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Chapter 1

INTRODUCTION

1.1 Motivation

A successful operation of a power system is to provide reliable and uninterrupted
power to the loads. Ideally, the loads should be fed by the utlity supply at
constant voltage and frequency at all times. In practical terms, this means that
both the voltage and frequency of the utility supply must be held at the nominal
values within a small tolerance, so that the consumer’s equipment can operate
propetly. For example, a drop in voltage of 10-15% may lead to stalling of the

motor loads on the system.

A requirement of reliable electricity supply is to ensure that gencrators have
adequate capacity to meet the load demands. If at any time a generator loses
synchronism with the rest of the system, substantial voltage and current
fluctuations may occur and as a result, transmission lines may be automatically
tripped by their relays and the tripping may occur at critical locations. If a
generator is separated from the system due to loss of synchronism, the generator
has to be resynchronized in order to continuous supplying the power system,
assuming it has riot been damaged and its prime mover has not been shut down
due to the disturbance. The loss of synchronism in generators is a serious powet

system stability problem [1-2].

Power interruptions in the high-voltage transmission system connecting the
generating stations and the load centers are virtually unavoidable, particulatly due
to natural causes such as lightning and ice storm. Such interruptions are often the

causes of the power system stability problems that can affect considerably the



power flow to a large geographical area and as a result, this can cause tremendous

economical loss.

Because of its important economical impact, the power system stability has
continuously received a great deal of attention, due to the fact that the clectrical
power system is often subjected to various disturbances. The stable operation of
the power system generator and its ability to maintain the quality electrical powers
delivered to the consumers at the minimum generation cost with maximum
possible power transfer are the key requirements in the design of an electrical
power system. The cffective and popular approach of achieving the stable
operation for the generator is to provide an efficient controller for the genetator

excitation system.

The design of a power system stabilizer (PSS) is based on the idea that the use of
a supplementary control signal in the excitation system of the generating unit can
provide extra damping for the system and resulting in high dynamic performance
of the generator. This is an effective, cconomic and flexible way to improve
power system stability. Over the past few decades, many types of PSS controllers
such as the optimal control, adaptive control, fuzzy logic control, and etc., have
been extensively studied and some of them have been successfully used in the

field [3].

The main focus of study in this paper is on an investigation into the conventional
power system stabilizer (PSS) controller design, methods' of combining the PSS
with the automatic voltage regulator (AVR) excitation controller. ~ The operation
of PSS controller for enhancement of the stability of the power system,
particularly after the power system has been affected by disturbances such as a
three-phase, fault occurring near the generator bus, is presented followed by

Matlab/Simulink simulations. Furthermore, emphasis will be given to the



transient behavior of the system which is described mathematically by ordinary

differential cquations.

1.2 Objective

The objective of this project is to design and analyze an optimal control of the
generator excitation based on the model of lead-lag power system stabilizer. The
project also focuses on power system stability, particularly after the power system
is subjected to severe disturbances, such as a three-phase fault, occurring on or

near the generator bus.

1.3 Outline

Chapter 1: introduces the problem of stability in the power system.

Chapter 2: presents a brief teview of the cause of power system oscillation, the
need for generator excitation control. A combination of the classical automatic
voltage regulator and power system stabilizer is also discussed in this section. In
addition, the chapter presents the modeling of synchronous generator, power
system network, excitation system for the design of an optimal excitation control

in this project.

Chapter 3: presents Matlab/Simulink computer simulations of the lead-lag power

system stabilizer design.

Chapter 4: Highlights the conclusions of the work in the project and suggests

future work in this area.



Chapter 2

POWER SYSTEM MODEL

In this section, the study provides a summary of the causes of power system
oscillations, the need for generator excitation control, the combination of the

automatic voltage regulator and power system stabilizer.

In order to assess the stability of power system, adequate mathematical models
describing the system are needed. The models must be computationally cfficient

and be able to represent the power system.

A realistic power system is seldom at steady-state. Such a state never exists in the
true sense [4]. Random changes in load are taking place at all times, with
subsequent adjustments of generation. Furthermore, major changes do take place
at times, e.g,, a fault on the network, failure in a piece of equipment, sudden
application of a major load such as a steel mill, or loss of a line or generating unit.
The disturbances could be a large disturbance such as tripping of generator unit,
sudden major load change and fault switching of transmission line etc. The
system behavior following such a disturbance is critically dependent upon the
magnitude, nature and the location of fault and to a certain extent on the system
operating conditions. The stability analysis of the system under such conditions,
normally termed as “Transient-stability analysis”, is generally attempted using

mathematical models involving a set of non-linear differential equations.

In contrast to this disturbance-specific transient instability, there exists another
class of instability called the “dynamic instability” or more preciscly “small

oscillation instability”. As the small oscillation stability is concerned with small



excursions of the system about a quicscent opetating point, the system can be
sometimes approximated by a “lincarized model” about the particular operating
point. Once a valid lincarized model is available, the powerful and well
established techniques of linear control theory can be applied for stability analysis

and performance evaluation of various powet system stabilizers.

Nonlinear models on the other hand have more realistic representation of the
power systems. Designing controllers for such nonlincar systems is more difficult.
In this study, a non-lincar model of single generator infinite bus system has been
considered for the excitation control design and petformance analysis. The
generator model is mechanical power input invariant. Furthermore, the model is
cxpressed in dg0 reference frame, which rotates with the rotor, for the

simplification of design and evaluation.

2.1 Brief summaty of power system gencrator cxcitation control

The control of generator excitation is needed for maintaining the power system
stability. The basic function of an excitation system is to provide a direct current
to the synchronous generator ficld winding. Excitation controls functions of

both adjusting voltage and damping oscillation by controlling the field voltage.

The stability problem is concerned with the behavior of the synchronous
machines after they have been perturbed. If the perturbation does not involve

any net change in powet, the machines should return to their original state.

When a disturbance such as a three phase fault occurs at or near the generator
bus, the output terminal of the power system generator will be affected
immediately. The flow of clectrical power to the power system network is
interrupted during the fault, and the generator rotor specd is advanced by the
input mccl.l'anical power. As the fault happened in the network, the protection

circuit has activated to clear the fault. After the fault, the generator attempts to



reconnect to the power system network to restore the clectrical power supply.
During the recovery process, the generator is often subjected to some form of
post fault oscillations. This is caused by the cnetgy stored in the advancement of
generator rotor during the period of fault. Damper windings on the generator
rotor can be used to control the oscillation but this technique is not cost
effective. A more effective method in terms of cost and control is the generator

excitation control.

A traditional generation excitation control is the automatic voltage regulator
(AVR) that regulates the generator terminal voltage based on the terminal voltage
feedback. Basically, in order to restore the terminal voltage to its pre-fault value,
the AVR increases the level of the ficld voltage. The recovery of terminal voltage
is fast for the AVR control. However, there is a negative effect on the damping
of post fault oscillation because the oscillating torque, which causes system

oscillations, increases relatively to the terminal voltage.

The combination of a power system stabilizer (PSS) and AVR excitation
controller could help to eliminate negative damping effects due to post fault
oscillation. However, the combination of PSS and AVR controllers nced to be
designed propetly, or the generator under control may lose synchronism in an

attempt to control its excitation field [5].



p ) - A0
Vot —»| AVR |—»| GENERATOR
+4 » E
Phase .
compensation Washout |— Gain

Power System Stabilizer (PSS)

Figure 2.1: Block diagram of the AVR and PSS
excitation control

The block diagram of AVR and PSS excitation control is shown in Figure 2.1.
Some control signals atc used for the PSS such as the rotor speed deviation (Aw),

the electric power (AP), or the generitor frequency (Af). These signals are
feedback signals which used to produce a damping torque control component.
Since the main action of the PSS is to control the rotor oscillations, the most

frequently used control signal for the PSS is the speed signal.

The output signal of any PSS controller is a voltage signal. The particular PSS
structure contain a washout block, which is used to limit the over response of the
damping during severe cvents. Since the PSS must produce a component of
clectrical torque in phase with the speed deviation, the phase-lead block circuits
are used to compensate for the lag between the PSS output and the control

action, the clectrical torque.

All of the variables of the PSS must be determined for each type of generator
scparately because of the dependence on the machine parameters. The power
system dynamics also affect the PSS values. In this paper, the power system
stabilizer is designed based on the model of a single machine connected to an

infinite bus system (SMIBS) under given operating condition.

7



The AVR and PSS excitation control technique is the popular choice in practice
for damping rotor oscillations. ' However, the AVR/PSS controller associates
with some drawbacks [1,6. The AVR and PSS are usually designed
indcpcndcntly from cach other. The former is designed to satisfy the required
voltage regulation petformance, and the later is designed to damp the rotor
oscillations. Since the designed objectives for the two controllers are different, it
can be difficult to archive a totally satisfactory design for damping oscillations

when the operation conditions change.

Another drawback is that the PSS are tuned around a steady-state operating
point. Since the PSS only operate in a narrow band of oscillating frequencies, its
damping effect is only valid for small excursions around this operating point. In
fact, during severe disturbances, a PSS may actually cause the generator to lose its

synchronism.

An automatic voltage regulator (AVR), coupled with a power system stabilizer
(PSS), play a fundamental role in the dynamical behavior of power systems. In
fact, for damping oscillations, an automatic voltage regulator (AVR) is not
 sufficient, and using power system stabilizers (PSS) is necessary. Thercfore, a
good generator terminal voltage controller should combine an AVR with a PSS.
The AVR and PSS design should have a good robustness against significant
changes in the characteristics of the network. It has been shown that for a
combination of an AVR with a PSS to be robust, both of them should be

coordinated, i.c., they should not be designed in an independent manner.

2.2 Generator model
There are several models which have been used in modeling synchronous
machines for stability studies, some including damper windings and transient flux

linkages, some neglecting them.



The stator of a typical synchronous generator holds a three-phase winding where
the individual phase windings are distributed 120° apart in space. The rotor
holds a ficld winding together with one or two damper windings, which arc
magnetized by a DC field current. This section presents the generator model in

both the balanced three-phase stationary ‘abe’ and the synchronously rotating ‘dg0”

variables.

Synchronous machine model in the balanced three-phase ‘abc’ variables

Rotation
A0, N

(rad/s) d-axis

4
Vja \‘\;;,,
L4 Vs

<+

QO b

1t
a

T o w—— o— o— o o o—— {— — —— —— o—— - o——

Axis of phase a

Lol

ROTOR STATOR

Figure 2.2 Stator and rotor circuits  of
synchronous generator model

Figure 2.2 shows a simplified circuit model for a typical synchronous machine.
The magnetic axis of the ficld winding is called as the rotor direct axis (d-axis).
The rotor quadrature axis (g-axis) is perpendicular to the ficld winding magnetic

d-axis.



From the diagram, the generator stator has three symmetrical windings in
stationary ‘ab¢ axes at 120° apart. The rotor includes field and damper windings
in the d-axis and two other damper windings in the g-axis. The generator flux

and current relationship can be determined as,

s L L —iu cs
Wub(‘. = ( ; AI‘) g b (2.1)
Wd{]r Lxr Lr ldqr

where,

Vs =W, ¥, V. )T : represent the three-phase stator winding flux linkage
Vi = (y/ﬁ, Vie Vi, Vo )T: represent the rotor winding flux linkage

. T . .
Labs )+ represent the three-phase stator winding current

= (la ll) lc
> ] . . . T . .
ldqr - (l fd ll d ll q lz q) H rcprescnt rotor \Vlndmg current

The stator winding inductance matrix is defined as

Laa Luh Lac
Lx = l?Ja h}b L?)c
Lca L('b Lcc

where,

L,=L,+L,,cos26 represents phasc 4 sclf-inductance

ad ‘wal ‘a

L,=L,+L,,c0s2(60-27/3) represents phase b self-inductance

aa0

L.=L,+L,,cos2(0+2m/3) represents phase ¢self-inductance
L,=L,= -L,,—L,,cos(20+7x/3) represents phase a to phase 4 mutual
inductance

L.=L,=-L, —L,,cos(20—-7/3) represents phase a to phase ¢ mutual
inductance

L.=L,=-L,,—L,,cos(26-7x) represents phase & to phase ¢ mutual

Cl
inductance

In Figure 2.2, @ is defined as the angle by which the d-axis leads the centre line

of phase 4 winding in the direction of rotation. Since the rotor is rotating with

10



respect to the stator, angle @ is related to the rotor angular velocity @, and time /
as follows,

=t
The rotor winding inductance matrix is defined as

Ly Ly, O 0

L = Ly, Ly 0 0

- 0 0 L1 lg L12q
0 O Lqu L22q

where,

Ly, sclf-inductance of the field winding

L, L,,, L,,: sclf-inductances of the-dg-axis damper windings tespectively

L,,,: mutual-inductance between the field and damper windings in the d-axis
L,,: mutual-inductance between the two damper windings in the g-axis

The generator stator and rotor mutual inductances are determined by,

L, cos@ L, cos@ . —L,y,sin
L

o =| Ly cos(@—2x/3) L,,cos(6—27/3)
L, cos(6+2x/3) L,,cos(6+27x/3)

~L,,, siné
—L,, sin(@-27/3) -L,,sin(@-27 /3)
-L,, sin(@+2x/3) -L,, sin(@+27/3)

where,

: i ator or
Ly, L, L,,, L,,,: the peak mutual inductances between the stator and rot
windings

The generator terminal voltages can be determined by,
eubs = R.v O —.labc.\‘ + p ‘”ub(‘s ] (22)
edqr 0 Rx '(Iqr qur

1

where,



T g
Cops = [ea e, ec] : three-phase stator winding voltage

T : . . . . .
Cagr = [e w 0 0 O] : rotor winding voltage with the short-circuited

damper windings
R, =diag[R, R, R,]: thrce-phasc stator winding resistance matrix

R, =diag [Rﬁ, R, R, qu]: winding resistance matrix

The above Equations (2.1) and (2.2) arc the mathematical model for a
synchronous machine in the balanced three-phase ‘abs’ variables. This model is
not convenient for the mathematical computation. The reason is that the stator

winding inductances L and the mutual inductances L, between the stator and

field windings are dependent on the rotor position angle &, which in turn, varies
with time.

The ‘dgq0” transformation

The ‘dg0’ transformation is introduced to simplify the mathematical computation
as shown in Equations (2.1). Basically, the stator voltage and current variables are
cstablished by appropriate transformation, which is known as Park's

transformation.

Assume that the ‘dq’ axes arc oriented at 6 angle, and X, +x,+x, =0. The

transformation of the three-phase abc variables to the equivalent two-phase dq

variables can be determined as

X, 5 cosd cos(@-2m/3) cos(@-4x/3) ||x,
x, |==|-sinf -sin(@-27/3) —sin(@—4x/3)|-| X,
X, 1/2 1/2 1/2 X,

where x,; x,and X, can represent current, voltage or flux linkage.

Similarly, the corresponding inverse relation dg to abeis

12



X, cosd —-siné 1] | x,
x, |=|cos(@-2713) -sin(6-27/3) 1|-|x,
X cos(@-4x/3) —sin(@—-4rx/3) 1| |x

¢

If the transformation matrix is named as P, the stator and rotor flux-current

linkage relationship from Equation (2.1) can be expressed in dq0 components as

follows,
quOs — P L,P - P Lsr ic.IqO.\' (2.3)
y/dqr Lf,- P - L, ldqr
where,
3 Lafd Lald 0 0
PL,=2| 0 0 ~Ly, ~Ly,
0 0 0 0
Ly 0 O
LT P-l =2 Lald 0 o
2 -L,, O
O _Lan O

PLP™ =diag[L, L, L]
and,

Ly=Lg+L,+oL

aa0 ub0 2 ua2

L =L+L,
‘Lq=Laao 3 { ./ | d

+Lah0—_2'L L‘l:L‘,"‘L

ua2
(]

LO = LaaO - 2Lab0

13



The above variables are defined as follows,

L

4> L, + the dg-axis inductance -
Ly: the zero sequence inductance

L;: the leakage inductance

L,, L

s Lyt the mutual inductances associated with the air-gap leakage flux

linkages duc to the currents £, and i, respectively

q?

As shown in Equation (2.3), the varying rotor angle &, which affected the
genetator stator and rotor inductances, has been climinated after applying the dq0
transformation into Equation (2.1). Hence, the analysis of the synchronous

machine model is now less complicated.

From Equation (2.2), the stator voltage equations in dg0 components are as

follows,

equ.\' = _ithO.\'R.\‘ + Pp(P-lV/qus)
= —iqu:R.\' + PP.-lp‘”qux + P( pP-l );//qus

. T
= —lqust + p'lydz/Os + a)r [l//q y/d 0] (24)

where,

W, = % =27 f electrical (tad/s)

r
and .
P denotes for the time derivative.

The generator voltage equation matrix representation is as follows,

14



e [R 0 0 0o o o o] [w)] [¥]
e/ O R O 0 0 0 0} v, W,
e,/ 0O 0 R 0O 0 0 0 |- A 0
e,|=|0 0 0 R, 0 0 O |liy|+p|¥ul|+t@| O |@5
0 0 0 0 0 R, O O]y, Vi 0
0 o 0 0 0 0 R, O0}i, Vi 0
0] |0 0 0 0 0 0 Ryfji| [Va] LO.

The zero-sequence component in Equation (2.3) and (2.5) can be climinated if

the system is balanced. In addition, the term of py/, o, can also be negligible

because it is small and decays fast in post disturbance analysis. The Equation

(2.5) can be expressed in a simplified form,

{ed = —Ruid - wry,q (2 6)

e,=—Ri, +oy,
The generator three-phase terminal electrical power is determined as follows,

{P} =e,i, +e,i, +ed, o

P =ei, +eg,

The electromagnetic powet P isa combination of the terminal power and the
losses on the stator winding resistance. By substituting (2.6) into (2.7), the P,

can be written as below,

P, =P +(ij+i})R,
= a)r(v/diq - qud) (2‘8)

Again, @, is defined as the generator rotor speed in clectrical radians per second.

15



Using (2.8), the electric torque can be exptesses as follows,

mech

= wr(l//diq - qud )

(omech
n, ) _
_T(Wdlq —qud) (2.9)
where,
@,,.;,: tepresents the rotor speed in mechanical radians per second

n,: represents the number of poles

Per unit generator excitation control system representation

A per unit system is used to normalize powet system variables. Compared with
employing physical units in system equations, such as ampetes, volts, ohms,
hentys, etc., the per unit normalization can climinate units and express system
quantities as dimensionless ratios. As a result, the design analysis and
computational cfforts are simpler and mote convenient. In general, the quantity

in per unit is written as,

actual quantity
base value of quantity

quantity in per unit =

Consideting a power system generator model which is expressed in the per unit

system, the simplifications of its vatiables and equations are listed as follows,

The mutual inductances between the stator and rotor windings with respect to

the stator and rotor sides at cach axis:

16



L,= Zaﬁl =Ly (2.10)

The generator torque:

T,=0,;,-V,j @11)
The stator voltage equations:

& ="Ri-¥, 2.12)

€= —Ri,+ Va

Note that the generator speed @, is equal to 1 after the per unit normalization in

the above stator voltage equations.

The above generator terminal voltage, stator flux and current, from the equation

matrix (2.5), can be re-written in the per unit system as follows,

——y -R,
€ ="Vym b (2.13)
e, =y, Ralq

Also, the change of the generator rotor flux, damping current and excitation

voltage in dq refetence frame:

PV = ey — Rfdifd)
PYia =—0R i)
Y, =—@Riy,)
Py, = —@yR,,iy,)

2.14)

Note that, the bar notation for a per-unit quantity is omitted in the above

cquations for simplification.

17



The derivation of mathematical equations of (2.13) and (2.14) are used to serve

the following purposes:

Connecting the generator model to the power system network model for

simulations of various power system disturbances
Providing a mathematical relationship for generator excitation control

Studying of the oscillation damping effects on the gencrator control

The generator rotor motion equation is expressed as follows,

m

pA@, =T, ~T, - Kpyhw,) | 2H o5
po =wAw,

where,
T.= Wi, —W¥,i,: the generator clectrical torque in pu
A@,: the change of rotor angular velocity

J': the rotor angular position
H: the moment of inertia in second
K,: the damping factor

The above cquation (2.15) represents the mechanical characteristics of a

synchronous machine as well as the difference between the electromagnetic and

mechanical torques.

2.3 The generator dg-axis model
While the above Equations (2.12) to (2.14) can be used to analyze a synchronous
generator’s performance, it is a common practice to use equivalent circuits to

provide a visual description of the machine model.
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In this scction, the standard gencrator model with the three damper windings and
the simplified generator model without any damper winding are discussed. While
the later model is used for simplifying the design of the generator control, the

former one is commonly used in simulations for better results and accuracies.

The sixth-order generator model with damper windings

The general equivalent circuits which represent the complete characteristics,
including the synchronous machine voltage equations, are shown in Figure 2.3.
The voltages and flux linkage are present in the circuits. Note that the flux

linkages are shown in terms of their time derivatives.

R, . o ‘//"‘+ L Lia. Lo
* 0= —1
A, iy p i
1
th
€ PWa Lot %
TA
Rig
P Y
- - _
(a) d-uxis equivalent circuit
R, _w' W‘; L
* o= '
A + iy ; i 2
1
q Ly,
€y Py, Lay % .
A
qu
P ‘/’lq
- _ _

(b) g-uxis equivalent circuit

ligure 23: Complete d- and g-axis cquivalent
circuits
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The d-axis air-gap flux linkage is used to determine the mutual inductance

between the damper winding at d-axis and field winding L. This result is
approximately equal to L. Similarly, the mutual inductance between the two

damper windings at q-axis Ly,, is close to L

aq *

Therefore, it is widely assumed

that L.\, =L, and L,,=L,, in the power system stability study.

The other sclf-inductances Ly, Ly, L, and L, are combinations of the

leakage inductance and mutual inductances as follows,

r

Ly, =L,
Ler/ = Lu«/
ooty
an = Lm +L,
LLzzq = qu +L,

The flux linkages of the synchronous generator can be written in the matrix form

by using the equations from (2.16) as below,

K7 d 1171 L o L., L, O 0 ——ld ]
v, 0o L O o L, L,| -
Vu = L, 0 Ly L, 0 l:fd @17
Vi L, o0 L, L, O 0 || &y
Vi o L, O 0 L, L,| i
V2 ] L o L, O 0 L, Ly | b,

Figure 2.4 is shows the simplified equivalent circuits of the synchronous
generator with three damper windings in the dg0 reference frame. The equivalent

circuits are based on the Equations (2.13), (2.14) and (2.17), which express the
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relationship between flux linkages and currents. This circuit model is popular and

widely accepted in power utility applications.

L
O—— Y
+ -
A iy - I
§¥]
Ll(l
[) ,}," 1’4111
+
S Ru
PVal 9
o— -
L (a) d-axis equivalent circuit
!
(o Y o e 2 "2 N
+ -
A Iy 12
i1y
Lig
p'//q Laq
+
Ry,
Py
o -

(b) g-axis cquivalent circuit

Figure 24: Commonly used simplified d- and g-
axis cquivalent circuits of a synchronous generator
with three damper winding

As shown in Figure 2.4, the d-axis flux linkage ¥, is a

combination of the

leakage flux linkage, which produced by the current i, through L, and the ait-

gap flux linkage ¥, produced by the current i, through L,,. Similatly, the g-

axis flux linkage v, is a combination of the leakage flux linkage, which produced

by the current i, through L, and the air-gap flux linkage ¥/, produced by the

current i, through L, . -
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The d- and q-axis cquivalent circuits also do not present the stator resistance,

voltage drops, and the speed voltage terms.

From Equations (2.13), (2.14) and (2.17), the voltage, current and flux linkage

rclatlonships are summarized as follows,

r

e, =-Y¥,—R,j,
PV = %(efd - Rfdifd) ¢ = Vg — Raiq
py,, =—@yR iy, Wy =V -iL
4 leq = _a'{)qui.lq T v'/q = qu - iqu (218)

PV, ==y Ry iy, iy =Wu—Vu)! Ly
pAw, =(T, -T,-K,Aw,)/ 2H iy =W~V Ly
\ p5 = %Awr ilq = ('/llq - Wuq) / qu
L i2'q = (V/2¢, - '/qu ) / LZ([

As shown in Equation (2.18), all the machine quantities are in the per-unit
system, while the time and angles are in seconds and radians respectively. The
synchronous machine model is called the 6"-order generator model because it
consists of six coupled differential equations. This model will be employed in the

project for the study of the generator excitation control and simulations.
The third-order generator model without damper windings

The dg0-axis equivalent circuit of a synchronous generator without dampers is

shown in Figure 2.5 and is a simplification of the 6"-order model.

The machine equations of (2.18) can be simplified as follows,



: e, ==Y, — R,
PYu = %(efd _Rﬁ/iﬁ/) e, =V, —Ralq

pAa)f = (Y:n _7:' - KDAa)r) / 2H J V/d = Wud _itILI (2‘19)
p6 = %Aw,- Wq = Wuq - iqLI

Ui =W V) Ly

Ly
O NN\,
+ -
A ly b
W _ Loy
C__
(a) d-axis equivalent circuit
o—— Y
+ L -
A f iy
27 Lay
o

(b) g-axis cquivalent circuit

ligure 2.5: d- and g- axis cquivalent circuits of a
synchronous generator without damper winding

Since the damper windings arc omitted from the circuits, the equations’ otder is
reduced. Therefore, the computations and design analysis are less complex due

to the lower order model. However, the model does introduce some etrors.
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2.4 Transmission network model

Figure 2.6 show a typical single machine to infinite bus system model for testing
and evaluation of the generator excitation control design. The simplified power
transmission network model is a Thevenin equivalent circuit. The equivalent

circuit consists of an cquivalent network transmission line impedance

Z, =R +jX . and an infinite bus voltage source, V.

Vi (infinite bus/

~ Xi ' load centre)
I Breaker Breaker
Generator Transformer P XL -~
Breaker Breaker

Figure 2.6a: A single machine infinite bus system

Vi Vg (infinitc bus/
load centre)

Generator

Network

Figure 2.6b: Connection of a gencerator to an
cquivalent power system network

In order to determine parametets for the network equivalent circuit, the generator
is connected to the power system network under predefined power system

operating conditions. In practice, the typical predefined conditions are specified

as the generator terminal voltage V, and the supplied power F. Hence, the

terminal generator current I, can be determined.
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2.5 Generator magnetic saturation
In order to have a better evaluation for the performance of the gencrator
excitation control, it is important to take the magnetic saturation effects into

consideration.

Since the leakage flux paths are mostly in the air-gap, the generator saturation
equations can be written, with an assumption that the leakage inductances and

the iron saturation arc independent from each other, as below

Lads = st Ludu (2.20)
Laqx = qu Laqu

where,

L, L,,: the unsaturated values of the mutual inductances L, and L,

K, K, thesaturation factors

Figure 2.7 shows a representation of generator saturation characteristic. In the

figure, the increment or change of flux linkage ¥/, represents the difference
between the calculated air-gap flux linkage ¥, and the actual saturated air-gap

flux linkage ¥,. The difference in the air-gap flux linkage is an exponential

function as follows,

v, = ASATeB.wW/a-'/’m) (2.21)

In (2.21), W, stands for the threshold value of saturation. The constants Ag,r

and By, can be obtained from the generator’s manufacture specifications.



W, T

Slope = Lagu

Lads

Yiz| — — — —

1 I

Yy,

Operating point

I

I

|

Wrr e - |
' |

|

|

Iigure 2.7: Representation of saturation
characteristic

The saturation factor K, can be determined from the air-gap flux as in the

following steps:

Wu = \/ l//:d + W(‘fq (222)

K, =—te— (2.23)
Wa + Wl

The g-axis saturation factor K, is generally assumed to be 1 per-unit for a salient
pole generator, because there is no significant variation with L, due to its flux

mostly occurring in the air-gap.



2.6 Generator magnetic saturation

A simplified generator excitation system model is shown in Figure 2.8. The

exciter is defined as a dc source that supplics power to the generator

winding,
Vn:f l‘:frmn
+
“ontrol K
Vv, Z Contro f
- signal 14T,
Exciter

&)
“limn

Figure 2.8: Lxcitation.system block diagram

L 1)

field

This excitation system is mathematically represented by the first order model as

below,
dE 1
S _ _ i ~
7 - FA[KA (Vref V:‘) Eﬁl ]
Efmin < E/ < Efmax
where,

K,, T,: the AVR gain and its time delay constants respectively
V,: the reference voltage

V.

"+ the terminal voltage
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2.7 Generator power system stabilizer model

The power system stabilizer is used in the excitation systems of a synchronous
machine for the purpose of enhancing the dynamic stability of power generating
systems. A power system stabilizer using speed, power or frequency as an input
signal when applied with a high initial response excitation system is effective in
damping low-frequency machine rotor oscillation. In order to provide damping
of the oscillations of the synchronous machine’s rotor, the PSS produces a

component of torque in phase with rotor speed deviations.

The mentioned PSS structure is considered to be fixed and is tuned consideting a
set of nominal operating conditions and system parameters. However, such a
fixed structure optimum PSS would provide sub-optimum performance under
variations in system parameters and opetating conditions. The power system can

also be unstable due to negative damping cffects of the PSS on the rotor.

In this project, the IEEE type ST1 AVR and PSS excitation system shown in

Figure 2.9 is considered for the study and evaluation.

. vl‘ct El'mul

3 1 (Control K, >E,
(Terminal 14T Vi o= 1457,
voltage)  (Transducer) (Exciter)

(r==-z=-- R mshon e E,
I Ao —l Kerin | sTo || 14T | ]|
| (Change — 1+s% 1+5T; | |

of (Sl“bf"“r (Wash out)  (Lead/Lag :
l ip‘.'_‘:d) gun) compensation)

Lead-Lag I'SS

ligure 2.9: System block diagram of AVR and I'SS
excitation system
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As illustrated in the block diagram, a conventional lead-lag PSS is installed in the
feedback loop to genetate a stabilizing signal Vi,. This PSS controller structure

consists of a stabilizer gain K,,, a washout block and a phase compensation

block.

The output signal of PSS is a voltage signal, as noted Vg, , and added as an input

signal to the AVR/exciter. For the PSS structure shown in Figure 2.9, the

cquation can be given by

V., =K To | 1+5Tis | g (2.25)
0T 14 5T, \ 1+ 5Tq

whete, T, is the washout circuit time, T, and T,; arc lead and lag

constants of PSS respectively.

In this particular controller structure, the washout block, sT,, / (1+5T), is used

i i ativel
to reduce the over-response of the damping during severe events. Alternatively,
i i i he
the washout block serves as a high-pass filter, with a time constant that allows t
. . . oy e . not
signal associated with oscillations in rotor speed to pass unchanged, but does

allow the steady state changes to modify the terminal voltages.

Since the PSS must produce a component of electrical torque in phase with the
speed deviation, phase lead block circuits are used to compensate for the lag
between the PSS output and the control action, the electrical torque. The
number of lead-lag blocks nceded depends on the particular system and the
tuning of the PSS. In practice, two ot more first order lead-lag blocks may be

used to achieve the desired phase compensation.
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The PSS gain K, determines the amount of damping. This gain is an

important factor as the damping provided by the PSS increases in proportion to

an increase in the gain up to a certain critical gain value, after which the damping

begins to decrease.

All of the variables of the PSS must be determined for each type of generator
separately because of the dependence on the machine parameters. The power

system dynamics also influence the PSS values.
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Chapter 3

TEST SYSTEM

3.1 Generator and power system parameters
Figure 3.1 shows a machine infinite bus system configuration for the evaluation

of power system stability in this project. In this diagram, the reactance of the

transformer is labeled as X, . The reactance of two transmission lines are X,

and X, respectively.

Xt ‘}
Vv, I o 2 2 o W 4
/

Xy L/ (infinite bus/

/ o g L)

7 load centre)
4
Fault Xpa %
?

®

. Transformer
Generator _:.é NS NN
e

Figure 3.1: A generator to power system network
model

The generator nameplate, the transformer and line impedances for the system are
given in Table 1. The system saturation factots and the excitation control system
parametets are listed in Table 2 and 3 respectively. All per-unit parametets are on

a 555 MVA, 24 KV base.
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Generator Paramcters

S =555 MVA X, =181 R, =0.003

V=24KV X, =176 R, =0.0006

f=60Hz X, =0.16 R, =0.0284

Number of poles =2 X, =0.165 R,, =0.0237

H = 3.5 MWs/MVA X,, =1713 R,, =0.0062

K,=0 X,, =0.7252 X, =0.15
X,, =0.125 i’;‘z Z?)"Sgs

Table 1: Generator nameplate and parameters

Saturation values
A =0.031

B, =0.031
Y =08

Yrp =
"'able 2: System saturation factors
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AVR and PSS paramcters

AVR PSS
K, =200 Koy =9.5
T, =0.015s T, =141s
E;.=170 T,, =0.154 5
Efpin =64 T,; =0.033 s

‘I'able 3: AVR and PSS excitation control parameters

3.2 Derivation of generator equations

Gencerator quantities
Phasor representation:

For a synchronous generator under balanced, steady-state operation, the stator

phase voltages in d40 reference frame can be written as

{ed =E, cos(6 — ot — @) 6

e, =E,sin(0-ar-a)

The angle 6 by which the d-axis leads the axis of phase a is given by
0=wt+6,

where 6, is the value of & at t=0. Assume that 6, =0, then Equation (3.1) can

be rewritten as

m (3.2)

e, =E,cosx
e,=E, sine

From Equation (3.2), the phasor representation of the generator under a balanced

steady-state operation is illustrated in the Figure 3.2.
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q-axis A

ey b————— V,

|
I
|
|
&f, I
|
|
|
3, l
|
@ |

| .

p- d-axis
Cy
Figure 3.2: Voltage components
From the phasor diagram, the generator terminal voltage:
V,=e, - je, (3.3)

where,

e, =V,sind,
(34
e, =V,cosd,

If the power factor angle is @, then

34



g-axis 4

€y

p d-axis
Iligure 3.3: Current components
{i‘, = I, sin(6, + @) 65)
i, = I,cos(6; + @) ’
The generator terminal current is
I, =i, + ji, (3.6)

The relationship between dg components of armature terminal voltage and
current are defined by Equation (2.18). Hence,

¢, =—W, =R, = X,i, - R,j, 3.7)

q-4q

e, =Y, —Rji, ==X, + Xud]fd - R"ill (3.8)

q

If the voltage Eq is defined as:
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Eq =E, +1I(R, +jXq)
= (e, + je,) + (i, + ji )R, + jX,) (3.9
= j(lfdxad)— Ji (X, —Xq)

The corresponding phasor diagram for E, is shown in Figure 3.4. Note that the

angle J; is refetred to as the internal rotor.
q-axis A
B,

Xqk

R,1

p d-axis

Figure 3.4 Phasor diagram of Eq in dq frame

Real and Reactive power:

S=E]I
= (e, + je, )i, — Jji,)
=F +JjO,

Hence,

- P=e +ei (3.10)

q4q
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'Ql = eqld - e«l lq
The steady-state torque is also given by:

T:' = Wdiq —y/qid

(o : 2 2
=(e,i, + eqzq) +R,(i; + lq)

=P+RI?
=5+ al '
Computing the steady-state values:

(J-axis

/(
(3,, o
) I
I
¢ ' Xk cosi

X |

|

I

& .
[ N
\ [
AN A
\ 1 A Rl sing
N\
\ R, cosd
\
\ Xyle sing
N\
AN
AN

\ d-axis

Iigure 3.5: Steady state phasor diagram
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From the given terminal active power B,

reactive power @,, and generator
terminal voltage V,, the corresponding terminal current I, and power factor @

are calculated as follows,

_ ’P,2+Q,2

! V,

t

w=cos" (B IV1I,)
The internal rotor angle &, can be determined as below,

X, I,cosp—R,I sing
V,+ R, cosp+ X I sing

o, =tan”

The dq components of stator voltage and current are given by

e, =V,sind,
e, =V,coso,
i, =1 sin(6; + @)
i, =1I,cos(6, + 9)

The remaining generator quantities:

eq + iq Ra + Xd itl
l fd = X

ad

ey =Ryiy

V= (L, + Lﬂ )ifd -L,i,
Wie =L Gy —1,)
Viy=Vo = -L,i,
w,=e,+Ri,

v, =-¢,— R,
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The torque can be computed as follows,
T,=PR+R]I;
The saturation effects:

The saturation ait-gap flux is determined as follows:

v, = Wi + V2,

Wud = eq +R i +idLl
W(:q = —ed - Raid + iqLI

a'y
It is noted that the air-gap flux is cqua] to the air-gap voltage in per-unit, ic.,
¥, =V, , and the air-gap voltage can be expressed as,
V.=V, +1, R, +jX,)
The incremental air-gap flux:
v, = A.\-ar P Wa=Vn )

The saturation factor:

__ v
K.wl = K.\'q - v, +'/jl

The inductances L, and Laq are re-written as follows,

Lad = sd L{lllll
= st L

aq ‘aqu
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Once the inductances are determined, the values of I, and e, can also be

recalculated in order to determine the corresponding exciter output voltage.

3.3 Computer simulation steps
The initial values of the differential cquation (2.19) that included &, A®w, and

W, need to be determined for the computer simulation.

The power angle & by which V, lags the g-axis or E, can be found from the

phasor diagram in Figure 3.6,ic. § = 6, + LV,V,.

g-axis P

» Vi

Figure 3.6: Phasor diagram of E.V,

4 ,,nnd VB

in dq frame

The generator is assumed to be operating at a steady-state condition before a

disturbanceis applied to test the response of the generator excitation control.

Each state variable has a steady-state value. The all-time detivative py/y is equal

to zero. The flux-linkage can be calculated by using the equation:
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Wu =Ly +Lpiy - L,i,
and the clectromagnetic torque:
— 2
T; - Pl + Ra I '

At the steady state, the gencrator runs at the rated speed, A, =0. All initial

generator quantities can be determined.

For the transient process, the dg-axis currents are solved from the above network

cquations with updated state variables, which include ¥, and J. As the flux
linkage changes in the simulation process, the mutual inductance L,, and L, are

also recalculated to consider the effects of saturation.

In this report, the 4" -order Runge-Kutta method is applied to obtain the
solution for the differential equations. The following flowchart in Figure 3.7

illustrates the computer simulation process in each time-step.

41



Read input data
(Generator parameters, load flow data)

v

Read pre-fault network data

-

Compute initial values

v
Read switching data: network variables

changes (fault, recovery, etc.)

k4

Solving state differential cquations to update state variables.
Solving network algebraic equations to update network variables
at each integral stage
Integral process

v

Update all variables

!

U Tnax

Knd and print results

Figure 3.7: Flow chart diagram of the computer
simulation process
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Chapter 4

SIMULATION TEST SYSTEM

This chapter presents the computer simulation for the analysis of the generator
excitation control developed in this project using Matlab/Simulink software
package. A 3" -order generator model is considered for software simulation and
evaluation. The differential equations in (2.18) are employed for computations.
The mechanical input torque is assumed to be a constant so that the generator

excitation control can be evaluated.

4.1 Simulation test system
Figure 4.1 shows a typical single machine infinite bus system configuration for

the evaluation of power system stability.

Xut V}
V. i A AAA

; infinite bus/
Xt / (infinitc bus
[/ load centre)

7

FFault X2 %

/

[

Transformer
Generator f ! 1
@ ® |

Figure 4.1: A generator to power system network
model

In the above power network diagram, a single generator is connected to the

transmission lines through an associated step-up transformer. Since the line

cquivalent resistance R, is very small in comparison to the line reactance X,,it
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is often neglected in the power system study. The transformer has an impedance
of X, and its high voltage output terminal is connected to the two parallel
transmission lines with impedances X;; and X ,. The system network delivers

power to an infinite bus V. The parameters for the system are given in Chapter

3.

The design of the excitation control is subjected to the operating conditions of
the generator. These conditions, also called the initial values, are to provide the

per unit active power and terminal voltage as listed in Table 4.

Operating conditions
P, =09

Or = 0.436

V, =1

‘Table 4: Generator operating conditions

With the given above power system initial operating conditions, the pre-fault

currents and power angles are determined and tabulated in Table 5.

Pre-fault values
i,, =0.906
i, =0.424
3, = 67.43°
X, =0473

lable 5: Pre-fault currents, power angle, and total
reactance of the power system network

44



4.2 Power system disturbance and alternative excitation controls

In this section, the large disturbance that is used for the case studies of the
generator excitation control is caused by a three-phase fault on the generator bus.
This disturbance assumes a three-phase fault occurring on the high voltage side
of the generator transformer, at the point F' shown in Figure 4.1. This fault lasts
for 0.07 second. The fault is then cleared by the circuit breaker, and the faulted
transmission line is removed from the power system network. This typical

disturbance is used in the project to evaluate the stability of the power system.

The three alternative excitation controls are considered for case studies as

follows:

® Manual control (i.c., constant E ;)

* AVR (ie, static excitation system with only terminal voltage feedback)

e AVR + PSS (i.e., static exciter and speed deviance stabilizer A®)

45



Case study 1: Manual excitation control system with disturbance caused by a

three-phase on generator bus and its cffects on the generator rotor angle &, total

power Py, terminal voltage V;, and field voltage E

The results of the Matlab/Simulink simulation for the manual excitation control
of a disturbance caused by a three-phase fault occurring on the generator bus as

illustrated in Figure 4.1 arc shown in Figure 4.2.

T 150 3 1.5

Q

= wr

S, 100 :‘.j,

w =

k) S

[« -—

g 50 ................................ §

S €

[e]} -

[og . . . . '2 0 . . N N
0o 1 2 383 4 5 o 1 2 3 4 5

Time [s] Time [s]

1.5 =

=) S gl

g o

o wr”

] & Sl

: g 0

a S

8 8 oL

g g_5 ......................
0o 1 2 3 4 5 o 1 2 3 4 5

Time [s] Time [s]

Figure 4-2: lault cffect with Manual excitation
control

Figure 4.2 shows the simulation plot of the rotor angle & The pre-fault value of
rotor angle is 67.4°. As the fault happens, the rotor oscillation is large because of
a low damping, The rotor angle is very slow to recover and this is not desirable

in practice. -
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Similarly to what happens to the rotor angle, there is a large oscillation that
associates with the network power after the fault happens. The overall power

delivered to the network will transiently become stable.

Case study 2: AVR excitation control system with disturbance caused by a
three-phase on generator bus and its effects on the gencrator rotor angle &, total

power Py, terminal voltage V;, and ficld voltage E .

The results of the Matlab/Simulink simulation for the AVR excitation control of
a disturbance caused by a three-phase fault occurting on the generator bus are

shown in Figure 4.3.

§150 f 5 f f E 1.5 f

g N o

;9,100 : . : g,’ 1 1 ¥

w : : : . S

) ; : : : ©

© 50 : . : : o 057 . : :

S : : : : = : : : :

°© E : .

ool 0 . . . : & 0 . . . .

0 1 2 3 4 5 0 1 2 3 . 4 5
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1.5 T i J ; -5- . : - "
=) ] TR A WV A i & W |
& . © :
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% of B ] il g |
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p5s : : : 8 : : 1
o] _1 S SR - -Q i .
-15 : . ' ' u ' . ' -
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Figure 4.3:  Pault cffect with AVR cexcitation
control
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In the simulation plot of the rotor angle &, it can be observed that the first

oscillation rotor angle swing is smaller than that of the manual Ej excitation

control. The reason is that the AVR has a higher voltage gain to speed up the
system response in overall. However, the rotor angle becomes to lose its
synchronism in the subsequent swing duc to the negative damping cffect. The
total network power, generator terminal voltage and output cxciter voltage ate

unstable and oscillated as the result.

Case study 3: AVR and PSS excitation control system with disturbance caused
by a three-phase on generator bus and its effects on the generator rotor angle o,

total power Py, terminal voltage V., and ficld voltage E, .

In order to ovetcome of the negative d;tmping drawback with the use of AVR
alone, the PSS control is needed to enhance the stability of power system
network. The action to PSS is as a phase-lead network to increase the phase
margin, and hence, providing supplemental damping to the oscillation of the

synchronous generator rotor.

The results of the simulation for the AVR + PSS cxcitaﬁon control are shown in
Figure 4.4. From the simulation plot, it can be observed that the generator rotor
angle is transiently stable after its third swing. Hence, the total power, generator
terminal voltage, exciter output voltage are quickly to recover after the

disturbance happens in the system.
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excitation control

4.3 Comparisons of the three excitation control methods
Figure 4.5 shows the comparisons of the three excitation methods. The AVR
and PSS excitation control scheme has been cleatly shown to be more effective

than the other two stand alone, namely the Manual and AVR control schemes.
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Chapter 5

CONCLUSION

This project has successfully completed the study and the design verification of
an optimal excitation control system, named the Power System Stabilizer, for the

utility generator.

The cffectiveness of the AVR and PSS excitation control scheme is investigated
through Matlab/Simulink computer simulations. It is shown that the use of AVR
and PSS has achiceved the best response for the power system stability comparing

to the manual or AVR excitation control method.

The PSS is not a robust model for the excitation control, comparing to current
available technologies that develop to enhance the power system stability, due to
its parameters are tuned around a steady-state operating point. However, the
design of the combination AVR and PSS excitation control scheme has some

features as follows:

e Simplicity of the design that allows the implementation of the power

system generator excitation control in real-time.

e The required input control signal for the PSS, the rotor speed A@, are

practically measurable from the circuit.
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5.1 Major Tasks Accomplished

The major tasks accomplished in the project are:

e The project investigated the cause of power system oscillation, the need
for generator excitation control, and the conventional automatic voltage

regulator with the addition of the power system stabilizer.

e The modeling of the synchronous generator, power system network,
excitation system for the design of power system optimal cxcitation

control are provided in the project.

® A computer simulation software program using Matlab/Simulink was
designed and can be used by other researchers for the power system

stability study.

e Study cases are presented to study the cffectiveness of the PSS excitation

control scheme.

5.2 Future work

The following lists recommended work in future study for power system stability.

¢ Investigation on other excitation control methods such as the popular
model predictive control technology, fuzzy-logic and artificial neural

networks.

* Researching an effective real-time control of the power system generator

excitation.

¢ Implementation of the PSS on the multi-machine system.
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APPENDIX

Matlab/Simulink model

Translent stabllty of a single machine
infinite bus network
with Power System Stabillzers (PSS)
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Figure A1t .\ generator to power system network
model

Transmission line network

function [X11,eb] = fen(ebO,telr,t)

if t<1 X11=0.4752; eb=cb0;
clseif t>=1 & t<tclr X11=0.15; cb=0;
else X11=0.65; R11=0; cb=cb0;

end
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Fipure A.2:  Stmulink model of a synchronous
¥
generator

Algebraic equations:

function [xd1,xq1,xad1_prime,xadl,id1,iql,edl,eql] =

fen(delta,Y fd,xad_prime,xq,x11,eb,xlxadu,xaqu,xfl,Ra,Yt1,Asat,Bsat)

img = 1i;

cbd=cb*sin(delta); ebq=cb*cos(delta); g=cbd; h=(Yfd/xfl)*xad_prime-cbg;
1=Ra; m=x11+xq;

n=x11 +xad_primc+xl;

id1=(m*h-I*g)/ (*1+m*n); iq1 =*h+n*g)/ *+m*n);

cd1=cbd-x11*iq1; eql=cbq+x11*id1;

% consider saturation
Ea=(ed1+img*eql)+(id1+img*iql)*(Ra+img*xl);ea=abs(Ea);

if ca<Ytl Ksat=1;

clse Ksat=ca/(ea+Asat*exp(Bsat*(ca-Yt1)));
end
xad1=xadu*Ksat; xaql=xaqu*Ksat; xd1=xad1+xl; xq1=xaql +xl;
xad1_prime=xad1*xfl/(xad1+xfl);
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Rotor equations:

function pYfd = fen(Efd,Rfd,xadu,wo,Yfd,xad1,id1,x])

% Rotor equation

%  p(Yfd)=wo(efd-Rfd*ifd)

% whete efd=Efd*Rfd/xadu;ifd= (Y fd+xad*id)/(xad+x])
cfd=Efd*Rfd/xadu; ifd=(Yfd+xad1*id1)/(xad1+xl); pYfd=wo*(cfd-Rfd*ifd);

Swing cquations:

function [ppdelta,Te] = fen(idi,iql,ed1,eql,Rawo,H,Tm,pdelta)
% swing cquations

%  p(pdelta)=wo/H/2*(Tm-Te-KD(pdclta)) 2

% where Tm=0.903;KD=0

KD=0; Te=idl*cdl+iql*eql+Ra*(id1*id1+iqi*iql); ppdelta=wo/H/2*(Tm-
Te-KD*(pdelta));

Exciter equations:

function [pvl,pv2,pvsoct] = fen(edl,eql,vl,v2,wo,vso,ppdelta)

% AVR equation:
% p(v1)=(ct-v1)/TR
TR=0.015; ct=sqrt(ed1*ed1+eql*eql); pvl= (et-v1)/TR;

% PSS equations:
% p(v2)=Kstab/wo*(p(pdelta))-v2/TQ
TQ=1.41; Kstab=9.6; pv2=Kstab /wo*(ppdelta)-v2/TQ;

% p(vso)=(TLD*p(v2)+v2-vso)/TLG
TLD=0.154; TLG=0.033; pvso=(TLD*pv2+v2-vso) /TLG;
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Manual control:

function Efd = fen(E£d0)

Efd=Efd0;

AVR:

function Efd = fen(vref,v1,KA)
Efd=KA*(vref-v1);

AVR+PSS:

function Efd = fen(vrefv1,vso,KA)
Efd=KA*(vref-vl+vso);
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