1Egsiné
g =——
q XTq

where,
XTq = Ll + XE + Laqs
Xra =L+ Xg + L gqs

1
C,i=——
! 1- stchinel
Xg = Xt + Xiiner + Xt

_ Xlinel
Xn =173 x
— Dsycilinel

4.2.1.3 Linearized system equations
Expressing equations (4.22) and (4.23) in terms of perturbed values, we get,

Aig = mAS + myA¥sy + mzAa

Aiq = n1A6 + nzA‘lde + n3AO(
where
Egsind
m, = ’
! {(1 - stchinel)(Xt + Xiinen + Ly + L ads) + Xlinel}
L,ads
Lf_d (1 - stchinel)
m-, =
2 {(1 - stchinel)(Xt + Xline + Ll + L’ads) + Xlinel}
ms

(4.23)

(4.24)

(4.25)

(4.26)

, L L
{(1 - stchinel)(Xt + Xlinel + Ll + L ads) + Xlinel} {Ldsxlineltpfd}{ ads (1 - stchinel)Lpfd - EBCOS5}

Lfd Lfd
_ * {(Xt + Xlinel + Ll + L,ads)(Xlinel)}

(1 - stchinel)(Xt + Xlinel + Ll + L’ads) + Xlinel
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Egcosd

n, = . (4.27)
! {(1 - stchinel)(Ll + Xt + Xlinel +L ads) + Xlinel}
n, =0
n (Ll + Xt + Xlinel + L,ads)XlinelEBSin8
3

B {(1 - stchinel)(Ll + Xt + Xlinel + L,ads) + Xlinel}

The linearized equation of torque is obtained from equation (4.14) as
AT, = W 44014 + igoA® g — Pagolia — igoA¥ g

Substituting the values of Aiy , Ai, , AW, and AW,, from equations (4.24), (4.25), (4.11)
and (4.12), we obtain

ATe = KT8A6 + KT‘I’qude + KT(XA(X (428)
where

Krs = _ml(quLlads + LpaqO) + 11 (taoLags + Paao)

!

: 1 L ds .
KT‘Pfd = —mz(lqoL ads + qjaqo) + ﬁ qu (429)

KT(X = _m3(quLladS + l'paqo) + n3 (idOLaqs + l.pad())

Now putting the value of AT, in equation (4.1), we get

1
pAw, = ﬁ{ATm — (KrsA6 + KryrqWrq + KreAa)}

AT,

Aw. =
p wr 2H

+ 1,46 + a30%54 + KisAa (4.30)

where
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T
Krysa
=— 4.31
a3 2H ( )
a — KTsvc
From equation (4.2)
pAS = wolAw,
pAS = a,;Aw, (4.32)
Where
a21 = (DO = 377
Linearizing equation (4.8), we get,
AW:; — AW
: fd ad
Aify = ————
lfd Lfd
Putting value of W ,,; from equation (4.11), we get
] 1 , ] AWe,
Airg = [ [AWrq — L gaqs(—Aig + I )
fd fd
Again, putting the value of Aiq in above equation, we get
. 1 L’ads ’ 1 1
Alfd =—11- + mzL ads Alpfd + _mlL adsA6
Lfq Lsq Lgq
LI
995 s Aa (4.33)
Lsq
Linearizing equation (4.3), we get
= 2ok Ai 4.34
pA¥rq = Lo Efq — woRrqAifq (4.34)

Now putting the value of Ais4 in above equation from equation (4.30),we get
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(4.35)

woRrq 1 L' gas , 1 )
pAlpfd = AEfd — wORfd_ (1 — + mzL ads qufd + _mlL adsA6
Laau Lsq Leq Lgq
LI
ads m3A(x]
Lfd

4.2.2 Effects of excitation system

In this section, we will extend the state space model by including the effect of the excitation

system.

The excitation input control signal is normally the generator terminal voltage E;  Here

E; is not a state variable . So, E; has to be described in terms of the state variables.

E:can be expressed in complex form:
Hence,
Ezt == ezd + ezq
Applying a small perturbation, we may write
(Ero + AEL)? = (eqo + Aeg)® + (eqo + Aeq)z
Now neglecting second-order terms involving perturbed values, we get
EtOAEt = ederd + equeq

Therefore,

€40 €q0
AE, = —Aey; + =—Ae
“ T Ey Eqo ¢

From equations (4.15) and (4.16) may be written (terms in perturbed values) as
Aed = LlAiq — Aq’laq

Aeq = _LlAid + Alpad
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Now putting the values of Ai, , Ai; AW,q and AW, from previous equations in the above
equations in terms of the state variables and putting the resulting expressions for Ae; and Ae,

in equation (4.36), we get
AE, = Kg5A8 + KpyrqWra + Keoba (4.39)

Where

€do €40
KE(S‘ = E_ (Ll + Laqs)nl - EL (Ll + L’ads)ml
to to

€40 , 1
Kewra = EL I—Lzmz + L qas <Lf_d - mz)l (4.40)
to
€do €q0 ,
Kgq = E_(Ll + Laqs)n3 - Ei (Ly + L qas)ms
to t0

We now include the excitation system model shown in fig 2.6. It represents a thyristor
excitation system. A high exciter gain, without transient gain reduction or derivative
feedback, is used. Component Tg represents the terminal voltage transducer time constant.

The output voltage of the exciter is represented by Ervax and Egmin. These limits are ignored
for small disturbance studies, we are interested in a linearized model about an operating point

such that Ezq is within the limits.

From Fig. 2.6, using perturbed values, we get

Av, AE,

- 1+ pTx
Hence,

1
pAvy = —(AE; — Avy)
Tr

Substituting the value of AE; in above equation from equation (4.36), we get
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1
pAv, = = (KgsAS + Kewrq®ra + Keoha — Avy) (4.41)
R

From the block diagram of thyristor excitation system with AVR
Epq = KA(Vref — V)
In terms of perturbed value, we get
AErq = Ko(—Av,) (4.42)

The field circuit dynamic equation with the effect of excitation system included, becomes

pAl'Ide = a32A6 + a33Al'pfd + a34AU1 + a35AO( (443)
Where
woRfq
asz; = — 7 ! myL' 445
fd
woR L
A3z = — z fa (1 - L“ds + mzL'adS> (4.44)
fd fd
wWoRsq
as, = —Ky Lo
adu
woRsq
azs = — I my ,ads
fd

Since we have a first order model for the exciter, the new state variable added is Av,. from

equation (4.41), we get

PAV; = a4A8 + ay3AW5g + a4 Av; + aysAa (4.45)
Where
Kgs
Qg2 = T_R
_ Kryra
1
Auq = _T_ (446)
R
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4.2.3 Auxiliary input signal:

From Fig. 4.4, the auxiliary control signal |fline| can be expressed as follows.

Line = it
Therefore Ij;ue can be expressed in complex form:

Line = iq + jig
Hence,

e = 124 + 1%,
Applying a small perturbation, we may write

(Lineo + Aljine)? = (igo + Aig)® + (igo + Aig)?
By neglecting second-order terms involving perturbed values, we get
LineoAliine = laolAig + igoAlg

Therefore,

lao

i
Aig +—2-Ai, (4.47)

Aljjne =
IlineO IlineO

Now substituting the values of Ai,; and Ai, in above equation, We get

Alline = K15A6 + Kll‘pfdl{lfd + KI(XA(X (448)
Where
do qu
Kis = i 1t ™
line0 line0
Lao
KI‘Pfd = I m, (449)
line0
Lao L0
Kiq = 3+ ng
Ilineo IlineO
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4.2.4 Voltage at the mid-point of the transmission line (v,):

Let 6 be the angle by which E' leads the infinite bus voltage Eg. From figure 4.3, applying
KCL,

Ilziz+13

Et - vm . = Vm - EB
—— = By Vi
](Xt + Xline) sverm ]Xlinel

D11Vm = X11Ep + Xline1Et
Where
X11 = Xt + Xiine1
D11 = Xiiner — BsvcXiine1X11 + X11
Vm can be expressed in terms of d-axis and g-axis quantities as
Vi + JVing) = 22 (Bpa + jEgg) + 2 (eq + jeg)
11 11

Equating real and imaginary parts

X11 Xlinel
Vg =—E 4.50
md D11 Bd D11 d ( )
X11 Xlinel
Vg =—FEg, + —— 451
ma =Dy, Bt D, (50

Hence,
vz, =V?% 4+ Vzmq
Applying a small perturbation, we may write
(Vmo + AV)? = (Vinao + AVia)® + (Vimgo + AVmg)?
By neglecting second-order terms involving perturbed values, we get

VinoAVin = VinaoAVima + quOAqu

45| Page




AVm = KmlAEBd + szAEBq + Km3Aed + Km4Aeq + KmSADll (4.52)

Where
_ Xn
K1 = V. DZ.. (X11EBao * Xiine1€a0)
mol/ 11
X11
Kz = 55— (X11EBqo + Xiine1€q0)
VimoD*11
Xiine1
Kz = %(Xlineledo + X11EBao)
mol/ 11
Xline1
Kna = V%(Xlineleqo + XlinelEBqO)
mol/“11
— D110 2 2 2 2
Kins = AN, N [X“11E“Bao + X" tine1€“a0o + 2X11X1ine1Epac€ao +
mol 711

2 2 2 2
X“11E%gqo + X 1ine1€°q0 + 2X11Xline1Epqo€qol

The linearized equations of ey, e;, Epg, Epq, and Dy, are given below:
Aeg = LiAi, — AV,
Aey = —LiAig + A%y,
AEgy; = EgcosdyAd
AEg, = —EpsindAd
ADy; = —X11X1ine1 C2A

Now putting the values of Aig , Ai,, AW, and AW,, from previous equations to above
equations in terms of the state variables and then putting the resulting expressions for Ae, ,

Aey, AEgy , AEg,, and ADy; inequation (4.45), we get
AVm = Kv5A6 + Kv‘l’fdlpfd + KU(XA(X (453)

Where
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Kv6 = KmlEBC0550 - KmZEBSin50 + Km3n1 (Ll + Laqs) - Km4m1(Ll + L,ads)

1
Kywra = Kma {—mle + L' gas (Lf_d - mz)} (4.54)

Kyq = Kmsns (Ll + Laqs) — Kpams (Ll + L,ads) — KimsX11Xline1

4.3 INCORPORATION OF SVC VOLTAGE AND DAMPING
CONTROLLER

SVC voltage controller along with a damping controller using line current auxiliary signal is
shown in Fig 4.7.

X Sh kWS %
45Ty 1+S%,
0
A\%ref f)@ % Ke OBy @C-l
Y 15Ty da “ha
AV,

Fig. 4.7 Block diagram of SVC voltage controller along with a damping controller

From the block diagram
X1 = Alline = K16A5 + Kl\pfdl'pfd + KI(XA(x
Xy = KBX1

. = sTw .
3 1+ sT,, 2
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_1+5sTy

= 4.55
X4 1+sT, X3 ( )
X5 = X4 —AVm
By using SVC voltage and damping controller the equations are linearized as
K
da
pAO( = a52A6 + a53Aqud + a55AO£ + A57Xy (4‘56)
where
Kr
Kr
As3 = — T Ryyrg
= ( L, KR) K 4.57
a’55 - TR TR va ( " )
Kr
as7 = Tp
From equation (4.55)
_ STy
3T 15T, 2

PX3 = Ae1Aw, + agA8 + ag3AWrg + AeaAV; + AgsAX + AgeX3
+ag7xy (4.58)
Where
as; = KpKjsaz,
a2 = Kp{Kiwraasz + Kjos,}
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ae3 = Kp{Kjwrqass + Kjoas3}
Aes = KpKipraQss
aes = Kp{Kjwrqass + Kjoass}

1
Age — _T_ (4‘59)
w

ae7 = KgKjqas7

From equation (4.55)

_1+5sTy
1+5sT,

X4 X3

PXs = 710w, + a7508 + a730Wrq + a74AV; + a7500 + A76X3 + A77Xy (4.60)

Where

Ty
A72 = T_aez
2
Ty
azz = T_a63
Ty
A74 = T_a64
2
Ty
a75 = T_aes
2
L 4.61
az¢6 = T, T, g6 (4.61)
1 N T
az7 = T, T, Ag7
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The complete state-space model, including the voltage and damping controller has the

following form-

Aw,r 0 ap a3 0 a5 O 0 1[Awr] [=]
Ad |lap;, O 0O 0 0 0 0] As s
AY fd 0 as ass az azs 0 0 |[A%¥fqa 0
Avq |F 0 au au3 Qg aus O 0 1] Avy |+ o |AT (4.62)
A& 0 a1 a1 0 a1 0 aq1ll Aa 0
X, Qg1 Qg2 Qg3 Qgs Qg5 Qgg Ag7|| X3 0
| %3 1 Y71 Q72 Q73 Q74 Q75 QA7¢ Q77lL X3 1 1

44 REPRESENTATION OF SATURATION IN SMALL-SIGNAL
STUDIES

Since we are analysing the small-signal performance in terms of the perturbed values of
flux linkages and currents, a difference has to be made between incremental saturation and

total saturation.

Total saturation is related with total values of flux linkages and currents. while the
incremental saturation is related with perturbed values of flux linkages and currents. So, the

incremental slope of the saturation curve is used for computing the incremental saturation.
Representing the incremental saturation factor Kgg(incr), We get

Lads(incr) = st(incr)Ladu (4.63)

1
1+ BsatAsateBsat(q’ato—‘Vn)

st(incr) = (4.64)

In a similar manner, the factor for g-axis saturation can be determined.

50| Page




Total saturation is used for computing the initial values of system variable. While
incremental saturation is used for relating the perturbed values i.e. in equations (4.24),

(4.27), (4.29), (4.31) and (4.46), the incremental factor is used.

4.5 SUMMARY OF PROCEDURE FOR FORMULATING THE STATE
MATRIX

step 1 The following parameters are given:
Pt Qt E: Re Xe
Lq Lq Li Ra L Ra At Bsat Y11
step 2 The next is to compute the initial steady state values (denoted by subscript 0) of
system variables:
I, power factor angle @

Total saturation factor K4 and K,

_ _ _Yar . _1E| - _ Bsat(Wat—Y¥T11) -
st - qu - Yo+ 1ant - |Ea| 1qJI - Asate sat(Yar=¥r1) ’

Ea = Et + (Ra +le)it
Xas = Las = KsqLgay + Ly
qu = qu = quLaqu + L,

[tXqs€0SD — ItRgqSin®

§; = tan™1( :
Et+ItRqcoS® + [t XgsSInd

eqo = E¢sind;
eqo0 = Ercosé;
igo = I;sin(4; + @)

iqo = I;cos(6; + @)

Vimdo = €do + X11lq0
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VUmqo = €q0 — X11ldo

a0 = _stcvmqo

i2q0 = BsycVmado

i3g0 = lgo — l2d0

i3q0 = qu - i2q0

Egao = Vmao + Xiine1lzqo
EBqO = Vmqgo — xlineli3q0

8o = tan_l(—igzz)

Ep = (E®gao + Equo)I/2

egotRaligo+Lgst
. _ €qoTRatqoThdstdo _ .
lfao = P v Erao = Laaulrao

Wado = Laas(—tao + ide)a LpaqO = _Laqsiqo

step3 the next next step to compute incremental saturation factor and the corresponding
saturated values of Lags ,Lags ,L'ags @and then put in equations (4.39), (4.42), (4.46) and
(4.47).

step4 Finally, we compute the matrix A.
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CHAPTER 5

CASE STUDIES AND RESULTS

5.1 SMIB SYSTEM WITHOUT ANY SVC

At first, the system is analysed without any SVC. The system data and operating conditions

are given in Appendix. The SVC controller parameters are given below:
By, =0,K,=0,Kz =0

5.1.1 Rotor angle deviation : The plots of rotor angle deviations with time for 5% change in
mechanical torque corresponding to transmitted active powers of P=0.5 p.u. and 1.0 p.u. are

shown in Fig. 5.1 and 5.2, respectively.

Roter angle deviation in rad.

1
o 0.5 1 1.5 2 25 3 3.5 4 4.5 a
Time(sec)

Fig 5.1 Plot of rotor angle deviation vs. time without SVC for P=0.5 p.u.

15

rotor angle deviation in rad.

o 0.5 1 1.5 2 25 3 35 4 4.5 5
Time(sec)

Fig 5.2 Plot of rotor angle deviation vs. time without SVC for P=1.0 p.u.
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From Fig. 5.1 and 5.2, it can be observed that the small signal stability of the system

decreases as the transmitted active power is increased from 0.5 p.uto 1 p.u.

5.1.2 Damping ratio: The transmitted active power was gradually varied from P=0.2 p.u to
1.0 p.u. The eigenvalues of the state matrices were computed. Fig 5.3 shows the plot of the
damping ratio of the rotor mode eigenvalues against the transmitted active power. It is again
observed that the system becomes small signal unstable for higher values of active power

transmitted.

0

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

-0.07F

Rotor mode damping ratio

-0.08

-0.09

0.1 i i i i i i i
0.2z 0.3 0.4 0.5 0.6 ov 0.8 0.9 1
Active power

Fig 5.3 Plot of rotor mode damping ratio with ‘P’ (without SVC)
5.2 SMIB SYSTEM WITH SVC VOLTAGE CONTROLLER ONLY

The system was analysed with SVC voltage controller only. The SVC firing angle is set to
160°. The controller parameters are given below:

Kp =20,Tx =0.02s, T,=1s, T,=0.1sT, = 1s

5.2.1 Rotor angle deviation: In this case, the transmitted active power is P =1.0 p.u. The
plot of rotor angle deviation with time for 5% change in mechanical torque is shown in
Fig 5.4.

Rotor angle deviation in rad.

Time(sec)

Fig 5.4 Rotor angle deviation vs. time with SVC voltage controller only (P=1.0 p.u)
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5.2.2 Damping ratio: The line active power was gradually varied from P=0.2 to 1.0 p.u..The
SVC firing angle is kept unchanged at 160°. Fig 5.5 shows the plot of the damping ratio of
the rotor mode eigenvalues against the line active power. It is observed that as compared to
the case without any SVC, the system small signal stability is marginally improved with only

the SVC voltage controller.

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

Rotor mode damping ratio

-0.07

-0.08

-0.09

oA i i i i i i i
0.2z 0.3 0.4 0.5 0.6 ov 0.8 0.9 1
Active power

Fig 5.5 Plot of rotor mode damping ratio vs. ‘P’ (with SVC voltage controller only)

53 SMIB SYSTEM WITH BOTH SVC VOLTAGE AND DAMPING
CONTROLLERS:

The system was analysed with the SVC voltage controller along with a damping controller.

The parameters for the damping controller are given below:
K, =0.05,Kr = 20,T, = 0.02s, T, =1s,T,=0.1sT, = 1s

5.3.1 Rotor angle deviation: The transmitted active power is P =1.0 p.u. The SVC firing
angle is kept at 160°. The plot of rotor angle deviation with time for 5% change in mechanical
torque is shown in Fig. 5.6. It can be observed that the system small signal stability is
markedly improved.

rotor angle deviation in rad

(0] 0.5 1 1.5 2 25 3 35 4 4.5 5
Time({sec)

Fig 5.6: Plot of rotor angle deviation vs. time (with SVC voltage and damping controller)
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5.3.2 Damping ratio: The SVC firing angle is kept at 160°. The transmitted active power
was varied from P=0.2 to 1.0p.u. The eigenvalues of the state matrix were computed. The
damping ratio of the rotor mode eigenvalues are plotted against the transmitted active power.
Fig 5.7 shows the plot of the damping ratio of the rotor mode eigenvalues against the
transmitted active power. It is observed that the system small signal stability is markedly

improved.

0-18 ' ! ! ' ! ! !

016
014
012

0.1
0.08
0.06

Rator made damping ratio

0.04

0.02

Active power
Fig 5.7 Plot of rotor mode damping ratio vs. ‘P’ (with SVC voltage and damping controller)
5.4 COMPARISON:

5.1.1 Rotor angle deviation: The SVC firing angle is kept at 160°. The line active power is
set to P=1.0p.u. The eigenvalues of the state matrix were computed. Fig. 5.8 shows the
comparison of rotor angle deviation vs. time without SVC and with SVC controllers for 5%
change in mechanical torque. It can be observed that with the SVC voltage controller, there is
very little improvement in system damping. On the other hand, with both the SVC voltage

and damping controllers, the system damping is markedly improved.

1.5 T T T T T T I
\\mhoutsm i i i i i i A
—With S\C\oltage contro]ler onlx : { ."::".
- 1 _""'—.‘\-\ﬂlbcﬂlg\*C\t}Ttageand]:}_itﬁf)ﬁfg:ﬁbﬁfrb]fe_r_"""E"""'"f _______ !_""""1;'3""?"_
s : : : i i : : A~ H “
= _;,f‘tﬁ ..... \ |
g °° a 5 | ; A A -4
z ; ; ; : : P i \ ' !
;- SR N f A L By lf \
2 4 ,»‘trhﬁuwu;jh%fj;flﬁ_k S G k - ﬁ : #
= R e A N A N T O T A o]
s | I i v g
s : : : i i : A Ph f{: I|I
Iy J-) M R —— § P — A [ R — R — et S R W A PR —
: : ! H : : : ! I/ [
o \J
P i i i i i i i P
0 05 1 15 2 25 3 35 4 45 5
Time(sec)

Fig. 5.8 shows the comparison of Rotor angle deviation without SVC and with SVC
controllers (P = 1.0 p.u.)
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5.1.2 Damping ratio: SVC firing angle is kept at 160°. The transmitted active power was
varied from P=0.2 to 1.0 p.u. The eigenvalues of the state matrix were computed. Fig 5.9
shows the plots of the damping ratio of the rotor mode eigenvalues against the transmitted
active power corresponding to three cases namely, without any SVC, with SVC voltage
controller only and with both the SVC voltage and damping controllers. It is observed that the
system small signal stability only marginally improves with the SVC voltage controller while

marked improvement is observed with both the SVC voltage and damping controllers.

0.25

{ Without SVC
02 -caccoos - { With SV.C \oﬂag&cmqllm_qtﬂ‘_ __________ R R [, A -
— With both SVG Voltage and Dﬂmpmg contm]lﬁ( '

016 ---cceean- :............:-...........:............: ............ : .............................. - :_.___,_--.'";
) I USRS SRS SRS SR S S S |

0.05 |- ----nmmmon R S ST A D EEEEE Bosooaasans g

2
=]
=y
=
=
E
g
=] —
@
8
2
E
=}
=]
o=

Active power

Fig 5.9:Plots of the damping ratio vs. 'P' without SVC, with SVC voltage controller only and
with both the SVC voltage and damping controllers
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CONCLUSIONS

In this work, the small signal stability of a single machine infinite bus system is analysed. A
SVC is connected at the mid point of the long transmission line. The SVC comprises a
voltage controller in conjunction with a damping controller. It is observed that SVC with only
voltage controller is only marginally able to improve the small signal stability of the system.
However, when a damping controller is added to the voltage controller, the small signal

stability of the system shows a marked improvement. The line current magnitude is taken as

an auxiliary signal for the SVC damping controller.

SCOPE FOR FURTHER WORK

e In this work, the line current signal is used as the supplementary control signal. Other
supplementary signals like synthesized frequency deviation, active power deviation

etc may be used for studying the small signal stability of the system.

e Initial value of SVC firing angle / susceptance may be varied to see the effect on the

small signal stability.

e The SVC damping controller parameters have to be properly tuned for an optimum
response. The parameters are dependent on the system operating condition. An

adaptive controller may be designed to account for the same.
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APPENDIX
The operating conditions of SMIB system are:
P=09.u. Q=03p.u, E;=10p.u.

The transformer and line reactance are considered 0.15 and 0.5 p.u on the base of 2220 MVA,

24 KV respectively.

All the generators are represented by an equivalent generator model including the effect of
the generator field circuit dynamics. The parameters of each of the four generators of the

plant in per unit on its rating are as follows:

3.5MWs — 377 rad
Mva Vo~ s

X'qg=03p.u. H=
Xq =181 X; =176
X, = 0.16 Lggy = 1.65 Logs = 1.60 L, = 0.16

Rrq = 0.0006 L;; =0.153.

Agge = 0.031 By = 693 Wy =0.8
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