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Abstract

The power system consists of a number of synchronous generators in
different power stations that rotate at synchronous speeds to feed the required
loads in case of the stability. However, when these loads change or fault occurs
that cause the swing of these machines due to inequality of input and output
capacity of generators, the effect of this oscillation may transfer from one
machine to another through the network of the system, which leads to increase
the oscillation of some machines and system blackout or damping this swing
and return to stability by using one of the damping controller.

In this research, the performance and efficiency of Power System Stabilizer
(PSS) was studied by applying it to (3-machine 9-bus) by finding the
eigenvalues and time domain simulation under different operating conditions
represent the system’s response to low oscillations which came from low
change in mechanical input capacity, The results of eigenvalue analysis and
time domain proved efficient and effective of PSS in enhancing stability and

increasing the percentage of damping ratio.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Power system stability is a complex subject that has challenged power
system engineers for many years. The historical review of this subject is useful
for a better understanding of present-day stability problems. Environmental
constraints restrict expansion of transmission network and the need for long
distance power transfers has increased. As a result, stability has become a
major concern in power systems. Accidents of power system blackouts caused
by rotor angle instability, voltage instability or frequency instability.

Power system stability may be broadly defined as the property of a
power system that enables it to remain in state of operating equilibrium under
normal operating conditions and to regain an acceptable state of equilibrium
after being subjected to a disturbance [1].

The power system stability can be classified into different types: angular
stability, voltage stability and frequency stability. The angular stability can be
categorized into small signal stability and transient stability. Small-signal
stability is the ability of the system to return to its normal operating state
following a small disturbance. Investigation of this kind of stability usually
involves the analysis of the linearized state space equations that define the
power system dynamics. On the other hand, , transient stability is the ability
of the system to return to a normal operating state following a severe
disturbance, such as a single-phase or multi-phase short-circuit or a generator
lost. Under these conditions, the linearized power system model is not

sufficient and the nonlinear equations must be used for the analysis [2].



1.2 Problem Statement

The power system 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 power, the machines
should return to their original state. If an unbalance between the supply
and demand is created by a change in load, generation, or in network
conditions, a new operating state 1s necessary. In any case all
interconnected synchronous machines should remain in synchronism if the
system is stable; i.e., they should all remain operating in parallel and at the
same speed. The low frequency oscillations can be initiated by small
disturbance. The range of it from 0.1 -2 Hz. Small disturbance can be occur

due to incremental changes in system load.

1.3 Objectives

» Study and analysis the behavior of multi-machine power system
without controllers after served to different faults and operating
conditions.

» Design of power system stabilizer (PSS) controller for damping
low frequency oscillations.

» Study the effect of PSS on damping low frequency oscillations in

power system.

1.4 Methodology

First, differential Equations describing the power system, state space
model were derived devolved and linearized. Eigenvalues has been computed
from state matrix (A).The frequency modes have been determined from this
eigenvalues then the PSS has been added in optimal location to increase the
damping ratio which return the system in stability condition. And compared

between the damping ratios before adding the PSS and after adding.



Finally software (Matlab/Simulink) was used to investigate the response of the

system.
1.5 Thesis lay-out

Chapter One: This chapter represented a Background to power system stability,
problem statement, project objectives and methodology of project.

Chapter Two: Includes the definition, classification of stability and modeling
of power system.

Chapter Three: Linearization of multi-machines system and power system
stabilizer (PSS) design.

Chapter Four: Represent the results of the eigenvalue analysis and time domain
simulation of small signal stability. The case study (3-machines, 9-busbars).

Chapter Five: involve the project conclusion and recommendations.



CHAPTER TWO

POWER SYSTEM MODELING AND
DEFINITION OF STABILITY

2.1 Main Components of Power Systems

An electric power system is a network of electrical components used to
supply, transfer and use electric power. This power system is known as the grid
and can be broadly divided into the generators that supply the power, the
transmission system that carries the power from the generating centers to the
load centers and the distribution system that feeds the power to nearby homes
and industries.

One of the main difficulties in power systems is that the amount of active

power consumed plus losses should always equal the active power produced.

The motion of the synchronous generator’s rotor is determined by Newton’s

second law:
d?e
Ji dtzm =Tq=Tpn—T, (2.1)

Where: ] = the total moment of inertia of the rotating mass (Kg.m?).
T.,, =The mechanical torque supplied by the prime mover (N.m).
T, =The electrical torque developed in (N. m).
T, =The net accelerating torque (N.m).

0., = The angular displacement of the rotor in rad (mech).



2.1.1 Generations

All power systems have one or more sources of power. Alternating
current power is typically supplied by a rotor that spins in a magnetic field in a
device known as a turbo generator. There have been a wide range of techniques
used to spin a turbine's rotor, from steam heated using fossil fuel (including
coal, gas and oil) or nuclear energy, falling water (hydroelectric power) and
wind (wind power). The speed at which the rotor spins in combination with
the number of generator poles determines the frequency of the alternating
current produced by the generator.

All generators on a single synchronous system, for example the national
grid, rotate at sub-multiples of the same speed and so generate electric current

at the same frequency.
2.1.2 Loads

The loads that generation units supply range from household appliances
to industrial machinery. Most loads expect a certain voltage and, for alternating
current devices, a certain frequency and number of phases. Making sure that
the voltage, frequency and amount of power supplied to the loads are in line
with expectation is a highly important operation of requirement. In addition to
the power used by a load to do useful work (termed real power) many
alternating current devices also use an additional amount of power because they
cause the alternating voltage and alternating current to become slightly out-of-
sync (termed reactive power).

The reactive power like the real power must balance. So ideal power
system must supply power, practically everywhere the customer demands, at

all time, with good quality, economical, and rigorous safe requirements [3].



2.1.3 Transmission line modeling

Transmission Lines are modeled as a nominal & circuit as shown in Figure

@2.1).
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Figure 2.1: Transmission Lines as a nominal & circuit.
= Represents the series impedance of the line.

= Represents half of the total line charging y, at each node.
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2.1.4 Excitation system modeling
The main objective of the excitation system is to control the field current
of the synchronous machine. The field current is controlled so as to regulate the
terminal voltage of the machine.
There are three distinct types of excitation systems based on the power source
for exciter:
» DC excitation systems: which utilize a DC generator with commutator.
» AC excitation systems: which use alternators and either stationary or
rotating rectifiers to produce the direct current needed.
> Static excitation systems: in which the power is supplied through
transformers and rectifiers. The first two types of exciters are also called
rotating exciters which are mounted on the same shaft as the generator
and driven by the prime mover [4].The exciters data that used are shown

in Appendix (A.3).



2.2 Power System Stability Concepts and Classifications

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 equilibrium after being

subjected to a disturbance

Instability in a power may be manifested in many different ways depending

on the system configuration and operating mode. Traditionally, the stability

problem has been one of maintaining synchronous operation [1].

Classification is essential for meaningful practical analysis and resolution

of power system stability problems, and Figure below show overall picture of

this classification, which is:

Power system stability

1

1
Frequency stability |_ Voltage stability

1
I_[ Angular stability ’U
——

1

|

h |

h |

Transient
stability

Dynamic
Stability

] |

Small disturbances
voltgae stability

[

Large disturbances
voltage stability

Oscillatory Instability J

Non-Oscillatory

h |

A | 3
Local mode Inter-area
oscillations modes

Control

modes

|
Torsional
modes

Figure 2.2: Classification of power system stability types.




» Rotor Angle Stability: refers to the ability of synchronous machines of
an interconnected power system to remain in synchronism after being
subjected to a disturbance.

» Frequency Stability: refers to the ability of a power system to maintain
steady frequency following a severe system upset resulting in a
significant imbalance between generation and load.

» Voltage stability: refers to the ability of a power system to maintain
steady voltages at all buses in the system after being subjected to a
disturbance from a given initial operating condition.A system enters into
a state of voltage instability when a disturbance, increase in load demand,
or change in system condition causes a progressive and uncontrollable
drop in voltage [1].

Bbroadly classified into two main categories: Angle stability or rotor

angle stability and voltage stability.
2.3 Rotor Angle Stability

Angle stability or rotor angle stability can be defined as previously as the
ability of interconnected synchronous machines of a power system to remain in
synchronism.

This stability problem involves the study of electromechanical oscillations
inherent in power systems.
The rotor angle stability phenomena in terms of the following two types:
2.3.1 Small signal (small-disturbance)

Small signal (or small-disturbance) stability is the ability of the power
system to maintain synchronism under small disturbances; it is causes by small
variations in loads and generation.

2.3.2 Transient stability

Transient stability is the ability of the power system to maintain
synchronism when subjected to a severe transient disturbance. Disturbance of

widely varying degrees of severity and probability of occurrence can occur on

8



the system. The system is, however designed and operated so as to be stable for

a selected set of contingencies.

2.4 Modes of Oscillations

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

» Inter-area mode oscillations, which are associated with the swing of
many machines in one part of the system against the machines in other
parts or areas. Typical range of frequency of these types of oscillations
is less than 1 Hz. They are caused by two or more groups of closely
coupled machines being interconnected by weak ties [4].

» Control modes are associated with generating units and other controls.
Poorly tuned exciter, speed governors, HVDC converters and static
VAR-compensator are the usual cause of instability of these modes.

» Torsional modes are associated with the turbine-generator shaft system
rotational components. Instability of torsional modes may be caused by
interaction with excitation controls, speed governors, HVDC controls,
and series-capacitor-compensated lines, with frequencies ranging from 4
Hz [1].

There are two methods of analysis that are available to study the

aforementioned electromechanical oscillations:

» A linearized single-machine infinite-bus system case that investigates
only local oscillations.

» A multi-machine linearized analysis that computes the eigenvalues and
also finds those machines that contribute to a particular eigenvalue for

both local and inter-area modes.



2.5 Small Signal Stability Analysis Procedures

The small signal stability or LFO study of the system can be determined
by system eigenvalues at an operating point. The relative participation of state
variables and their contribution in certain oscillation mode are given by the
corresponding elements in the right and left eigenvectors.

Hence, combination of left and right eigenvectors yield participation factor
matrix. The participation factor matrix can be used to identify the dominant

state variable in a particular mode.
The following steps are followed in studying LFO of power systems:

» Finding equilibrium or operating point.
» Linearization DAE model around the equilibrium point.
» Forming the reduced system state matrix.

» Finding eigenvalues, eigenvectors and Participation matrix.

In order for the system to be stable or oscillation free, all the eigenvalues
should be located in the open left half plane. This means that real part of the
eigenvalues should be negative and damping ratio should be positive with more
than a pre specified value according to utilized practice (typically damping ratio
should be higher than 0.05). If at least one of the eigenvalues has positive real
part the system is said to be unstable .More specifically, in oscillatory unstable
case.The drawback of eigenvalue analysis is that the higher order terms

neglected from the linearized set of equation.

A disturbance is considered to be small if the equations that represent
the dynamic performance of the system can be linearized for the purpose of
analysis function of both the operating conditions and the disturbance. When
linearizing a power system and plotting the eigenvalues in the complex plane,

a compact description of the power system's dynamic behaviour is obtained.

10



2.5.1 The eigenvalue and modal analysis module

Eigenvalue analysis investigates the dynamic behaviour of a power
system under different characteristic frequencies (modes).
Specifically it provides:
» Methods to investigate long-term stability.
» Allows a deeper view into eigenvectors.
» Determines the best damping locations.
» Allows an evaluation of damping strategies.

The results of an eigenvalue analysis are given as frequency and

relative damping for each oscillatory mode, and the response of the system is
caused by the location of the eigenvalues. The number of eigenvalues in a

power system increases with the size of it.

2.5.2 State-space representation and linearization

Figure 2.3 Dynamic system
Every dynamic system can be described with a state vector x, an input
vector u, and an output vector y, as in figure (2.3). The state vector x contains
the n state variables of the dynamic system. A state variable is a variable in the
system that has to be time-derived through a time simulation. System in figure

(2.3) can be described with the two functions fand g:
X =f(XU) (2.3)
Y = g(X,U) (2.4)

By disturbing the system in Figure (2.3) with small deviations in state vector
Xand the input vector u, the linearized form of the dynamic system can be

written as:

11



AX = AAX + BAU (2.5)
AY = CAX + DAU (2.6)

The matrix Ain above equation is the state matrix of size [n X n] and the poles

of the dynamic system are the roots of the equation.
det(SI—A) =0 (2.7)

The values of s which satisfy the above are known as eigenvalues of matrix4,
and above equation is referred to as the characteristic equation of matrixA4, and
the number of eigenvalues are always the same as the dimension of matrixA.

Some of them can be multiple.

2.5.3 Eigenvalues in complex plane

The eigenvalues can be complex in the form of A = ¢ + jw, where © is
given in Hz (not in radians/second). ¢ = The damping constant and o is the
angle speed, and therefore it is useful to depict them in the complex plane. It is
common to place eigenvalues in the complex plane. If an eigenvalue is damped,
0< 0, then it is located in the left-half plane, LHP. The left-half plane is the
open left half of the complex plane, excluding the imaginary axis (jw-axis).
Eigenvalues in the left-half plane are called stable eigenvalues.

The real component of an eigenvalue gives the damping, and the imaginary
part gives the frequency of oscillation in Hz by:
f= 2.8)

2

And the damping ratio:

(2.9)

12



2.5.4 Eigenvectors

For every eigenvalue there exist two eigenvectors, right and left eigenvector.
The right eigenvector gives information about the observability of oscillations.
The left eigenvector gives information about the controllability. The
combination of the right and left eigenvectors (residues) indicates the location
of the damping controllers. For any eigenvalue 4;, the column vector of
dimension n, ¢p; which satisfies in equation below is called the right eigenvector

of A, which is:

Ap; = 1;¢; (2.10)
[$1:]
ba

pi=| 2.11)
i

The right eigenvector measures the activity of the state variables of mode.
For any eigenvalue A;, the column vector of dimension n ,i; which satisfies

equation below is called the left eigenvector of A, which is:

T4 = AT .12)
Y1
Yiz

P = | 2.13)
-lab.in-

The left eigenvector weighs the contribution of the activity of the state

variables to mode i.

13



2.5.5 Participation factors
The participation factor P is useful in identifying those states which have

the most influence on any mode. The participation factor is non-dimensional.

(P [$1:¥in]
Pgi b2z

P, =] . ; (2.14)
-Pni- —¢ni¢in—

The element Py; = ¢y 1s called a participation factor. It is a measure of
the relative participation of the kth state variable in the ith mode, and vice
versa. In effect participation factors are useful in identifying those state
variables which have the most influence on any mode.

The higher the value of participation factor of a state for a corresponding
mode, the more active that state is in that mode when compared with the other
states. Thus the values of participation factors can reveal which generators are
involved in a particular mode. It reveal which machine or machines could go
out of step for any known mode or modes that might cause problem in the
power system in the advent of load variation.

The participation factors are used to identify the areas in the power system

where any mode or (oscillation) has most of its effect [5].

2.6 Power System Stabilizer

PSS can help to damp generator rotor oscillations by providing an additional
input signal that produces a torque component that is in phase with the rotor
speed deviation [4].It consists of a washout circuit, dynamic compensator,
torsional filter and limiter as shown in figure (2.4).The data of PSS are used

shown in appendix(A.4).

14
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Figure 2.4: General representation of Power system stabilizer

2.6.1 Washout circuit

The washout circuit is provided to eliminate steady-state bias in the output
of PSS which will modify the generator terminal voltage. The PSS is expected
to respond only to transient variations in the input signal (say rotor speed). This
is achieved by subtracting from it the low frequency components of the signal
obtained by passing the signal through a low pass filter. The washout circuit
acts essentially as a high pass filter and it must pass all frequencies that are of

interest.

2.6.2 Phase compensator

The compensator is made up to single lead-lag stage where K is the gain
of PSS and the time constants, T1 was chosen to provide a phase lead for the
input signal in the range of frequencies that are of interest (0.1 to 3.0 Hz). With
static exciters, only one lead-lag stage may be adequate.

2.6.3 Gain

The gain of PSS is to be chosen to provide adequate damping of all critical
mode under various operating conditions. Although PSS may be tuned to give
optimum damping under such condition, the performance will not be optimal
under other conditions. The critical modes include not only local and inter area

modes, but other modes.
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2.6.4 PSS output limits

The output of the PSS must be limited to prevent the up normal change in
terminal voltage of PSS. The positive limit of PSS output is of importance
during the change of load for higher value of the terminal voltage (due to the
increase in speed or frequency).The negative limit of PSS output is of

importance during the back swing of the rotor (after initial acceleration is over).

2.6.5 Input signal

The common signal which used as input to the PSS are: rotor speed
deviation(Aw), bus frequency (Af), electrical power (AP,). The signal must be
obtained from local measurements. Since the basic function of power system
stabilizer (PSS) is to add damping to the rotor oscillations [1]. In this work a

speed signal is used as input signal. The overall transfer function of the PSS is:

_ Kpss(1+sTy)(sTw)
T(s) = (1+ST5)(1+STy)

(2.15)

16



CHAPTER THREE

MODELING, LINEARIZATION OF MULTI
MACHINE POWER SYSTEM AND PSS DESIGN

3.1 Overview
When the system is subjected to a small changing, it tends to acquire a

new operating state. During the transition between the initial state and the new
state the system behavior is oscillatory. If the two states are such that all the
state variables change only slightly (i.e., the variable X; changes from X;yto
X;oTAX; where AX;is a small change inX;), the system is operating near the
initial state. The initial state may be considered as a quiescent operating
condition for the system. To examine the behavior of the system when it is
perturbed such that the new and old equilibrium states are nearly equal, the
system equations are linearized about the quiescent operating condition. By this
we mean that first-order approximations are made for the system Equations.
The new linear Equations thus derived are assumed to be valid in a region near
the quiescent condition.

The dynamic response of a linear system is determined by its
characteristic equation (or equivalent information). Both the forced response
and the free response are decided by the roots of this equation. From a point of
view of stability the free response gives the needed information. If it is stable,

any bounded input will give a bounded and therefore a stable output [5].

17



3.2 Multi-machine Model

To formulate a multi-machine small-signal model, the following

assumptions are made without loss of generality:

» The stator and the network transient are neglected.

» The turbine governor dynamics are neglected resulting in constant

mechanical torque Tj;; (i= no. of machines).

» The limit constraints on AVR output (VR;) are deleted as the focus of

interest is on modeling and simulation.
» The damping torque Tr, = D;(w; — w;)is assumed linear.
¢ Two-axis Model of Multi-machine System
» fourth order model differential equations
8, = w; - ws
w; = Mil [Twi — Eqilqi

=~/ 1 ! !
Eqizﬁ [_Eqi + (Xgi — Xg)]ai + Epai

=~/ 1 ! !
Edizﬁ [=Eq; + (Xqi — Xq:)lqi]
A fast exciter has been added; whose state space Equation is

Kai
2 (Vref - VL)

. 1
Erqi = _T_AiEfdi + Ta
For i=1, 2...m, where m= the number of machines.

» algebraic equations

v’ stator algebraic equations

— Egilai — (Xai — Xgi)lailgi — Di(w; — wy)]

(3.1)
(3.2)

(3.3)

3.4

(3.5)

0 = Vie s+ (R, + X4 (I, + J1a)e B2 — [Eg, + (Xp, — Xi o, +

jE&.]ej(ai_”/z)
In polar form
Eg, — V;isin(6; — 6;) — Ry Ig, + Xg,1q, = 0

Etlli - ]/l Sin(6i - 91) - Rsildi + X‘;ildi =0
18

(3.6)

(3.7)

(3.8)



Fori =1, 2, 3. .., m where m= the number of machines.

v network equations
The network equation separate into generator buses equations and load

buses equations.

e Generator Buses
I4,Visin(8; — 6;) + 1,,V; cos(6; — 6;)
+P, (Vi) — k=1 Vi Vik¥ix cos(0; — 0 — ay) =0 (3.9)
Iq,Vi cos(6; — 6;) + 1,,V; sin(6; — 6;)
+Q, (Vi) — Zk=1Vi VieYi sin(6; — 0, — ay) = 0 (3.10)
For i=1, 2, 3. . ., m where m= the number of machines.

e Load Buses
P, (V) — Xk=1Vi ViV cos(0; — 0, — ay) = 0 (3.11)

Qu, (Vi) — Xi=1 Vi ViYig sin(6; — 0 — ay.) = 0 (3.12)

3.3 Linearization

Let the state-space vector xhave an initial state xpat time= t,, at the
occurrence of a small disturbance, i.e., aftert = tg, the states will change
slightly from their previous positions or values. Thus:

x =x+Ax (3.13)
Note that x; need not be constant, but we do require that it be known.

The state-space model is in the form

X = f(xt) (3.14)
Which
Xy + A% = f(xg + Ax, t) (3.15)
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From which we obtain the linearized state-space Equation
Ax = A(xy)Ax + B(xy)u (3.16)

Where A and B are state matrixes. Therefore the system variable be

§; = 6;p + Ad; (3.17)
w; = W + Aw; (3.18)
0; = 0,y + AD; (3.19)
Ey = Eq,, + AEg, (3.20)
Ey = Eg,, + AEg, (3.21)
vV, =V; + AV, (3.22)
Efqi = Epqi + AEfq; (3.23)

3.3.1 Linearization of differential equations

The linearization of the DAEs (3.1) to (3.5) about any operating point

yields

AS; = Aw; (3.24)
. 1 / / / / /

Ady; = o= [ATy; — EgilMg; — EjyAly; — AE il — 1Ay — (X —

Xoi)laiBlg: — (X5, — Xg,)1q,0a; — Diba;] (3.25)
> 1 14 /

AE, = E [—AEy; + (Xai — X4, )ALy + AEfq] (3.26)
- 1 ! !

AEy = — [ DBy — (Xgi — Xq,)Algi] (3.27)

qi

. 1 KAL'

AEfdi = - T_,qlAEfdl + T_Al (AVTef - AVL) (328)

Writing (3.37) through (3.32) in matrix notation, we obtain
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0 1 0 0 0 1
o Dl _lu
[ AS; ] M M M - AS; 7
Aw, 0 0 _ L 0 1] Ay
AEqi = Tcgl Tdi AE(IIL +
AEail 1o o 0 —i, o ||AE«
_AEfdi_ Tqi ) _AEfdi_
0 o0 0 0 ——
Ty
(X (X = X5
M; M;
(Xai _,Xdi) 0 Al
Tai Al
0 (Xqi — Xr’zi)
Tyi
0 0
0 0 [0 07
O 0 M; ° AT,
0 0 [A i ‘ [ Mi
+10 O 3.29
0 0 AVl 0 0 AVT@f ( )
0 —ZXa o Xa
- Ty | T4
Put
_ (Al _ (A8, _ (ATy;
Algi = (Alqi)’ AVgi = (AVi)’ Av; = (AVref)
Then
AX; = Ay AX; + By;Aly; + By AVy; + E;AV, (3.30)
i=1...n
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3.3.2 Linearization of algebraic equations

Linearization of the stator algebraic equations (3.7) and (3.8) gives
AE&L - Sin(6i — 91) AVL — Vl COS(6L' — 91) A6l + Vl COS(6L' — 91) Ael —
RSiAIdi + X(,]iAIqi = 0 (331)

AE(;l - COS(SL' - 91) AVl + VL Sin(&i - 91) A6l + Vl Sin(6i - GL) AHl —
RyiAly + XAy = 0 (3.32)

In matrix form:

[ A6l T
Aw; ,
[_ViCOS(5i =65 0 0 1 0fzp | [_Rsi _Xqi] [Aldi
i di , .
V;sin(6; — 6;) 01 0 O AE&i —X; R AIQL
|AEq; ]
Vicos(8; —6;)  —sin(8; — 6;)1[A6;] _
+[—ViSin(6i —0;,) —cos(6; —6)) [AVi =0 (3.33)
0 = Cy;AX; + DyiAly; + Dy AV, (3.34)
In matrix notation, (3.33) can be written as:
0 = C;AX + D, Al + D,AV, (3.35)

WhereC;,D;, andD, are block diagonal.

3.3.3 Linearization of the network equations

For generator buses (3.9) and (3.10) in matrix form:

_A6i -

_ Aw;
(14,V; cos(6; —6;) —1,,V;sin(6;—6;)) 0 0 0 0 AE&:

(_IdiVi Sin(&i - 91) — Iqui COS(6L' - 01)) 0O 0 0 O AE(/i
[AEfq; ]
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_Vi COS(6i — 91)

+[Vi sin(8; — 6;)
_Vi Sin(6i - 91)

Vi cos(8; — 6;)
__IdiVi COS(6i - 91) + Iqui sin(8i - 91)
n
Vi > Vi sin(6; — 0 — @)
k=1
k+i

IdiVi Sin(&- - 91) + Iqui COS(SL' - 91)

n
¥, ) Viiesin(0; - 0, — )
k=1

k+i

0

[Aei]+
AV,

—V; Yk=1 Vi Yi sin(8; — 6y — )
ki
—V; Yk=1ViYik sin(0; — 6, — aix)
ki
0
0
0
i=1l...n

Rewriting (3.36) we obtain

Cy1 0 11AX47 D34
0= l 0 0 P l+10
0 Collax,l 1o
D4-1,1 D4-1,n AVgl
. . +
D4n,1 D4n,n _AVgn

Aly;
o]

IdiVi sin(é‘i - 91) + Iqui COS(6i - 91)

P, (V)
v,

n
Vi ) Vi cos(6; = 0y — @) +
k=1

IdiVi COS(Si - 91) - Iqui sin(Si - 91)

0Q.,: (V)
v,

n
~V; ) Vi cos(6; = 0y — @) +
k=1

0

~V; Yk=1 Vi Vi cos(6; — 0, — ayx)]

—V; Yk=1 Vi Vi sin(0; — 6, — ay)

ki A0,
l 0 AV,
0
0
(3.36)
0 1[Al:
0 I
D3, Algm
D51,n+1 D51,m AVLn+1
: : : (3.37)
DSn,n+1 D5n,m AVLn

Where the various sub matrices of (3.37) can be easily identified. In matrix

notation, (3.37) is

O = CzAX + D3Alg + D4AV9 + D5AVL

(3.38)
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Where AV, = Abig ]

AV

For the non-generator buses i=1... n.

Note thatC,, D;are block diagonal, whereD,, Dsare full matrices. For load

buses (3.11) and (3.12) which are written of form matrix as shown below:

o oo oo

k+i

k=i k=1
0
0
0
[A6; N
|AV;

(3.39) Rewriting (3.39) we obtain
D6m+1,1 D6m+1,m AVgl D7m+1,m+1

+
D6n,1 D6n,m Ang D7n,m+1

In matrix notation, (3.39) can be written as
O = D6Al{g + D7AVL

24

n n
Z _ ViV, Yy sin(6; — 0, — ayy,) —Z Vi Yi cos(8; — 0 — ay) +
k=1 k=1 aV;

n n
=|- Zkzl ViVi Yy cos(6; — 0 — ) — Z ViYi sin(8; — 6, — ay) + o

0
0
0

—V; Yk=1ViYir sin(6; — 0, — ay,)  —V; Xp=q Yip cos(6; — 0, — )]

k#i
~Vi Yk=1VieYie sSin(6; — 6, — i)  —Vi Y=y Yig c0s(0; — 0y — atyy) Aek]
k#i
0 0
0 0
0 0

AP, (Vi

0Q,; (V)

AV,

D7m+1,n AV[,m-}-1
D7n,n AVLn
(3.40)
(3.41)



Where Dgand D, are full matrices.

Rewritten equations (3.30), (3.35), (3.38) and (3.41) together as follow:

AX; = Ay AX; + By ALy + By AV, + E;AV, (3.42)
0 = C,AX + D, Al + D, AV, (3.43)
0 = CAX + D3Al, + D,AV, + DsAV, (3.44)
0 = DAV, + D,AV, (3.45)

From (3.34) we obtain
Al, = =D;'D;AX — DT 1D, AV, (3.46)

Substitute (3.46) in (3.44) as shown

C,AX + Dy(—=Di*DyAX — DIID,AV,) + DyAV, + DsAV, = 0 (3.47)
Let

Ky = [Dy — D3Di ' D, ] . Ky =[D, — D3D; D]

Then

K,AX + K, AV, + DsAV, = 0 (3.48)

Substitute (3.46) in (3.42) we find

AX = (A; — ByD{*Cy)AX + (=B, DD, + By)AV, + E; AU (3.49)
K,AX + KAV, + DsAV, =0 (3.50)
0 = DsAV, + D,AV,, (3.51)

Equations (3.49)-(3.51) can be put in a form of matrix shown below
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AX A, — B,D;C; -B,D{'D,+B, 0 |[|AX E;

0l= K, K, Ds||AVy |+ |0 AU  (3.52)

0 0 Dy D, | AV, 0
Let
A=A, — B, D{IC, , B=-B,D{'D, + B,
So
AX = A'AX + B'AV, + E;AU (3.53)
K;AX + KAV, + DsAV, =0 (3.54)
0 = DgAV, + D; AV, (3.55)
From (3.55)
AV, = —D7‘1D6AV9 (3.56)
Substitute (3.56) in (3.54) we find
K;AX + FAV; =0 (3.57)
Where
F =K, — D:D;1D, (3.58)
From (3.57)
AV, = —F1K,AX (3.59)
Substitute (3.59) in (3.53) we find
AX = AgygAX + E;AU (3.60)

Where

ASYS = A, - B,F_IKZ (361)
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This model can be used to examine the effect of small-signal disturbance on
the eigenvalues of the multi-machine power system. When a PSS are installed
at any machine, the extra state variables corresponding to this controller will be

added with the system matrix [4].
3.4 Design and Tuning of PSS Damping Controller

There are three kind of signals are considered for PSS input: machine
speed, terminal frequency, or power. One of these signals is fed into the PSS to
produce a signal that is fed into the excitation system to increase the damping
torque component. The general form of the PSS transfer function is given by

(3.62) where £ is the order of the PSS; typically the order is one or two.

1+sT1)2 STy (3.62)

G(s) = Kpss (1+st 1+sT,,
The gain,K,,g; determines the amount of added damping, while the last term

in the above transfer function represents the washout filter. This filter is added

such that there is no steady state voltage reference error due to the speed

deviation.

There are different types of tuning techniques have been successfully utilized

with power system stabilizer applications:

» Phase compensation method: This method consists of adjusting the
stabilizer to compensate for the phase lag through the generator,
excitation system, and power system such that the stabilizer path
provides torque changes which are in phase with speed changes.

» Root locus method: Synthesis by root locus involves shifting the
eigenvalues associated with the power system modes of oscillation by
adjusting the stabilizer pole and zero locations in the s-plane. It gives
additional insight to performance by working directly with the closed-
loop characteristics of the system, as opposed to the open-loop nature of

the phase compensation technique.
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3.5 Determination the Optimal Location of PSS

During the application of PSS in multi-machine power system to achieve
the largest improvement in damping of electromechanical mode of oscillations.
Firstly, the best location of PSS must be identified among a number of
interconnected machines. PSS must be placed at the generators should be able
to stabilize all of the electromechanical modes. The selection of PSS location
is generally carried out using participation factor, sensitivity of PSS effect, and
optimum PSS location index.

3.5.1 Participation factor

PF analysis method has been applied to find the best location of a PSS in
a multi-machine power system. The PF is a quantitative measure of how a
particular mode (eigenvalue) is affected by the various state variables in the
system. In a multi-machine system, the PF (PF;) for the ith machine considering

speed deviation (Aw;) as the respective state variable is defined by

PF; = §jrowVjaw; (3.63)

Where ¢ a,, 18 the right-eigenvector entry and 1, 18 the left eigenvector
entry of the jthelectromechanical swing mode corresponding to the state
variable Aw; of the ith machine. The machine having the highest PF for the
most poorly damped swing mode signifies the most effective location of
stabilizer application

PF provides an initial screening of locations [4]. In this work, the following
procedure is employed to decide the location of PSS.

1. List all swing modes whose damping factor is less than 0.05.

2. List participation factor for slip-signal for each of the selected swing mode.

3. Location of PSS is decided for the machine whose slip participation is the

highest in that mode.
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3.5.2 Sensitivity of PSS
In order to take into consideration the effect of both the PSS input and
the PSS control in selecting the PSS location, SPE for the ith machine has been

considered as
SPEl = ¢j,Awil/)j,AEfdi (364)

for i =1, 2, . . .,m (the number of machines) where ¢;,,, is the right-

eigenvector entry and ;g fd; is the left-eigenvector entry of the jth mode
L

corresponding to the state Aw; and AEf4, of the ith machine. SPE measures
both the activity of PSS input (Aw;) participating in a certain oscillatory mode
and the control effect of PSS, on this mode. The larger the magnitude of the
SPE, the better is the overall performance of the PSS.
3.5.3 Optimum PSS location index

Optimum PSS location index (OPLI) is based on the change of exciter
transfer function with respect to the PSS transfer function in a certain swing
mode. The change of response of the excitation system with respect to the PSS

response for a swing mode A’ is determined by the proposed index OPLI and is

defined by:

_ |(Gexi (A,)_Gexi(/lo))|
|OPLI;| = GO0 (3.65)

For i=1, 2. . . m (the number of machines).

Here, A°and A'are the critical swing modes before and after the installation of
PSS, respectively. The magnitude of OPLI measures the effect of PSS on the
exciter response in a swing mode A’ of interest. The larger the value of the
OPLI, the larger is the control effect of PSS on the exciter and the better is the

overall performance of PSS in the power system [4].
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CHAPTER FOUR
SIMULATION AND RESULTS

In the previous chapter the power system stabilizer (PSS) was designed.
This chapter is an important part of project. In this chapter the eigenvalue
analysis and time-domain simulation have been represented for the multi-
machines system. The results are obtained through simulations of the system
response for different operating conditions: the system with PSS and without

PSS.
4.1 Case Study

3 machines, 9-buses power system has been used to demonstrate the
modal analysis of a power system. The single line diagram of the system is
shown in Figure (4.1) the data of system is shown in Appendix (A.1) and
(A.2).

O—+3F i 4 10
Ly

-

Figure 4.1: 3machine-9bus System
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4.2 Eigenvalue Analysis
In this section eigenvalue method has been used to analyze the stability
problem of the system in two cases.

4.2.1 Base case
Table 4.1: The eigenvalues of the system without PSS at normal operation.

SL Eigenvalue Damping | Frequency Nature of
Number Ratio (Hz) mode

1 -0.6856 +12.77561 | 0.0536 2.0333 Local area
2 -0.6856 -12.77561 | 0.0536 2.0333 Local area
3 -0.1229 +8.28671 | 0.0148 1.3189 Local area
4 -0.1229 - 8.28671 | 0.0148 1.3189 Local area
5 -2.3791 +2.61721 | 0.6726 0.4165 Non swing
6 -2.3791-2.61721 | 0.6726 0.4165 Non swing
7 -4.6706 + 1.37501 | 0.9593 0.2188 Non swing
8 -4.6706 - 1.37501 | 0.9593 0.2188 Non swing
9 -3.5199 +1.01561 | 0.9608 0.1616 Non swing
10 -3.5199 - 1.01561 | 0.9608 0.1616 Non swing
11 -2.2008 +0.00001 | 1.0000 0 Non swing
12 -0.8845 +0.00001 | 1.0000 0 Non swing
13 0.0000 + 0.00001 | -0.0000 | 0.0000 Non swing
14 0.0000 - 0.00001 -0.0000 | 0.0000 Non swing
15 -3.2258 +0.00001 | 1.0000 0 Non swing
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Table 4.2: The eigenvalues of the system without PSS at light load condition.

SL Damping | Frequency Nature of
Number Eigenvalue Ratio (Hz) mode
1 -0.5632 +12.8797i | 0.0437 2.0499 Local area
2 -0.5632-12.8797i | 0.0437 2.0499 Local area
3 -0.0918 +8.0362i | 0.0114 1.2790 Local area
4 -0.0918 - 8.0362i | 0.0114 1.2790 Local area
5 -2.2524 +2.8443i | 0.6208 0.4527 Non swing
6 -2.2524 -2.84431 | 0.6208 0.4527 Non swing
7 -4.8698 + 1.24131 | 0.9690 0.1976 Non swing
8 -4.8698 - 1.2413i | 0.9690 0.1976 Non swing
9 -3.6321 +0.8351i | 0.9746 0.1329 Non swing
10 -3.6321-0.8351i | 0.9746 0.1329 Non swing
11 0.0000 + 0.0000i | -1.0000 0 Non swing
12 -0.0000 + 0.0000i | 1.0000 0 Non swing
13 -2.0897 +0.0000i | 1.0000 0 Non swing
14 | -0.7327 +0.0000i | 1.0000 0 Non swing
15 -3.2258 +0.0000i | 1.0000 0 Non swing
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Table 4.3: The eigenvalues of the system without PSS at heavy load

condition.
SL Damping | Frequency Nature of
Number Eigenvalue Ratio (H2) mode
b | L0.9403 +12.54451 | 0.0747 19965 | Localarea
2| L0.9403-12.5445i | 0.0747 10965 | Leedlamen
3 | 02454+8.1631i | 0.0301 logsp | Lesdlaen
4 -0.2454 - 8.16311 | 0.0301 1.2992 Local area
5 -2.5874 +2.2604i | 0.7531 0.3598 Non swing
6 -2.5874-2.2604i | 0.7531 0.3598 Non swing
7 -4.0310 + 1.3952i | 0.9450 0.2221 Non swing
8 -4.0310- 1.3952i | 0.9450 0.2221 Non swing
9 -2.8585+1.5510i | 0.8790 0.2468 Non swing
10 -2.8585-1.5510i | 0.8790 0.2468 Non swing
11 -3.4033 +0.0000i | 1.0000 0 Non swing
12 -1.7412 + 0.0000i | 1.0000 0 Non swing
13 0.0000 + 0.0000i | -0.0000 0.0000 Non swing
14 0.0000 - 0.0000i | -0.0000 0.0000 Non swing
15 -3.2258 +0.0000i | 1.0000 0 Non swing

In this case generators are provided with static exciter with no PSS.
Further, constant impedance type load modal has been employed for both real

and reactive components of loads. The eigenvalues, damping ratio, frequency
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of oscillations, and the type of mode of oscillations are shown in Table (4.1),

(4.2) and (4.3).

All of the real parts are negative which mean the system is stable but it
observed that the real parts and damping ratio of the system at light load are
decreased which mean the system became poorly damped, but at heavy load

the real parts and damping ratio increased.

4.2.2 Controlled case
Here the PSS controller has been added to the system however, before

adding it the optimal location of PSS has been determined. From the method of
design the PSS; which represented in the previous section the PSSs have been
designed and added to machine 2 and machine 3 and Table (4.4) showing
system response.

Table 4.4: The eigenvalues of the system with PSS at normal operation.

SL Eigenvalue Damping | Frequency | Nature of mode
(Hz)

Number Ratio

1 -62.1948 + 0.0000i | 1.0000 0 Non Swing
2 -54.1848 + 0.0000i | 1.0000 0 Non Swing
3 -23.5775 + 0.0000i | 1.0000 0 Non Swing
4 -4.6746 +13.72831 | 0.3223 2.1849 Local Area
5 -4.6746 -13.72831 | 0.3223 2.1849 Local Area
6 -13.7865 + 0.0000i | 1.0000 0 Non Swing
7 -4.4773 +7.89701 | 0.4932 1.2569 Local Area
8 -4.4773 -7.89701 | 0.4932 1.2569 Local Area
9 -3.8843 +2.95171 | 0.7962 0.4698 Non Swing
10 -3.8843 -2.95171 | 0.7962 0.4698 Non Swing
11 -3.8724 +2.24561 | 0.8651 0.3574 Non Swing
12 -3.8724 -2.24561 | 0.8651 0.3574 Non Swing
13 -3.8797 +2.07491 | 0.8818 0.3302 Non Swing
14 -3.8797-2.07491 | 0.8818 0.3302 Non Swing
15 -2.1369 + 0.00001 | 1.0000 0 Non Swing
16 -0.8870 + 0.00001 | 1.0000 0 Non Swing
17 -0.2227 4+ 0.00001 | 1.0000 0 Non Swing
18 0.0000 + 0.00001 -1.0000 |0 Non Swing
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19 -0.0000 + 0.00001 | 1.0000 0 Non Swing
20 -0.1002 + 0.00001 | 1.0000 0 Non Swing
21 -3.2258 +0.00001 | 1.0000 0 Non Swing

In this case generators are provided with static exciter with PSS, all of the real

parts are negative which mean the system is stable and observed that the

PSSs raise the damping ratio from (1.48%) and(5.36%) to (32.23%) and

(49.32%) for local area mode as shown in Figure (4.2).

100%

0%
B80%
T0%
60%
50%
40%
30%
20%
10%

0%

B

Local area 1l

Ewithout pss B with pss

Local area 2

Figure 4.2: Compression of damping ratio between base case and controlled

case during normal operation
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Table 4.5: The eigenvalues of the system with PSS at light load condition

SL Eigenvalue Damping | Frequency | Nature of mode
(Hz)

Number Ratio

1 -62.1988 + 0.0000i | 1.0000 0 Non Swing
2 -54.0760 + 0.0000i | 1.0000 0 Non Swing
3 -24.4580 + 0.0000i | 1.0000 0 Non Swing
4 -5.0416 +14.1434i | 0.3358 2.2510 Local Area
5 -5.0416 -14.14341 | 0.3358 2.2510 Local Area
6 -13.9577 + 0.0000i | 1.0000 0 Non Swing
7 -4.0785 +8.12021 | 0.4488 1.2924 Local Area
8 -4.0785 - 8.12021 | 0.4488 1.2924 Local Area
9 -4.9056 +2.25721 | 0.9084 0.3592 Non Swing
10 -4.9056 -2.2572i | 0.9084 0.3592 Non Swing
11 -2.4835+3.37201 | 0.5930 0.5367 Non Swing
12 -2.4835-3.37201 | 0.5930 0.5367 Non Swing
13 -3.8515 +1.28601 | 0.9485 0.2047 Non Swing
14 -3.8515-1.28601 | 0.9485 0.2047 Non Swing
15 -2.0565 +0.00001 | 1.0000 0 Non Swing
16 -0.7334 + 0.0000i | 1.0000 0 Non Swing
17 -0.1650 + 0.00001 | 1.0000 0 Non Swing
18 -0.1002 + 0.0000i | 1.0000 0 Non Swing
19 -0.0000 + 0.0000i | 1.0000 0 Non Swing
20 0.0000 + 0.00001 -1.0000 0 Non Swing
21 -3.2258 + 0.0000i | 1.0000 0 Non Swing

Table 4.6: The eigenvalues of the

system with PSS at heavy load condition.

SL Eigenvalue Damping | Frequency | Nature of mode
(Hz)

Number Ratio

1 -61.8456 + 0.0000i | 1.0000 0 Non Swing
2 -53.6573 +0.0000i | 1.0000 0 Non Swing
3 -24.3436 + 0.0000i | 1.0000 0 Non Swing
4 -3.3678 +13.1730i | 0.2477 2.0965 Local Area
5 -3.3678 -13.17301 | 0.2477 2.0965 Local Area
6 -9.9099 +4.08561 | 0.9245 0.6503 Local Area
7 -9.9099 - 4.08561 | 0.9245 0.6503 Local Area
8 -8.0400 + 0.00001 | 1.0000 0 Non Swing
9 -3.3208 +5.67581 | 0.5050 0.9033 Non Swing
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10 -3.3208 - 5.67581 | 0.5050 0.9033 Non Swing
11 -3.8480 + 1.86001 | 0.9003 0.2960 Non Swing
12 -3.8480 - 1.86001 | 0.9003 0.2960 Non Swing
13 -2.6940 +1.75391 | 0.8380 0.2791 Non Swing
14 -2.6940 - 1.75391 | 0.8380 0.2791 Non Swing
15 -2.9949 + 0.00001 | 1.0000 0 Non Swing
16 -1.7353 + 0.00001 | 1.0000 0 Non Swing
17 -0.2976 + 0.0000i | 1.0000 0 Non Swing
18 -0.1001 + 0.00001 | 1.0000 0 Non Swing
19 0.0000 + 0.0000i -1.0000 0 Non Swing
20 -0.0000 + 0.0000i | 1.0000 0 Non Swing
21 -3.2258 + 0.00001 | 1.0000 0 Non Swing

Also in this case when light load added to the system the damping ratio increase
from (4.37%), (1.14%) to (33.58%), (44.88%) for the two modes, when heavy
load added to the system the damping ratio increase from (7.47%), (3.01) to
(24.77%), (92.45%) for the two modes.
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Figure 4.3: Compression of damping ratio between base case and controlled

case during light load operation
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Figure 4.4: Compression of damping ratio between base case and controlled

case during heavy load operation

4.3 Time Domain Simulation

The time domain simulations were performed to validate the results of
modal analysis. The effectiveness of the PSSs is assessed by their ability to
damp low frequency oscillations under various operating conditions. These
types of time domain simulation were performed under various types of faults

(change in references, symmetrical three phase fault and load changes) [1].

4.3.1 The system without PSS

The response of the rotor speed deviation, the rotor angle deviation and

electrical power output at normal operation in Figure (4.5), (4.6) and (4.7).

38



g

G1

&
(3

:

Rotor speed deviation
o (<5
~ ~J
(=] [ -]
T T

34

372 | | | | ] | ! | |
0 05 1 15 2 25 3 35 4 45 5

Time (seconds)

Figure 4.5: Response of rotor speed deviation without PSS at normal

operation
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Figure 4.6: Response of rotor angle deviation without PSS at normal
operation
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Figure 4.7: Response of electrical power output without PSS at normal
operation

The response of the rotor speed deviation, the rotor angle deviation and

electrical power output at light load in Figure (4.8), (4.9) and (4.10).
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Figure 4.8: Response of rotor speed deviation without PSS at light load
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Figure 4.9: Response of rotor angle deviation without PSS at light load
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Figure 4.10: Response of electrical power output without PSS at light load
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The response of the rotor speed deviation, the rotor angle deviation and

electrical power output at heavy load in Figure (4.11), (4.12) and (4.13).
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Figure 4.11: Response of rotor speed deviation without PSS at heavy load
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Figure 4.13: Response of electrical power output without PSS at heavy load

4.3.2 The system with PSS

The response of the rotor speed deviation, the rotor angle deviation and
electrical power output, The PSS was located in generator 2 and 3.in Figure
(4.14), (4.15) and (4.16).

S
8

-

Rotor speed deviation
(¥ (¥ ]
~J ~
(=2 (o]
T T
L A

74 - .

72 ! I I 1 1 ] L ! L
0 05 1 15 2 25 3 35 4 45 5

Time (seconds)
Figure 4.14: Response of rotor speed deviation with PSS at normal operation
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Figure 4.15: Response of rotor angle deviation with PSS at normal operation
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Figure 4.16: Response of electrical power output with PSS at normal
operation
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The response of the rotor speed deviation, the rotor angle deviation and

electrical power output at light load in Figure (4.17), (4.18) and (4.19).

384 T T T T T T T T T

382 — G2 | -
c — (53
2
] - -
S 380
()]
©
D38 |
[}
Q
7]
S 36 :
[¢]
14

374 1 7

372 1 1 1 L 1 1 1 1 1

0 05 1 15 2 25 3 35 4 45 5

Time (seconds)
Figure 4.17: Response of rotor speed deviation with PSS at light load
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Figure 4.18: Response of rotor angle deviation with PSS at
light load
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Figure 4.19: Response of electrical power output with PSS at light load

The response of the rotor speed deviation, the rotor angle deviation and

electrical power output at heavy load in Figure (4.20), (4.21) and (4.22).
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Figure 4.20: Response of rotor speed deviation with PSS at heavy load
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Figure 4.21: Response of rotor angle deviation with PSS at heavy load
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Figure 4.22: Response of electrical power output with PSS at heavy load

4.4 Results Analysis

» Implementation of PSSs reduces the settling time at the moment of
disturbance as shown in time domain figures.

» Implementation of PSSs decreases the maximum overshoot.

> Also PSSs increase the damping ratio as shown in Figures (4.2), (4.3)
and (4.4).
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

S.1 Conclusion
The problem of low frequency oscillations in power systems has been

addressed in this thesis by using eigenvalue method, and time domain
simulation. The system in base case (without PSS) was stable at normal
condition but has poor damping of electromechanical low frequency oscillation
of'local modes. To provide adequate damping ratio, the power system stabilizer
has been designed by using phase compensation technique. The optimal
location of multi PSS controllers is important issue to avoid the destabilizing
effect of them. Participation factors which represent the contribution of
machines in specific modes is used to identifying the optimal locations. After
that the effect of PSS has been discussed for small and large disturbances.
Finally the power system stabilizer (PSS) is a cost effective way of
improving the damping of electromechanical oscillations of rotor and return the
stability to the system.
5.2 Recommendations
In this thesis, design and optimal location of PSSs’ to improve the
overall
stability were determined and the speed deviation was taken as the input signal
of da