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ABSTRACT

This research deals with the investigation of the load changes influence
upon the stability of a turbo-generator. The state equations of the linearized
control system must be derived. Then the modern control theory was used with
the state equations before an optimization technique is applied. To find the
optimal control that minimizing a function (cost function) of both state deviation

and control effort.

Firstly the study was made to select a proper model for the synchronous
machine infinite bus (SMIB) starting from two axis theorem and the swing
equation. Then the model is extended by adding the models of generator-exciter

and turbine-governor.

An optimization method which is called the linear optimal control (LOC)
is used to improve over all electrical power system stability. This method was
checked by using number of test studies applied to enhance the voltage

regulator, the turbine governor and a combined control system test models.

The results of testing the (LOC) method show an improvement in overall
steady state and transient stability of electrical power system that obtained from
increasing the damping of mechanical mode and synchronizing torque which is
shown in the test of voltage regulator control system. The degree of stability of a
power system can be increased by shifting the poles to the negative side of s-
plane. The best quality of the control system obtained from the improvement
occurred in overall time domain performance indices. The trial and error in the
selection of the (Q and R) weighted matrices of the cost function also can be

reduced in this test.

Finally the closed form solution of the Riccati matrix equation can be

solved by using a simple MATLAB 7 programming language.

II
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CHAPTER ONE
INTRODUCTION

The electrical system units such as generators and associated turbines,
synchronous condensers, must operate so that to ensure a definite quality of the
normal conditions in the system by maintaining within certain limits, the
operating variable quantitivaly characterizes this quality. Excitation regulators
control the voltage of synchronous machines, speed governors and frequency

regulator maintain the frequency within specified limit!".

1.1 Power System Stability

Extensive research has been conducted to overcome power system stability
problems. For analytical studies, researches have classified the power system

stability into three categories:

e Steady state stability

This corresponds to the stability of the power system around an operating
point. If the system is able to maintain synchronism after small changes in

operating conditions, it is said that it has steady state stability.

e Transient stability

Transient stability refers to the ability of the power system to regain

stability after a sudden and severe disturbance.
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e Dynamic stability

Dynamic stability is the stability of the power system under small and
sudden disturbance. These types of disturbances can lead to long term sustained

oscillations.

A small signal perturbation model around an equilibrium point can be
considered for dynamic stability studies and the system can be described by non
linear differential equations. However for stability studies and control design,

the power system must be described by linear differential equations.

A power system stability is ultimately concerned with the quality of
electricity supply, it is one of the main research topics in power system

studies'”.

There are three means of improving power system stability:
e Generator excitation control.
e Turbine output power control.

e System operating condition and configuration control.

This means that the control system consists of a number of nested control
loops that control different quantities in the system, resulting in a number of

decupled control loops operating in different time scales'*..

Modern power systems are highly complex and non linear and their
operating conditions can vary significantly over a wide range. Power system
stability can be defined as that 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'?.
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The ability of a power system to maintain stability depends to large extent
on the controls available on the system to damp the electromechanical
oscillations. Hence the study and design of controls are very important. Thus a
properly designed and operated power system should therefore meet the

following fundamental requirements:
1. The system must be able to meet the continuously changing load demand.

2. The system should supply must meet certain minimum standard requirement

with regard to the following factors:
e Constancy of frequency.
e Constancy of voltage.

e Level of reliability!?.

1.2 Instability of power system

In evaluation of stability the concern in the behavior of the power system

when subjected to a transient disturbance the disturbance may be small or large.

Small disturbances in the form of load changes take place continually, and
the system adjusts it self to the changing conditions. The system may be able to
operate satisfactorily under these conditions and successfully supply the

maximum amount of load.
Instability that may result can be of two forms:

1. Steady increase in generator rotor angle due to lack of synchronizing

torque.

2. Rotor oscillations of increasing amplitude due to lack of sufficient

damping torque.
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In today’s practical power system, the small signal stability problem is
usually one of insufficient damping of system oscillations. Small signal analysis
using linear techniques provides valuable information about the inherent

dynamic characteristics of the power system and assists in its design'®..

In general, the response of a power system to impacts is oscillatory. If the
oscillations are damped, so that after sufficient time has elapsed the deviation or
the change the state of the system due to the small impact is small (or less than
some prescribed finite amount), the system is stable. If on the other hand the
oscillations grow in magnitude of a sustained indefinitely, the system is

unstablel,

The time response of a control system consists of two parts: the transient
response and the steady state response. By transient response, we mean that
which goes from the initial state to the final state. By steady state response, we
mean the manner in which the system out put behaves as (t) approaches

infinity™.

1.3 Literature Survey

In the following several researches are summarized in the paragraphs:

In 1971 Hamdy A. M, et.al.”™ used the linear optimal control design. The
performance function of the quadratic form was chosen, in that paper three cases
were investigated the first with an optimal excitation control (Ug) the second
with governor control (Ug) and the third with both excitation and governor
control (Ug, Ug). This method was applied for 190 MV A single machine infinite
bus system, the results of the optimal controls were shown to be more effective

than the conventional control with different cases.
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In 1981 B. S. Habibullah!® considered a fairly accurate synchronous
machine model useful for digital computation of transient and dynamic behavior

of power systems.

A linear optimal governor controller was designed to stabilize a
controllable power system. The controller required neither a state estimator nor
an observer for its implementation. That work had successfully tested the
stabilizing schemes of various designs by the power group at the University of

British Columbia.

In 1989 G. Orelind, et.al.”! described the development and testing of a
digital gain switching governor for hydro generators. Optimal gains were found
at different load points by minimizing a quadratic performance criterion prior to
controller operation. It was shown that during operation the gain sets were
switched in depending on gate position and speed error magnitude. With gain
switching operation, the digital governor was shown to have a substantial
reduction of noise on the command signal and up to 42% faster response to

power requests.

In 1992 Youssef A. Smaili, et.al.”® investigated the application of H.,
optimal control theory to the design of a supplementary excitation and governor
control system to improve the stability and performance robustness of an electric
power system. That study was based on a single machine infinite bus system.
The simulation results showed that the controlled system is robust in face of
different types of disturbances that a power system can be subjected to such as
changes in voltage or power reference level and three phase short circuit

occurred at the infinite bus terminal.
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In 1997 H. Bourles, et.al.”’ proposed a robust continuous governor control
for small signal and transient stability. The method was applied on a steam
turbine with two sections with reheat type. A linear quadratic control was also
used to ensure that the steady state objectives are met and that good transient

response was obtained.

A comparison between the current and proposed governor controls has

been made using Eurostag, a time simulation software for stability studies.

In 1997 Hioaki Nakanish, et.al.!'"” proposed a method to design an optimal
control system by use of a neural network as a state feed back controller in the
regulating problem. Simulation results showed the effectivity of the proposed

method.

In 1997 H. yang, et.al.'"! reported a (NN) application that used a generator

excitation Control system.

The conventional way to Design an optimal controller for the system was
to linearize the system at several selected operating points and implement
optimal control at these points. In the paper neural network was trained to give
the optimal control Gains over the whole operating range of the excitation
system. It was shown that the inherent parallel processing feature made this

Design applicable for on-line application.

In 1998 M.L. Kothari, et.al.'® dealt with the development of small

perturbation dynamic model of a single machine-infinite bus system.

A systematic approach based on phase compensation technique for
designing optimum power system stabilizers has been presented. Investigations
revealed that for designing optimum power system stabilizer, the amortisseurs in
the synchronous generator model can be neglected comfortably and hence
resulting in considerable simplification in the Design process due to over all

reduction in the Dimension of the Dynamic model of the system.
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In 2000 Young-Hyun Moon, et.al.l'* presented a new optimal tracking
approach to the load frequency control (LFC) problem. Intrinsically has the
nature of optimal tracking on the point that generation plant is so special a type
of system that the generator automatically supplies its output exactly equal to the
load demand. With the use of the optimal tracking approach, the optimal feed
back Gains have been calculated for the new LFC scheme adopting the modified
PID controller. The optimality of the calculated Gains has been tested for the
single machine Infinite bus. It was show that the new LFC scheme with the
modified PID controller improved the system damping and reduced system

oscillation.

In 2006 Firas Mohammed To'aima!'¥ an extensive study was made to
select a simulation model for the synchronous machine tied to infinite Bus. That
work used a linear Quadratic Gaussian (LQG) Controller 1s used to control the
generator and the turbine. The results showed that the use of the LQG controller
increased the damping torque that substitutes the need of the power system

stabilizer (Pg).

1.4 Aim of Thesis

This thesis demonstrates stability of a synchronous generator connected to

an Infinite bus including an exciter and Governor Control.

Controlling the power plants is one of the most important issues in recent
works, since it enhances the steady state stability as well as the transient
stability; usually this is achieved through controlling the generator terminal

voltage by the voltage regulator and the turbine speed by the governor.

Also because one of the Drawbacks of the linear optimal controller design

process 1s that there is no systematic way to determine the weighting matrices Q
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and R used in the performance index. These are determined by trial and error

.. . . . 1
process requiring a number of simulation studies'".

The linear optimal control (LOC) is used with the mathematical model of a
synchronous generator including an exciter and governor

5,6,8,9, 14

control! I In the present work this controller can be used for testing the

power system stability.

A model of a basic power system will be developed to examine the

different test modes:

1. Voltage regulator test mode.
2. Turbine Governor Test mode.
3. Combined Governor turbine-Generator exciter test mode.

The results of testing all different test models as in above cases in time

domain are compared with and without linear optimal control design (LOC).

The results of testing the (LOC) method show an improvement in overall
steady state and transient stability of electrical power system. Also this test can
increasing the damping of mechanical mode and synchronizing torque in the test
of exciter-regulator control system. This test show an increasing the degree of
stability of a power system by shifting the eigen values far from imaginary axis
to the left hand side of the s-plane. The figures obtained in time domain shows
that the overall time domain performance indices are improved to obtain best
quality of the control system. This test can also reduce the trial and error in the

selection of the (Q and R) weighted matrices of the cost function.

For the solution of a Riccati matrix equation, a simple MATLAB 7
program was also given in this work (closed form solution). This program can
be applied with other applications of a linear optimal control that are depends on

solution of a Riccati matrix equation.
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1.5 Thesis Outline

This thesis consists of six chapters divided as follows:

Chapter one An Introduction to power system stability and its control;
Literature survey on some of the related previous researches and works are

included in this chapter with the aim of thesis.

Chapter two, there is a brief description of synchronous Generator

Modeling for stability studies.

Chapter three, deals with Turbine Generator without control, which

Involves Generator-Exciter modeling and turbine-Governor modeling.

Chapter four, a linear optimal control method for stability enhancement is

presented.

Chapter five, explains the results of the designed the linear optimal control

for the system with and without control.

Chapter six, reports the final conclusions and future work suggestions for

enhancing the stability of the power system.
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CHAPTER TWO

SYNCHRONOUS GENERATOR MODELING
FOR STABILITY STUDIES

2.1 Introduction

When studying the stability of electrical power system, it is necessary to have
mathematical models for all of its elements. The model may be obtained in the
form of a set of differential algebraic equations that may be represented in a
block diagram and transfer function. The most important elements of a power
system from the point of view of dynamic stability and control studies are

: 1
synchronous machines, and control system used'".

Synchronous generators from the principal source of electric energy in power
system stability problem is largely one of keeping interconnected synchronous
machines in synchronism. Therefore, an understanding of their characteristics
and accurate modeling of their dynamic performance are of fundamental

importance to the study of power system stability'.

Thus it 1s very important to develop usable and realistic models of the
synchronous machines. Mainly the mechanical properties of the synchronous
machines have been modeled using the swing equation, while a very simplistic
model of the electrical properties of the synchronous machine has been used. It
should be emphasized that the description there aims towards the development
of models usable for studying dynamic phenomena in the power system. It is not
the purpose of these models to give a detailed and deep understanding of the
physical functions of the synchronous machine. Of course it is desirable to have
a good insight into the physics of the synchronous machine to be able to derive

appropriate models'.

10
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2.2 Fundamental Concepts of Stability of Dynamic Systems™”
2.2.1 State Space Representation:

The behavior of a dynamic system, such as a power system, may be

described by a set of n first order non linear ordinary differential equations of

the following form:

dx, .
d—tlzfi (X1 Xgeeons X5 Uy Uy,eeeu, 1),1=1,2,...,10

Where:

n is the order of the system and r is the no. of inputs. This can be written in
the following form by using vector matrix notation;

dx
R i 6 1T P TTRRTPPRRN 2.1
™ xu CR)
Where
_Xl_ _ul_ i 1_
u2 2
_Xn_ _ur_ _fn_

The column vector X is referred to as the state vector, and its entries X; as
state variable. The column vector u is the vector of inputs to the system. These
are the external signals that influence the performance of the system. Time is

denoted by t and the derivatives of the state variable X with respect to time is

dx . : .. :
denoted bya. If the derivatives of the state variables are not explicit functions

of time, the system is said to be autonomous. In this case, equation (2.1)

simplifies to

11



Chapter Two Synchronous Generator Modeling for Stability Studies

We are often interested in output variables that can be observed on the system.
These may be expressed in terms of the state variables and the input variables in

the following form:

el O OO0 1 USROS (2.3)
Where
i Yi ] [ 251 ]
Y = g =
| Y | | 8m |

The column vector Y is the vector of outputs and g is a vector of nonlinear

functions relating state and input variables to output variables'!,

2.2.2 Llinearization
Let xo be the initial state vector and u, the input vector corresponding to the

equilibrium point about which the small signal performance is to be

investigated. Since X, and u, satisfy equation (2.2).

We have:

dx,
dt

Let us perturb the system from the above state, by letting:
X =X, +Ax u=u,+Au
Where:
The prefix A denotes a small deviation.

The new state must satisfy equation (2.2).

Hence:
dx _dx,  dAx
T + " _f[(XO+Ax),(u0+Au)]

12
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As the perturbations are assumed to be small, the non linear function f(x,u)
can be expressed in terms of Taylors series expansion. With terms involving

second and higher order powers of Ax and Au neglected, we may write:

Xi = ;(io+ A).(i =f,[(x, + Ax),(u, + Au)]= fi(xo,uo)+§iAx1 +..+
X

o o o ST (2.5)
—LAX, +—Au, +...+—Au,
8Xn 81’11 8ur
Since
;(io =f.(x,,u, ) weobtain
. ' . ' et (2.6)
Axi :ﬁAxl +...+iAxn +ﬁAul +...+ﬁAur
aXl aXn 1 aur
With:
1=1,2,...,n1n a like manner, from equation (2.3), we have:
Ay, = %AXI + ...+%Axn +%Aul + ...+%Aur ........................................... 2.7)
0x, ox., ou, ou.
With:

j=1, 2, ..., m therefore, the linearized forms of equations (2.2) & (2.3) are:

dAx

S AAX A BAU oo e (2.8)
dt
AY = CAX 4 DAU ettt ettt et e e e (2.9)
Where:

[ ot of, ] [ of, of, ]

0X 4 0XxX , ou 4 ou,
A = B =

of, of, of, of,

| 0X 0xX , | | ou ou , |

[ og, og, | [ og, og |

0Xx , 0xX , ou , ou,
C = D =

0g , og , og . og .

| 00X, 0x , | | ou ou ., |
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The above partial derivatives are evaluated at the equilibrium point about

which the small perturbation is being analyzed.
In equation (2.8) and (2.9):
Ax: 1s the state vector of dimension n
Ay: is the o/p vector of dimension m
Au: 1s the i/p vector of dimension r
A is the state or plant matrix of size nxn
B: is the control or i/p matrix of size nxr
C: is the o/p matrix of size mxn
D: is the (feedforward) matrix which defines the proportion of i/p which

appears directly in the o/p, size mxr

Figure (2.1) shows the block diagram of the state space representation'*).

Figure (2.1): Block Diagram of The State — Space Representation'?

2.3 Machine Parameters

There have been several methods used to determine the parameters of a
synchronous machine. All of these methods base their analysis on acquiring the
operational Inductance obtaining some time constants from the inductance data

and then using this to determine the parameters of the machine!'“.

14
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The machine data from manufacturers are usually in the form of reactance's,
time constants and resistances; most are derived from measurements taken from
the stator winding. The sub transient period refers to the first few cycles of the
short circuit when the stator current decay is very rapid, attributable mainly to
the changes in the currents of the damper windings. The rate of the current
decay in the transient period is slower and is attributed mainly to changes in the

currents of the rotor field windings''”.

Following a disturbance, currents are induced in the machine rotor circuits.
For a short circuit, some of these induced rotor currents decay more rapidly than
others. Machine parameters that influence rapidly decaying components are
called the sub transient parameters, while those influencing the slowly decaying
components are called the transient parameters and these influencing sustained

components are the synchronous parameters.

The synchronous machine characteristics of interest are the effective
Inductances (or reactance’s) as seen from the terminals of the machine and
associated with the fundamental frequency currents during sustained, transient
and subtransient conditions. In addition to these inductances, the corresponding
time constant which determines the rate of decay of currents and voltages from
the standard parameters used in specifying synchronous machine electrical

characteristics!®.

2.3.1 The Two Axis Theorem

The electrical characteristic equations describing a three phase synchronous
machine are commonly defined by a two dimensional reference frame. This
involves the use of parks transformation'® to convert currents and flux linkages
in to two fictitious windings located apart. A typical synchronous machine
consists of three stator windings mounted on the stator and one field winding
mounted on the rotor. These axes are fixed with respect to the rotor (d — axis)
and the other lies along the magnetic neutral axis (q — axis). Which model the

short — circuited paths of the damper windings. Electrical quantities can then be

15
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expressed in terms of d and q — axis parameters. Figure (2.2) presents the

diagram of d — q axis in the machine!'”,

Bs axis

Figure (2.2): lllustration of The Positions of d —q Axis on A Two
Pole Machine!®”

2.3.2  Direct and quadrature axis
The direct axis reactance during transient is not the same as that in the steady

state. The value of Xy to be used during transients is called the direct axis

!
. 1
transient reactance X, .

Where:
X.: leakage reactance of armature winding
Xma: mutual reactance between the field and d — axis winding
X¢: leakage reactance of the field winding

The next figure (2.3) shows the direct axis equivalent circuit.

16
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Damper winding

Figure (2.3): Direct axis equivalent circuit*®

Since during transients the flux linkage with the field winding change, they

will also change with any closed circuit on the rotor'®!

The leakage reactance of damper winding is negligible in the steady state but
during subtransient and transient state, it will be significant as it affects the time

constants in those periods. The equation for direct axis subtransient reactance

Xd 18[16]

=Xt 2 @2.11)
d X X+ X X+ X Xy

md

The quadrature axis equivalent circuit as shown in Figure (2.4) is similar to

the direct axis equivalent circuit but it has no field winding"*"

Figure (2.4): Quadrature Axis Equivalent Circuit[16].

17
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X g Xig

X X ettt ettt (2.12)
q a
qu+Xkq
Consequently, various time constants can be obtained as follows!*'.
! 1 X X
T, = (X o0 ) ettt ettt ettt (2.13)
(DORf de + Xa
DL S (2.14)
" oyR;
" 1 X X
T,, = (Kt ) e s (2.15)
@R 4 Xat X
" X X, X
ol x,+ na 21 2 T (2.16)
@R 4 Xina Xp + X g X, + X, X,
" 1
w TR (it Xipg) werereerererenmnieseesteseset ettt (2.17)
0 ““kq
" 1 X X
T, = (Kt ot ) e (2.18)
o, Ry, Xngt X,

2.4 Small - Signal Stability™”

Small signal stability 1s the ability of the power system to maintain
synchronism when subjected to small disturbances. A disturbance is considered
to be small if the equations that describe the resulting response of the system
may be linearized for the purpose of analysis with electric power systems. The
change in electrical torque of synchronous machine following a perturbation can

be resolved in to two components

ATE = KS AS + KD At (2.19)
Where:

Ks Ad is the component of torque change in phase with the rotor angle

perturbation Ad and is referred to as the synchronizing torque component; Ks

is the synchronizing torque coefficient.

Kp Aw is the component of torque in phase with the speed deviation Aw and
is referred to as the damping torque component; Kp is the damping torque

coefficient.

18
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System stability depends on the existence of both components of torque for

each of the synchronous machines.

Instability that may result can be of two forms:

1. Steady increase in generator rotor angle due to lack of synchronizing torque.

2. Rotor oscillations of increasing amplitude due to lack of sufficient damping
torque. In practical power systems, the small signal stability problem is
usually one of insufficient damping of system oscillations. Small signal
analysis using linear techniques provides valuable information about the
inherent dynamic characteristic of the power system and assists in its

design'!.

2.5 Inertia Constant and Swing Equation'™

The equations of central importance in power system stability analysis are
the rotational inertia equations describing the effect of unbalance between the

electromagnetic torque and the mechanical torque of the individual machines.

When there is no balance between the torques acting on the rotor, the net

torque causing acceleration (or deceleration) is:

T = T = L et (2.20)
Where:
T,: accelerating torque in N.M
T, mechanical torque in N.M
T.: electromagnetic torque in N.M

In the above equation, T,, and T, are positive for generator and negative for
motor. The combined inertia of the generator and prime mover is accelerated by

the unbalance in the applied torques. Hence the equation of motion is:

J

do
m __ —
" = T T = L e 2.21)
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Where:
J: combined moment of inertia of generator and turbine, Kg.m’.
o, angular velocity of the rotor, mech rad/ sec.
t: time in sec.

The above equation can be normalized in terms of per unit inertia constant H,
defined as the kinetic energy in watt — seconds at rated speed divided by the V.A
base. Using o, to denote rated angular velocity in mechanical radians per

second, the inertia constant is:

1 Jol,
TN A e (2.22)
base
The moment of inertia J in terms of H 1s:
2 H
J = 2 VA DASE tiiiiiiiieiieieteteettettetietttttetetnetnettenitnttneanesnescenteneanans (223)
0)
0m
Substituting the above in equation (2.21) gives:
2H do
—— VA, —2=T-T
(ng base dt m €  eeetcccccccccseeesesssssesesescatesecsctectctettccccncsessstsssssssanas (224)
Rearranging yields:
d| o T -T
Hd—[ '“J=V - /e .................................................................. (2.25)
t a)Om Abase a)Om

Noting that T pase = VA pase/ 0om, the equation of motion in per unit form is:

dar —
dt

2H

In the above equation:

= _ On /P o

T

O, - ®,/P; - o,
Where:

o, 1s angular velocity of the rotor in electrical rad/s, o, is the rated value, and

P; 1s the number of field pole pairs. If & is the angular position in electrical
20
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radians with respect to synchronously rotating reference and 9, is its value at

t=0.

O = M =0t 00 .o (2.28)
Taking the time derivative, then:
@ =0 -0, =Ao0 2.29
dt r 0 Y ( )
d3* do, dAw,) , 9o d(Ar) 230
dt2 dt dt 0 dt o dt ........................................ ( . )
. . d - . . .
Substituting for at ®, given by the above equation in (2.26), then:
2Hd® = =
——=Tn-T.
g QL (2.31)

It is often desirable to include a component of damping torque, not accounted
for in the calculation of T, separately. This is accomplished by adding a term

proportional to speed deviation in the above equation as follows:

2H d&* -~ _
T T T T Ko AOr (2.32)
0
From equation (2.29)
Ag, cDo. 145 .
r By @y dE T (2.33)

Equation (2.32) represents the equation of motion of synchronous machine.
And it is commonly referred as (swing equation) because it represents swings in

rotor angle 6 during disturbances.

The swing equation (2.32) can be expressed as two first order differential

equations:
dAwe,) 1 = = —
= Tw-Te-KjAo:
dt ZH( pA® ) .......................................................... (2.34)
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In the above equation, time t is in seconds rotor angle o is in electrical

radians, and , is equal to 27f'?.

The block diagram from representation of equation (2.34), (2.35) is shown in
Figure (2.5).

Figure (2.5); Block Diagram Representation of Swing Equation™

. 2
2.6 Generator Represented by the Classical Model
With the generator represented by the classical model and all resistances

neglected, the system representation is shown in Figure (2.6) below.

Figure (2.6) Synchronous machine connected to infinite bus bar'?
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Here E is the voltage behind X4, its magnitude is assumed to remain constant
at the pre disturbance value. Let § be the angle by which E leads the infinite bus

voltage Eg. As the rotor oscillates during a disturbance, 8 changes'™.

With E' as reference pharos,

~ E'Zo-E,z-5 E'-Ej (cosd— jsind)
I = : = e (2.36)
Xt JXt
The complex power behind X4 is given by:
S'=p+jQ =E L*:EEBSMHE(E “Egcosd) (2.37)

X X1

With the stator resistance neglected, the air gap power (p.) is equal to the

terminal power (p.). In per unit, the air gap torque is equal to the air gap power.

Hence:

AT, = o, po-EEs COSO, (AB) vttt (2.39)
35 X,
Where
oT '
K.=—%= EE, cosd

080 =5 (T =T oK A0 ) (2.40)

i6=c0 Ao +0

@ 0 A 0 e (2.41)
Where:

Aw; is the per unit speed deviation, 0 is the rotor angle in electrical radians, ®,

is the base rotor electrical speed in radians per seconds.
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Liniarizing equation (2.40) and substituting for AT, given by equation (2.39)

we obtain:

1
iAwr =50 (AT, —K A=Ky A0, | oo (2.42)

dt
Where:

Ks: synchronizing torque coefficient in pu Torque/ rad.

Kp: damping torque coefficient in pu Torque/ per unit speed deviation.
H: inertia constant in MW. S/ MVA.

Aw,: speed deviation in p.u= (®; — ®g)/ .

Ad: rotor angle deviation in ele. Rad.

mo: rated speed in ele. Rad/ s and equal to 2IT fo.

By linearizing equation (2.41)

Writing equations (2.42) and (2.43) in the matrix form (2.8)

We obtain:
d{Acﬂ K Ky {Awr} 1 o
. = 2H 2H T 2H m
dtl Ad o, 0 Ad 0 | e (2.44)

The elements of the state matrix A are seen to be dependent on the system
parameter Kp, H, Ks, and the initial operating conditions represented by the

values of E' and 0.

The block diagram approach that was first used by Heffron and Phillipsand
later by demello and Concordia® represented in Figure (2.6) can be used to

describe the small signal performance.
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Figure (2.7): Block Diagram of a Single-Machine Infinite Bus System
With Classical Generator Model

2.7 Fffect of Synchronous Machine Field Flux Variation'”

The system performance will be considered now including the effect of field
flux variations. The amortisseur effects will be neglected and the field voltage

will be assumed constant (manual excitation control).

As in the case of the classical generator model, the acceleration equations
(2.40) and (2.41) that are derived. the rotor angle o (in elect. Rad) by which q —
axis leads the reference Eg. as shown in Figure (2.8), the rotor angle 6 is the sum
of the internal angle 6; and the angle by which E; leads Eg. A convenient mean
will be needed for identifying the rotor position with respect to an appropriate

reference and keeping track of it as the rotor oscillates! .
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Figure(2.8)d-q axis vector diagram %

The g-axis offers this convenience when the dynamics of rotor circuits are
represented in the machine model. The choice of Eg as the reference of
measuring rotor angle is convenient from the view point of solution of network

equations.

The field circuit dynamic equation is:

d : o, * R,
— Vi = O (efd_ Roy*1g ): - Eg—o Rty oo (2.45)
dt adu
Where
E, :is the exciter output voltage (g , = I;{adu ey )

e :field voltage.

The equations (2.40), (2.41) and (2.45) describe of the synchronous machine
withA®_, dandyy, as the state variables.

From the equivalent circuit that are shown in figure (2.9) below:
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Figure (2.9) S.M equivalent circuit relating flux linkage in d-q axis

The stator and rotor flux linkages are given by:

\Vd = _Llid + Lads (_ id + ifd): _Llid + Wad .............................. (246)
AT DT D G ) e B A (2.47)
Wi = Loge (g +ig ) Legivg = Waa + Ll oo (2.48)

In the above equations \Vaq & Wad are the air gap mutual flux linkage,

Lads and Laqs are the saturated values of the mutual inductance.

From (2.48) the field current may be expressed as:

The d-axis mutual flux linkage can be written in term of W and 14 as

follows:
14 . \V
\Vad = Lads [_ 1d+ L_fdj ............................................................................ (250)
fd
Where:
' 1
L ads = 1 1
+
L ads L fd
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Since there are no rotor circuits considered in the g-axis the mutual flux

linkage is given by

With py terms and speed variations neglected the stator voltage equations

arc:

&g = —R,ig =¥, = ~Ryig + (L = Wag ) oo (2.53)

eq = _Raiq + Wd = _Raiq - (Llid _\Vad) ..................................................... (254)

"the assumption of per unit =1 (i.e. ®, = ®, rad/sec) in the stator voltage
equations dose not contribute to computational simplicity in itself. The primary
reason of making this assumption is that it counterbalances the effect of

neglecting P¥y, P, ni2,

Since there is only one machine the machine as well as the network equations
can be expressed in terms of one reference frame i.e, the d-q reference frame of
the machine referring to figure (2.8 ),the machine terminal and infinite bus

voltages in terms of the d-q components are:

€q = R ply= Xpl, 4+ B oy e (2.57)
eq = RElq_XE1d+ EBq ............................................................................... (2.58)
Where:

E =By + R, + X )land (e + je,)= By + JE g )+ R+ iX o )iy + i)
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Using (2.53) and (2.54) to eliminate€,, €,1in equation (2.57) and (2.58) and
using expressions for W,q Waq given by (2.50) and (2.51) to obtain iy &i, in

terms of state variable Wy

L :
X {wfd(Lst] — EBCOSS:| —R,E_Sind
ads fd

iy = DT (2.61)
Lads .
RT \Vfd m —EBC056 +XTdEB81n6
iy = T (2.62)
Where:
R, =R +R, , Xoq =X + (Lo +L,)= X, + X, ,
XTd:XE+(Lads,+I‘1j:XE+de' > D :RT2+XTqXTd .

Equations (2.61), (2.62), (2.49), (2.50) and (2.51) can be used to eliminate ig
& T, from (2.40), (2.41) and (2.45) , these equations are non linear and have to

be linearized for small signal analysis.

Aly =M A8+ M GAY [ e (2.63)
ATy =10AGH AW (e (2.64)
Where:
- EB(XTqSinf)O—RTCOS?SO) . E,(R,Sind + X.,Cos3, )
1= 1~
D ’ D
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— XTq Lads
D Lads+Lfd ’

_ RT Lads
D Lads + Lfd

n,

By linearizing (2.49), (2.50) and (2.51) and substituting in term of Ai,, Al

we get:
1 ' '
AVad = T2 flads AVea T Mibags A0 (2.65)
L
fd
Ay, =—1,L A= L AS (2.66)
LI O S S P e S
fd = - 2~ ads fd T T T ads B e, 2.67
Lfd Lfd Lfd ( )
AL = WadoAiq+iqu\|}ad _\Vaquid _idoA\Vaq ..................................... (268)
By substituting Ay, Ai , Ay and Ay, in AT, to obtain:
AT, = KA KGAW G e (2.69)

Also by linearzing (2.40), (2.41) and (2.45) and substitute the expressions
for Al and AT, given by (2.67) & (2.69) we obtain the system equations in the

desired final form:

d Aw, a, a, a; | Ao b, 0
| 88 |=[aa 0 0 | A8 |+ 00 *[AEI“} ........................ (2.70)
Ay 0 ay, a33| Ay, 0 b, §
Where:
KD K K
11__E ’ 12:_ﬁ ) 13:_ﬁ ’ 321:2nf0

30



Chapter Two Synchronous Generator Modeling for Stability Studies

!

o R ! o R L !
_ o “fd _ o ‘fd|1__ "ads
a32 - mlLads ) a33 - L 1 L +m2Lads
Lfd fd fd
b = 1 _ o Ry
11 2H N 32 L
adu

Figure (2.10) shows the block diagram representation of the machine with
constant Eg. In this representation, the dynamic characteristic of the system are

expressed in terms of the so called K-constants.

The basis for the block diagram and the expressions for the associated

constants are developed below.

AT,

el (2.71)
AT,

K,= Ay | ABoEOML (2.72)
fd

The component of torque given by K; Ad in phase with Ad and hence
represents synchronizing torque component. The component of torque resulting

from variations in field flux linkage is given by K; Ayy.

The variation of Ayy is determined by the field circuit dynamic equation

d
aA\Vfd = a32A8+a33A\|/fd+b32AEfd ...................................................... (2.73)
By grouping terms involving Ay and rearranging, we get:
K3
= AE . —K,Ad
Vi =T 3[ = KUAS] e (2.74)

Where:

K;: is an impedance factor that takes into account the loading effect of the

external impedance.
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K4: the demagnetizing effect of a change in the rotor angle (effect of armature

reaction).

I(lL

ATm

Ao ;
AEfd \ Kq A\V!'d ] l W,
£ WSKy || N
+ 1+ STg D S Ad
L
Field circuit

K,

Figure (2.10) block diagram representation of the field flux with
constant Eg?

The state space model can be derived from figure (2.10), and the model can

be shown in equation (2.75) below:

ol | Ko KK
al " [ 2H 2H  2H|°%||2H” |raT
SlAs =] o 0 0 | A5 [+] 0 0 |* 275)
dt A K3K4 1 A 0 & AEd ...................
W o ——— —— Yea
i T T, | Y

And the numerical model for a SMIB with effect of field flux variation (third

order model) is shown bellow:

Aw —0.3846 —0.1408 —0.1681|| Aw. | |0.1923 0

T

d T
—| AS |=| 314 0 0 Ad |+ O 0 ’{Am}

dt
Ay, 0 —0.1506 —0.4302|| Ay, 0 0.1174
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CHAPTER THREE

SYNCHRONOUS GENERATOR MODEL
INCLUDING AN EXCITER AND TURBINE -
GOVERNOR

3.1 Introduction

The function of an electrical power system is to convert energy from one of
the naturally available forms to the electrical form and to transport it to the
points of consumption. Energy is seldom consumed in the electrical form but is
rather converted to other forms such as heat, light, and mechanical energy. The
advantages of the electrical form of energy is that it can be transported and
controlled with relative case and with a high degree of efficiency and

reliability'.

Two principal control systems directly affect a synchronous generator: the
Governor, and exciter control. This simplified view 1is expressed
diagrammatically in Figure (3.1) which serves to orient our thinking from the

problems of representation of the machine to the problems of control.

GATE OR
VALVE

| TURBINE

WATER OR
STEAM

Figure (3.1): basic component of an electric power plant!®!
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Referring to Figure (3.1) let us examine briefly the function of each control
element. Assume that the generating unit is lossless. This is not a bad
assumption when total losses of turbine and generator are compared to total
output. Under this assumption all power received as steam must leave the
generator terminals as electric power. Thus the unit pictured in Figure (3.1) is
nothing more than an energy conversion device that changes heat energy of
steam into electrical energy at the machine terminals. The amount of steam
power admitted to the turbine is controlled by the governor. The excitation
system controls the generated EMF of the generator and therefore controls not

only the output voltage but the power factor and current magnitude as well™.

3.2 Excitation System

The basic function of an excitation system is to provide direct current to the
synchronous machine field winding. In addition, the excitation system performs
control and protective functions essential to the satisfactory performance of the
power system by controlling the field current. The control functions include the
control of voltage and reactive power flow, and enhancement of system stability.
The protective functions ensure that the capability limits of the synchronous

machine, excitation system, and other equipment are not exceeded'”.

3.2.1 Types of Excitation Systems"”

Excitation system have taken many forms and they may be classified into

the following three broad categories based on the excitation power source

used>*4

1. D. C excitation system.
2. A. C excitation system.

3. Static excitation system.
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3.2.1.1 Ac Excitation System

These excitation systems used an A. C alternator and either stationary or
rotating rectifiers to produce the D. C field requirements. Loading effects on
such exciters are significant, and the use of generator field current as an input to
the models allows these effects to be represented accurately™. For AC
excitation systems the exciter consists of a smaller synchronous machine that
feeds the exciter winding through a rectifier. The output voltage of the exciter is
in this case influenced by the loading. To represent these effects, the exciter
current is used as an input signal in the model. In figure (3.2), an example of a
model of AC exciter system is shown (IEEE type AC1). The structure of the
model is basically the same as for dc excitation system. Some functions have
been added. The rectifier of the exciter prevents (for most exciters) the exciter
current from being negative. The feedback with the constant K represents the
reduction of the flux caused by rising field current if. That constant depends on
the synchronous and transient reactance’s of the exciter. The voltage drop inside
the rectifier is described by the constant Kc, and its characteristic is described by
FEx, which is a function of the load current. AC and DC excitation systems are

sometimes called rotating exciter, since they contain rotating machine. That

distinguishing them from static excitation system'*’,

Figure (3.2) Model of an AC exciter system (IEEE Type AC1)**]
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3.2.2 Modeling of Excitation System in Power System

The most important component other than the synchronous machine in the
power system is the excitation system. The most basic form of expressing the
exciter model is in figure (3.3) which can be represented by a gain Kg and a

single time constant Tg as shown in equation below:-

B _ L (3.1)
Vi K +STg
Where:

Vr = the o/p voltage of the regulator

E¢ = field voltage

Figure (3.3): Block Diagram of an Exciter Model

There are many different type of excitation system available. Some of which
uses a. ¢ power source through solid state rectifiers such as SCR*®. As result,
the output voltage of the exciter becomes a nonlinear function of the field
voltage due to the saturation effects which occur in the magnetic circuit.
Consequently, there 1s no straight forward relationship between the field voltage
and the terminal voltage of the exciter. However, the modern exciter can be
estimated as a linearized model, taking into account major time constant and
ignoring the saturation and other non linearities. The excitation system amplifier
may be a rotating amplifier, a magnetic amplifier or modern electronic
amplifier. In any case, a linearized characteristic of the amplifier is assumed.
The amplifier is represented similarly by a gain K and a time constant T». The
transfer function of the amplifier is:-

VR(S) _ I<A
) T TR, (3.2)

err
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Where:

Ve (s) = (reference voltage V) - (output voltage of the sensor V). Typically,

the time constant of the amplifier is very small and is often neglected.

Figure (3.4): show the block diagram of an amplifier model.

Verr (S)

—»

Figure (3.4): Block Diagram of an Amplifier Model™

3.2.3 Effect of Excitation System'”

The state-space model and the block diagram developed in the previous chapter
can be extended to include the excitation system. The 1/p control signal to the
excitation system is normally the generator terminal voltage E,. In the generator
model derived in the previous chapter, E; is not a state variable. Therefore, E;

has to be expressed in terms of the state variables Awr, Ad and Ayy.

Et may be expressed in complex form.

B =0y J€ certerintiieiee e (3.3)
Hence
E’=e¢’+ qu ..................................................................................................... (3.4)

Applying a small perturbation, then

(E,+AE,) =(e,, +Ae, ) + (eqo + Aeq)z .................................................................. (3.5)

By neglecting second order terms involving perturbed values, the above

equation reduces to:
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B AE, =€) Ay + 8, A€ ittt (3.6)
Therefore:
AE, = Sa0 pe 4 S0 o (3.7)
T T B b T .
t0 t0

In terms of the perturbed values, equations (2.53) and (2.54) obtained in chapter

two may be written as

F e N B (3.8)

R R O (3.9)

Then:

LN T X N O (3.10)
edo [ ] eqo '

KS :E __Rarnl_i_l’lnl_i_Lanll +E_ _Ranl_L’lInl _Ladsrnl ............................ (311)

to to

edo [ ] eqo ' 1

K6 :___RaInQ_i_I’an_'_Laqan +— _Ran2 _I’ln]2+Lads ——1'1’]2 .............. (312)
Eto Eto Lfd

Where:

Ks: is the change in terminal voltage E; for a small change in rotor angle at
constant d-axis fiux linkage.

Ks: 1s the change in the terminal voltage E; for a small change in the d-axis
flux linkage at constant rotor angle.

As noted before, the constants K,, K3, K4, K¢ are usually positive; however,

K5 may take either positive or negative values. The effect of AVR on damping

and synchronizing torque components is therefore primarily influenced by Ks

and K, The complete model for the exciter-generator can be given in figure

(3.5a) where Gex is the exciter and regulator for AC exciter transfer function.

Figure (3.5a): Block Diagram Representation With Exciter and AVRY
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Exciter

Gex(s)

And the state space model equations for this system can be derived from the

block diagram shown in Figure (3.5a) as:

dA KD K K 1

—A®. = ———AO, —— A= AW AT e, 3.13
d * 2H " 2H 2H ® 2 " (3.13)
d

EA6=woAmr ............................................................................................... (3.14)

The field flux variation Ayg can be calculated:

K

AY., =(AE,, —K,Ad-AV, )x 3

fd ( fd 4 1) ST, (3.15)
d K. K 1 K K
—AY, =2 A——AY, +—AE,, ——AV,
g T, T R E T, L et e e e e e e e eaaans (3.16)
The field voltage deviation AEg can be calculated:

K

AE. =(V .—AE ) —2—

0= (Vs t)KE+STE ......................................................................... 3.17)
Therefore:
d K, K; K, K K K
— =— ASG——"A2AY ——EAE_ +—2V
qp T, T, fd T, fd ) Tef wurrrrreeeeennnneeens (3.18)
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Then the complete state space equation in matrix form is:

__ Q — & — & 0 | i 1 0 0 ]
Aw, vaH (2)H 3H . (Ao, | | 2H AT
4| A 0 as | |09 OIS
- = 0 _K3K5 _i & + 0 _& 0 A\/l (3 19)
dt| AY,, T, T, T, |AVu T, '
ref
AEy 0 _ K, K _ KoKy _& _AEfd 0 0 &
L TE TE TE n L TE _

The numerical model for Westinghouse brushless A.C exciter

(BRLS'EEE‘1966[3]) that are used in this work.

Ao | [-0.3846 —0.1408 —0.1681 0 | A | [0 0 0o |
dl A8 | | 314 0 0 0 AS | 100 0
dt| APeq | | 0 —0.1506 -04302 01174 | Aygy | | 0-0.117 0

AEgg | L 0 683006 ~175.6027 ~1.2315] AEgy | [0 0 492618

Figure (3.5a) also can be shown in practical power system control the

rotating exciter and voltage regulator system as shown below in figure (3.5b).

RECT, & FILT [~

Figure (3.5b): a rotating exciter and voltage regulator system!®!

3.3 Turbine Control

The prime sources of electrical energy supplied by utilities are the kinetic
energy of water and the thermal energy derived from fossil fuels and nuclear
fission. The turbines convert these sources of energy into mechanical energy that
1s, in turn converted to electrical energy by the synchronous generators. The

turbine governing systems provides a means of controlling power and

frequency,
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a function commonly referred to as load-frequency control or automatic

generation control (AGC). Figure (3.6) portrays the functional relationship

between the basic elements associated with power generation and control™ "),

Tie line power Electrical system
Frequency e Loads
e Transmission system

L

Energy supply
system; steam
or water

b

Speed | | valve or gate Turbine Generator
Governo

F Y

Speed

Figure (3.6): Functional Block Diagram of Power Generation and
Control System!
A steam turbine converts stored energy of high pressure and high
temperature steam into rotating energy, which is in turn converted into electrical
energy by the generator, the heat source of the boiler supplying the steam may

be a nuclear reactor or a furnace fired by fossil fuel (coal, oil ,or gas).

Steam turbines with a variety of configurations have been built depending on
unit size and steam conditions. They normally consist of two or more turbine
sections or cylinders coupled in series. Each turbine section consists of a set of
moving blades attached to rotor and a set of stationary vans. The moving blades
are called buckets. The stationary vanes referred to nozzle sections, form
nozzles or passages in which steam is accelerated to high velocity. The kinetic

energy of this high velocity steam is converted into shaft torque by the buckets.

A turbine with multiple sections maybe either tandem-compound or cross-
compound. In a tandem-compound turbine, the sections are all on one shaft,
with a single generator. In contrast, a cross-compound turbine consists of two
shafts, each connected to a generator and driven by one or more turbine sections;
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however, its designed and operated as a single unit with one set of controls. The
cross-compounding results in grater capacity and improved efficiency but is
more expensive. It is seldom used now; most new units placed in service in

recent years have been of the tandem-compound design'*.

Fossil-fuelled units can be of tandem-compound or cross compound design.
Typical configurations of a single reheat tandem-compound turbines for fossil-
fuelled units are shown in figure (3.7). Tandem-compound units run at 3000 r/
min, cross compound units may have both shafts rated at 3000 r/ min or more

commonly, one shaft at 3000 r/ min and the other 1500 r/ min.

Depending on the turbine configuration fossil-fuelled units consist of high
pressure (HP), intermediate pressure (IP), and low pressure (LP) turbine
sections. They may be of either reheat type or non-reheat type. In a reheat type
turbine, the steam upon leaving the HP section returned to the boiler, where its
passed through a reheater (RH) before returning to the IP section. Reheating

improves efficiency.

Crossover

Condenser

Figure (3.7): Common Configuration of a single reheat Tandem-Compound Steam
Turbine of Fossil-Fuelled Units®?

A general model turbine system can be used to represent various type of

turbines: non reheat, tandem-compound (single and double reheat) and cross-

compound (single and double reheat) by giving suitable time constants figure

(3.8) represents the universal model™.
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Figure (3.8): General Model for Turbine System?®!

Table (3.1): Parameters Used in General Model for Turbines®®

System
Description

Non-reheat

Tandem-
compound
single-reheat

Tandem-
compound
double-reheat

Cross-
compound
single- reheat

Cross-
compound
double- reheat

Where the time constants Tcy, Try and T represents delays due to the steam
chest and inlet piping, reheaters, and crossover piping respectively. The
fractions Fyyp, Fup, Fip and Fyp represents portions of the total turbine power

development in the various cylinders.
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3.3.1 Modeling of a Turbine in Power System

As mentioned earlier different types of turbines have different characteristics.
This source of mechanical power can be hydraulic turbine, steam turbine and
others. The above types of steam turbine models are discussed in an IEEE

transaction report>".

The model for a single reheat tandem-compound steam turbine is shown in

figure (3.9).

Figure (3.9): Single Reheat Tandem-Compound Steam
Turbine Model

Where:
A P.,: change in mechanical power.
A Pgy: change in steam valve position.

And the state space representation in the matrix form can derived from the block

diagram (3.9) are:

—TL 0 0 1]
4 [AP ar APy | T
SIAPy |=| = ——— 0 ||APy [+] 0 [APLy (3.20)
dt Try Tru
AP, ' | N 0
L Teo Teo | - B
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3.4 Speed Governing System for Steam Turbine

The prime mover governing system provides a means of controlling real

power and frequency. A basic characteristic of a governor is shown in figure

(3.10).

Speed w 4

Slop =-R

Where R = speed regulation

25% 50 %

Figure (3.10): Governor Characteristic'?

From figure (3.10), there is a definite relationship between the turbine speed and
the load being carried by the turbine for a given setting. The increase in load will
lead to decrease in speed. The example given in figure (3.10) shows that if the
initial operating point is at (A) and the load is dropped to 25%, the speed will
increase. In order to maintain the speed at A, the governor setting by changing
the spring tension in the fly-ball type of governor will be resorted to and the
characteristic of the governor will be indicated by the dotted line as shown in

figure (3.10)™.

Figure (3.10) illustrates the ideal characteristic of the governor whereas the
actual characteristic departs from the ideal one due to valve openings at different

loadings.
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Turbine power is in excess of the load power. The speed will ultimately return to
its reference value and the steady state turbine power increases by an amount

equal to the additional load.

In contrast to the excitation system, the governing system is a relatively slow
response system because of the slow reaction of mechanic operation of turbine

machine’!.

3.4.1  Mechanical Hydraulic Control

A typical mechanical-hydraulic speed governing system consists of a speed
governor, a speed relay, a hydraulic servomotor, and governor-controlled valves

which are functionally related as shown in figure (3.11).

Speed — Control
Mechanism

Governor Speed Governor

Valve

Changer Position Speed relay Servo motor Controlled ——»

Position

Valves

Speed Governor Governor
Position

Figure (3.11): block diagram of a Hydraulic Speed-Governing System for Steam
Turbines
The block diagram of figure (3.11) shows an approximate mathematical model.
The speed governor produces a position which is assumed to be a linear,
instantaneous indication of speed and is represented by again Kg which is
reciprocal of regulation or droop. The signal P, is obtained from the governor
speed changer of figure (3.12), and is determined by the automatic generation
control system. It represents a composite load and speed reference and is

assumed constant over the interval of a stability study™**!,
46



Chapter Three Synchronous Gen. including an Exciter and Turbine Governor

The speed relay is represented as an integrator with time constant Tgg and

direct feedback.

1
Tsm

CV closed CV min

Figure (3.12): block diagram Representation of The
Speed-Governing System®

The servomotor is represented by an integrator with time constant Tgy and direct

feedback.

The servomotor moves the valves and is physically large, particularly in large
units. Rate limiting of the servomotor may occur for large, rapid speed
deviation, and rate limits are shown at the input to the integrator representing the
servomotor. Position limits are also indicated and may correspond to wide-open

valves or the setting of a load limiter'*®).
The state space representation in the matrix form is shown as follows:

1 1

B a—— 0 0
i|:APGV:| — TSM TSM |:APGV:| + 1 KG |:Pref :| (3 21)
dt| AP, 0o __L [APg T, T, |Ae

TSR

As in previous the complete turbine governing system model are shown in figure
(3.13) below and the state space representation in the matrix form for complete

models as follows:
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Ao,
AP
d | AP

SR

GV

AP,y
AP,

The numerical

K 0 Fi
2H 2H
Ko 1 0 0
TSR TSR
0 Lo 0
TSM TSM
0 0 11
TCH TCH
0 0 0 !
TRH
0 0 0 0

Aw
AP
AP
AP,
APy
AP,

SR

GV

—— 0
2H
0 1
TSR
0 0
0 0
0 0
0 0

governor turbine model that are used in this work are shown below:

Aw
r

APgp

4| APgy
dt| APy
APR iy

| APco

[—03846 0 0 0.0577
~200  -10 0 0
0 45455 — 45455 0
0 0 5 -5
0 0 0 0.125
0 0 0 0

0,0769
0
0
0
-0.125

0.0769 |

0

Ao
r

APgp
APGy
APch
APpyg
APco

—-0.1932

S © o <o

P

* {APL }..(3.22 )

ref

mathematical model for a single reheat tandem combined
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3.5 (Combined Turbine-Generator Modeling

[14,16]

The two models which represents the governor-turbine model given in figure

(3.13) and the exciter-generator model given in figure (3.5) can be combined to

form the turbine-generator model, which can be given in figure (3.14)

below!

14,16]

.

Note that AV, and AP, are included to simulate the load change in voltage

and power respectively, which effectively represent the change in reactive and

[16]

real power" .

And the mathematical model for a (384 MVA 24 KV Turbo. Generator) in a

matrix form can be given in equation (3.23) as follows:

Aw
AS
AVgy
AEfy
ARsR
Abgy
APcy
APRH

LAPco |

dt

K K K
b L __z 0
2H 2H 2H
® 0 0 0 0
K3K5 1
I = 0 0
T3 T3
KAKS KAK6 KE
TE TE TE
KG 1
-— 0 0 0 -—
| sk SR
1
0 0 0 0o —
SM
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
[~ 03846 —0.1408 —0.1681 0
314 0 0 0
0  -0.1506 -0.4302 0.1174
0 68.3006 —175.6027 —1.2315
= ~200 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 HP
2H
0 0
0 0
0 0
0 0
1
-—— 0
CH
R
CH CH
1
0 —
RH
0 0
0 0
0 0
0 0
0 0
-0 0

4.5455 —4.5455
0 5
0 0
0 0
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P LP
2H 2H
0 0
0 0
0 0
0 0
0 0
0 0
1
- 0
RH
v
CO

0.0577 0.0769 0.0769]

0 0

0 0

0 0

0 0

0 0
-5 0
0.125 -0.125

0 4

0
0
0
0
0
0
0

—4

Avgy
AEgy
APgp
ARGy
APeyy
APpy

LAPco

oS © o O

oS © © O

i
=

oS © © O

oS © © O

AP,
AV,
L.G23)
Pref
_Vref
0
0
0 _
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0
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0 _Vref
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exciter ~ T

AVyL

Figure (3. 14): block diagram of the combined turbine-Governor generator
model41°]
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CHAPTER FOUR
A DYNAMIC TEST MODEL FOR POWER
SYSTEM STABILITY AND CONTROL STUDIES

4.1 Introduction

The stabilizing technique aforementioned was originally developed by
control engineers and is known as linear optimal control. The system to be
controlled is described by linear state equations and the control is designed by

minimizing a function of both state deviation and control effort'"™.

The linear optimal control LOC of electric power system is derived from
minimization of the state variable deviations and control effort at the same time.
The system state equations, or the state variable equations, must be sought first.
A performance index of the system is then chosen, which shall be a function of
both the state deviations and the control effort. Finally, the state equations are

appended to the performance index by a co-state variable vector to find the

(LOC)!"®L,

4.2 The system state equation""

Since modern control theory and computation technique are all developed
with the state equations, a proper model should always be chosen and the state
equations for a system formulated before an optimization technique is applied to

find the optimal control.

After a proper model is chosen, the model for the system without control is

first described by a set of nonlinear differential equations written in the form of
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Where x is the state variable vector.

For the LOC design, the nonlinear state equation of the system without
control must be linearized with respect to an initial steady state represented by

Mo, Oo, ete. INcluding control, the linearized system state equation becomes

A X = AAX A4 BU oo i 4.2)

For a power system with both excitation and governor control, the control

vector becomes

For conciseness, however, equation (4.2) will be written here after simply

as:

X = AX ABU oo 4.4)

In (4.4), x is called the state vector, u the control vector, A the system
matrix, and B the control matrix. Although A is always a square matrix, B is
usually a rectangular matrix and the number of columns of the B matrix depends

on how many feedback loops are used for the design.

There are generally two types of linear differential equations with time
varying coefficients such as the sine and cosine functions associated with
inductances when synchronous machines are described by a-b-c phase
coordinates and equations with time-invariant coefficients or constant
coefficients such as the inductances when the synchronous machines are
described in park’s d-q coordinates. Since park’s equations are used for most
power system dynamic studies, our main concern is with the linear differential

equations with constants coefficients.
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4.3 The performance index

For the LOC design of an electric power system, a performance index j of

the quadratic form is usually chosen!'®!:

j=%j: (XTQX + UTRU I oo (4.5)

Where Q is the weighting matrix of the state variable deviations and R that
of the control effort. In most cases, both Q and R are chosen as diagonal

matrices'

Where the two matrices Q and R are selected by design engineer by trial
and error. One should select Q to be positive semi definite and R to be positive
definite. This means that the scalar quantity X' QX is always positive or zero at

each time. And the scalar quantity U'RU is always positive at each time'*”".

4.4 The linear optimal control (LOC)

The LOC is derived from minimization of the performance index as
described by (4.5) in conjunction with the state equation (4.4). The major step of
the minimization is to append (4.4) and (4.5) to form a Hamiltonian generalized

energy function'™.

f]- T T T
h_g[X QX + UTRU [+ PT[AX + BU [ oo (4.6)

The unknown vector p corresponds to the Lagrange multipliers in classical

mechanics and is called the co-state vector in modern control theory!''®.

To find LOC, the following condition must be satisfied.

on

a[] ................................................................................................ (I.;)
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Carrying out the differentiation, we shall have:

RU +BTD =0 oo (4.8)
And the control law:
U = R B D e (4.9)

From (4.8) and (4.9) the co-state vector p remains to be found.

4.5 State and co-state equutionm]

In classic mechanics, the Hamiltonian h is generally related to the

Lagrangian L as follows:

T

H®,% 1) =X D = L Xy ) oo (4.10)

Where h and L are both function of time. By taking the derivative of both
sides of equations (4.10)

For L.H.S:-
T
dho=dp TR gt g (4.11)
op 0X ot
For R.H.S:-
- T T 0L T oL oL
dh={dX p+dp x|-|dx —+dx —+dt— 4.12
< - YR [PR——_, (4.12)

Comparing the last terms of both last equations

oh oL
o T et —— . aa———aa————— (4.13)
ot ot
To continue the derivation
oL d| oL
—= at (—J ......................................................................................... (4.14)
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Resulting in the cancellation of the first and fourth terms of the R.H.S of
(4.12) and differentiation of p

6—1(%}—% (4.16)
GE| o | G e .

Comparison of the dx' terms on the R.H.S of both (4.11) and (4.12) gives

Equations (4.17) and (4.18) constitute the state and co-state equations of the

system, let:

By taking partial differentiation of h of equation (4.6) with respect to x and

p respectively one obtains the co-state equation in matrix form as shown below:

;(_ A -S|x
SIT|RQ AT p | e (4.21)

The last equation is very useful in LOC design.
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[18]

4.6 Solution of the Riccati matrix equation

To find the LOC, it is necessary to find the solution of the co-state variable
vector p. Since we are dealing with the linear state space, the co-state variable

vector p can be related to the state variable vector x linearly by:

Where K is called the Riccati matrix, which is a square matrix. Therefore,

the solution of p can be found if K is found.

Consider the general case that K is also a function of time. The time

derivative of p of (4.22) becomes:

By substituting of x and p of (4.21) into (4.23) and replacing p by Kx gives:

KA + ATK ~KSK +Q = =K oo, (4.24)

Equation (4.24) is called the Riccati matrix equation.

When synchronous machines of a power system are described in parks d-q
coordinates, The coefficients of the system equations are all time-invariant.

Therefore, we have time invariant system, and hence:

KA + ATK - KSK +Q =0,k =const ... (4.25)

4.7 Closed form solution of the Riccati matrix equation'"®

The Riccati matrix K can be calculated from the eigen vectors of the state

and co-state system matrix let the matrix (4.21) be

A -S
M{_Q _AT} ............................................................................. (4.26)
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Since for each eigen value a corresponding eigen vector can be found from

M x;]=[x;In}i=12,.2 no (4.27)

Where x; is a column equation may be written in matrix form:

IM X T2 XA ] e (4.28)

Let eigen vector partitioned into four n*n matrices such that

[X]= {XI XIH} ............................................................................... (4.29)

Xg Xy

By substituting (4.29) in (4.28) we obtain:

- | R SO (4.30)
-Q -A Xnp X Xn X A,

Equation (4.30) can be expanded in to four matrix equations. Considering

these associated with [A _] alone, we shall have

A‘XI_SXH :XIA— ............................................................................ (4.31)

_QXI _ATXH :XHA_ ................................................................... (432)

Solving for A . from (4.31) substituting the result in to (4.32) and post

multiplying both sides X;' gives
KX A + AT X )= (XXX X )+ Q=0 433

Since (X,X;') satisfies the Riccati matrix equation :
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In the following procedure, the design of linear optimal control (LOC) by

using MATLAB?7 program language is given in steps as shown below!'®:

1. Select a proper linear model for the electric power system and

obtain the state equations in the form of (4.4).
2. Select the weighting matrices Q & R of the performance index (4.5).

3. Construct the state and co-state system matrix M from (4.26) where
S 1s calculated from (4.19), and compute the eigen value and eigen

vector from (4.28).

4. Calculate the Riccati matrix K and the control law BU from (4.34)
and (4.35) respectively.
5. Find the eigen value of the system with LOC.

A problem was occurred when applied the above procedure for the solution
of the Riccati matrix K, the problem was treated with the flow chart (4.1). The
aim of the flow chart (4.1) below was to search about the location of the stable
eigen values (—A) on the diagonal of ( | M-AL | =0) of order 2n, then rearrange the
column eigen vectors of X to obtain (X; and Xj;) which are the partitioned egien
vectors matrices that are corresponds to a stable eigen values (A-) by using

MATLABTY program.
Where:

G: is the accumulator to show the location of stable eigen values —A on the

diagonal eigen values of a matrix M of order 2n.

V(k,j):eigen vectors elements of eigen vector matrix X in (k-row and

j-column).

58



Chapter four A dynamic test model for power system stability and control studies

Select a proper linear model and
obtain the state space equation

X = AX + BU

+

Select the weighting matrices Q and R

v
Construct the co-state matrix M from

1 = A - 8
= %% _a-
Where S=-By*R '*B’

¥

Calculate the eigen values from | M-AI| =0

And calculate the eigen vector from (M-AI)X=0
e 3

G=1

. 4

For i=1:2n , where n—order of A

If real ALi,i)<0O

For i=1:n

For j=1:n

b

XI(LjH)=X(L.))
XI(1L,j)=X(I+n.j)

et

The Riccati matrix solution is

K=real (X||*X|_1)

Flow chart(4.1)closed form solution of the Riccati matrix using MATLAB7 program
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[18]

4.8 A micro machine model and LOC testing

When the principle of LOC was first derived to stabilization of a power
system, figure (4.1) schematically shows a dynamic power system model for
LOC and stability control tests. A student laboratory dc-motor, synchronous-
generator set was adapted to simulate a megawatt hydraulic or steam turbine
generator plant with various kinds of stability controls utilizing electronic
circuits and power amplifiers. A large turbine generator set was simulated on the

micro machine on a per unit basis.

The general layout of the dynamic power system model is schematically
shown in figure (4.1).The turbine and governor and valving controls are on the
left, the generators and excitation controls are at the center, and the transmission

and fault simulation and braking resistance control are on the right.

At the top left of figure (4.1) are the hydraulic power output (HYDRO),
which affects the dc motor power input by controlling its armature current, and a
governor that has a conventional negative feedback A® in addition to an
optional phase compensation supplementary governor control Ug. At the bottom
left are the steam turbine power output (THRM) and a governor that also has a
conventional negative feedback Aw in addition to an optional fast valving
control FV. The dc motor M in the figure, representing the hydraulic or steam
turbines, is given a constant field excitation I;. It has a starting rheostat, and its
armature current I is controlled by either (HYDRO) or (THRM) to simulate the

controlled turbines.

The time constant T'4, of the synchronous generator G is adjustable by
varying —R effect. The field winding is connected to the exciter and voltage
regulator (EX-VR), which has a conventional negative feedback of Av; in
addition to two optionals: a linear optimal control (EX-CONTR) with various

input signals and a forced excitation control FE.

At the top right of figure (4.1) a transmission system is shown. It constitutes

three-phase, three section, double-circuit transmission lines connected to an
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infinite bus with a voltage v,. A three phase fault can be simulated on the line
including grounding, faulted line opening, fault clearing, and cleared line

restoration by relays and circuit breakers.

TURBINE GENERATOR TRANSMISSION
I+115v

[

A

M

TRANSDR
FLD ‘

Aw V Avy AS
-R] APie

EX-VR}<e{EX-CONTR]

—115\( 1 1 -

Figure (4.1) a dynamic power system model for control test™®!

Figure (4.2) below shows the test results on the micro machine. The system
was unstable due to lack of damping. The same system becomes stabilized in a

few seconds with an LOC!®!,

Figure (4.2) micro machine test of LOC!®
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In this work small disturbances AV and AP; were simulated in previous
mathematical models in chapter three. The effects of these disturbances were
also taken into account in this work. These small disturbances were continuously
acting on a power system acting only on a steady state behavior of a dynamic

system.

The design of the linear optimal control was taken into account by
calculation of the control law in equation (4.9) that represents the closed loop
feedback control gain (KK). This symbol is considered in this work differently
from K which is referred to the Riccati matrix equation. The closed loop
feedback gain KK is obtained by substituting equation (4.22) into (4.9) then the

control law becomes:

U = R B KK it e e (4.36)
Let:
| s & 1 - G (4.37)

Then the co-state matrix for controlled system can be calculated as:
A = (A —BKK) ettt (4.38)

In®" the method of root shifting, may be stated as follows: given a system

expressible in state space form by the two standard state and output equations:

X = AX £ BU oo (4.39)

If the control loops are introduced, this will modify the actuating signal and

consequently the system matrix, the actuating signal U can be given®":

Where KK 1s a constant matrix representing the feedback gain with
dimension governed by dimensions of the matrices B and C, V is an external
input reference used to apply step input signal, substituting equation (4.41) in to
(4.39) yields"":
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X = (A ~BKRX +BV ..o (4.42)

When the effect of input disturbances AV, and AP, were taken in to

account equation (4.42) become as follows:

X=(A -BKK)X +BV +d ..o, (4.43)
Where:
d: is small input disturbance represented as AV , APy.

In this work LOC linear optimal control technique was tested and applied to
a 384 MVA, 24 KV Turbo-Generator using MATLAB7 programming language.

This realization and its results are summarized in chapter five.
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CHAPTER FIVE

PERFORMANCE OF A DYNAMIC TEST
MODEL FOR POWER SYSTEM STABILITY
USING (LOC)

5.1 Introduction

In the evaluation of stability the concern is the behavior of the power
system when subjected to a disturbance. The disturbance may be small or large.
Small disturbances in the form of load changes take place continually, and the
system adjusts itself to the changing conditions. The system must be able to
operate satisfactorily under these conditions and successfully supply the
maximum amount of the load. It must also be capable of surviving numerous
disturbances of a severe nature such as short circuit on a transmission line, loss

of large generator, or loss of a tie line two sub system!.

When a disturbance impacts a generator’s mechanical and electrical torque
balance, the rotor of the machine must either speed up or slow down. The
electrical torque will often change more rapidly than the mechanical torque
input because it is dependent upon the electrical network variables which can
change rapidly. These variables include the power transmission capacity of the
network and the state of all other machine rotors in the system. The changes in
electrical torque within a generator can be resolved into two components as
discussed in chapter two, one in phase with the rotor angle and the other with the
rotor speed. These components are often referred to respectively as
synchronizing and damping torque. These concepts illustrate two separate
aspects of the rotor angle stability problem. A lack of synchronizing torque often

leads to rotor angle instability in the first swing of the generator rotor.
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Synchronizing torque is restored by fast acting control actions. The

problem is referred to as transient stability problem!**.

A power system may be losing its stability due to lack of damping or
inadequate synchronizing torque. The sustained low frequency oscillations of a
large electrical power system are due to the lack of damping of the system
mechanical mode. A synchronous machine may have mechanical damping
adequate for the machine itself, but not sufficient for the machine operating in a

large electrical power system!'®),

Number of model test will be taken into account in this chapter and are

listed below as:

e Generator- Exciter test model.

e Turbine- Governor test model.

e Combined generator- Exciter and Turbine- Governor test model.

For controlling electrical power system stability, the linear optimal control
LOC method that is widely used in electrical power system control, LOC used in
this work for control test. A 384 MVA, 24 KV turbo generator whose details are
given in APPENDIX A, are taken as an example to study the effectiveness of
LOC method for different test models as listed above acting on power system

stability.

The results obtained in this work can be summarized in two parts:-

e Part one (without LOC): In this part the results obtained by testing the

excitation and turbine Governor control by using MATLAB7 program to
show the effectiveness of different controllers that are used in different test

models on a stability problem in electrical power system:

e Performance and results of exciter-voltage regulator (VR) test model

control system.
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Performance and results of Turbine-Governor test model control

system.

Performance and results of combined Turbine-Governor Generator test

model control system.

Part Two (with LOC): In this part the results are obtained by testing the

linear optimal control LOC with different test models as in the above using
MATLAB7 program to show the effectiveness of the LOC method on a

stability problem in electrical power system.

In this work the comparison of the results are obtained in this chapter for the

above two parts are based on:

Calculations of the eigen value structure method that are used from
obtaining the roots of characteristic equation ( | A-M | =0, | Ac-Al | )=0)
for the system without and with LOC method respectively.

Calculation of system performance indices , damping of mechanical
mode and synchronizing torque (Kgsr, Kp, 0®,, {, ®4) as shown in chapter
three and with details in APPENDIX (B,C) in the case of excitation

control>>!3!,

From figures obtained for different test cases using MATLAB7 program
the time domain performance indices are evaluated to show the quality
of the control system in both steady state and transient stability, with

details in APPENDIX D.

5.2 Results of Part One (without LOC)
5.2.1 Performance and resuls of Exciter-Voltage regulator (VR) test model

The state space mathematical models that are derived in chapter three,

equation (3.19) for voltage regulator control system are programmed using

MATLAB?7 program. In this control test firstly shown the initial value of K, in

the case of voltage regulator for normal operation system occurring when K, =40
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to give terminal voltage equal to E=0.998 p.u . Then different disturbances
acting on a power system as small input disturbances will be assumed to be
AV =(0, 5, 10, 15) %, K,=40, where V., 1s an input control signal and E; is an
output signal as shown in figure (3.5a) and the output equation is shown in

equation (5.1) below.

Where:
Aw,
AS
ZI\) I\~ [\~ UJIl|l | e e e e e e e e 000060000606 0e6060600e0e0e00e0e0e0e0e0e0s000e0s0s0essssssssssssssccscs 5-1
E.=[0 K, K, O] rv, (5.1)
AE,

Table (5.1a), (5.1b) shows the system eigen values, and system
performance indices for applied step input response to the system state equation,
and figures (5.1a), show the time domain performance for K, = 40, AV =(0, 5,

10, 15) %, for different cases in the same graph.

Table (5.1a): System eigen Values for VR test model

System eigen values for VR control system

A

2 A3 M
1,2,3,4 | 0,5,10,15 | -0.2833+6.63071 | -0.2833-6.63071 | -0.2492 + 0.78481 |-0.2492 - 0.78481

Table (5.1b): System Performance Indices for VR test model

Damping of mechanical mode and Time domain performance
Synchronizing torque indices

KST KD o, C P.amp %MP
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VR With KA=40,VL=0,5,10,15%

KA=40,VL=0%
KA=40,VL=5%
KA=40,VL=10% ]
KA=40,VL=15%

M

- - ——__L

\‘H
LIt
Il

Time (sec)

Figure (5.1a): Time Domain Performance for VR test model,
K,=40,AV;=(0, 5, 10, 15)%

The above test shows the steady state terminal output voltage reduced from
0.998 to 0.868 p.u then K, must be actuated to reject the effect of small input
disturbance. Then the second test K, change from 40 to 400 to show the
effectiveness of excitation control on stability of a power system. K,'s are
considered to be K,=40, 100, 150, 200, 400 with AV =15% as a sample tested
values. Table (5.1c), (5.1d) show the system eigen values, and system
performance indices respectively, and results in figure (5.1b), show the time

domain performance for (K, =40, 150, 400) , (AV_.=15%) selected cases.
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Table (5.1c): System eigen Values for VR test model

System eigen values for VR control system

-0.2833+6.6307i

A2

-0.2833-6.63071

A3

-0.2492 + 0.7848i

-0.2492 - 0.78481

-0.2849 + 6.6076i1

-0.2849 - 6.60761

-0.2476 + 1.24521

-0.2476 - 1.24521

-0.2863 + 6.5874i1

-0.2863 - 6.58741

-0.2461 + 1.5298i

-0.2461 - 1.52981

-0.2878 + 6.56631

-0.2878 - 6.56631

-0.2446 + 1.77211

-0.2446 - 1.77211

-0.2949 + 6.47181

-0.2949 - 6.47181

-0.2375 + 2.54271

-0.2375 - 2.54271

Table (5.1d): System Performance Indices for VR test model

Damping of mechanical mode and
Synchronizing torque

Time domain performance indices

Ksr Kp

o, €

g

t: ts

P.amp

%Mp | E;
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VR With KA=40,150,400,VL=15%

 KA=a0NL=15%
KA=150,VL=15%
KA=400,VL=15%

Ny
2

Time (sec)

Figure (5.1b): Time Domain Performance for VR test model,
K,=40,150,400, AV, =15%

Table (5.1¢) and (5.1d) show that increasing in K, can affect both steady
state and transient stability of a power system. This effectiveness is shown in
tables and figures above. The increase in K, can improve over all steady state
and transient stability but in other word this increasing causes decrease in the
damping of mechanical mode torque coefficient and this may lead to losing
stability due to insufficient damping torque. This case can also be discussed
from the eigen values obtained from above cases, with K, increase we see that
the two roots A3,A4 are pushed toward the right hand side of s-plane and
becomes closer to the imaginary axis of s-plain. Also it is shown that the
synchronizing torque increased from 0.0111 to 0.1081, that increase is not
acceptable because it may lead to rotor angle instability due to lack of

insufficient synchronizing torque.
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5.2.2 Performance and results of Turbine-Gov. test model

The same steps that are used in previous test are also applied in the case of
turbine-Gov. model whose state space mathematical model are derived in
chapter three, Equation (3.22) is also programmed using MATLAB7 program
language. In this case P, 1s an input control signal and P, , Aw, are taken to be

output signals and are shown in equation (5.2) and (5.3) below.

Where:

Aw,
APgy
APGV .....................................................
APy
APy,
AP,

Pm:[o 00 FHP FIP FLP]

[ Ao,
AP
Y S (5.3)
APy
AP,

| AP

Ao, =1 0 0 0 0 0]

Firstly the control test take into account the change in the input disturbance
APy (0, 5, 10, 15)% as an input disturbance , when governor control gain Kg =5
is taken to be initial value for normal operation when P,=1, A®w~=0. Tables
(5.2a), (5.2b) show the system eigen values, time domain performance indices,
and figures (5.2a) show the time domain performance in the case ( Kg =5,

AP, =0, 5, 10, 15%).
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Table (5.2a) System eigen values Turbine-Gov. test model

System eign values for Turbine-Gov. control system

A2

A3 L4 AS L6
1,2,3,4 0,5,10,15 -99.9993 | -0.1964 +0.3116§ -0.1964 - 0.3116i| -5.8925 | -3.6930+0.1721i | -3.6930-0.1721i

Table (5.2b) System performance indices for Turbine-Gov. test model

(Pm) Time domain performance (A®,) Time domain performance

tr ts P.amp %MP tr ts P.amp %MP A(1)1"

1.5

KG=5,PL=0%
KG=5,PL=5%
KG=5,PL=10%
KG=5,PL=15%

¥
|
|
|
-
-
|
|
|
|
+
|
|
|
|
|
'l

——

+

KG=5,PL=0%
KG=5,PL=5%
KG=5,PL=10% ||
KG=5,PL=15%

R

16 18
Time (sec)

Figure (5.2b): Time Domain Performance For Turbine-Gov. test model
K;=5,AP;,=(0, 5, 10, 15) %
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From the above test it is shown that the steady state values for P,, and Aw,
are changed due to input disturbance. The second test is considered by changing
the governor control K to show the effect of the overall governor gain control
K¢ in steady state and transient stability. Take the values (Kg = 5, 10, 15, 20)
when APp = 15%. Table (5.2¢), (5.2d) show the system eigen values and time
domain performance indices for turbine governor control system and figure
(5.2b) shows the time domain performance for step input control for P, and Ao,

for different K that are considered in this section.

Table (5.2¢) System eigen values Turbine-Gov. test model

System eign values (Turbine-Gov.)

A3 L4 AS

-99.9993 | -0.1964 + 0.3116i | -0.1964 - 0.3116i -3.6930 + 0.1721i | -3.6930-0.1721i

-99.9986 -0.3724 + 0.4286i -0.3724 - 0.42861

-99.9978 -0.6686 + 0.4782i -0.6686 - 0.4782i

-99.9971 -1.1659 + 1.0412i -1.1659 - 1.0412i1

Table (5.2d) System performance indices for Turbine-Gov. test model

(Pm) Time domain performance (A®,) Time domain performance

tr ts P.amp %MP tr ts P.amp 0/OMP
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Governer-Turbine with (KG=5,10,15,20),(PL=15%)

15

1k

Pmp.u

KG=5,PL=15%

KG=10,PL=15%
KG=15,PL=15%
KG=20,PL=15%

KG=5,PL=15%

KG=10,PL=15%

KG=15,PL=15%

KG=20,PL=15%
18

Time (sec)

Figure (5.2a): Time Domain Performance For Turbine-Gov. test model,
Ks= (5, 10, 15, 20), AP, = 15%

5.2.3 Performance and resulis of Combined Turbine-Gov. Generator test model

The state space mathematical model derived in chapter 3, equation (3.23) is
programmed using MATLAB7 programming language where V.., P.r are input
control signals and E; , Aw, equation (5.1) and (5.3) respectively are an output
signals. The results in this case are evaluated when K, =(40, 100, 150, 200,
400), Kg=20. Tables (5.3a), (5.3b) show the system eigen values, time domain
performance indices respectively and Figure (5.3a) shows the time domain

performance for the combined system when K, =400, K5=20.
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Table (5.3a) System eigen values for Combined Turbine-Gov. - generator test model

System eign values

-99.9971

10.1931+6.8056i|

-0.1931-6.8056i

AS

-3.7400+0.1705i

A6

-3.7400-0.1705i

-0.2474+0.7817i

-0.2474-0.7817i

-99.9971

10.1941+6.7846i|

-0.1941-6.7846i

-3.7442+0.1734i|

-3.7442-0.1734i

-0.2437+1.2387i

-0.2437-1.2387i

-99.9971

0.1949+6.7664i|

-0.1949-6.7664i

-3.7473+0.17554]

-3.7473-0.1755i

-0.2410+1.5200i

-0.2410-1.5200i

-99.9971

0.1958+6.7475i

-0.1958-6.7475i

+0.2385+1.75904

-0.2385-1.7590i

-3.7501+0.1774i

-3.7501-0.1774i

-99.9971

10.1996+6.66306if

-0.1996-6.6636i

0.2300+2.5142i

-0.2300-2.5142i

-3.7590+0.1831i

-3.7590-0.1831i

Table (5.3b) System performance indices for Combined Turbine-Gov. gen. test

Time domain performance for E¢ Time domain performance for A,

ts P.amp %Mp t, ts P.amp %Mp | Ao,

-0.00574

-0.00931
-0.0124
-0.0154

17.6 2.09 79.6 1.16 17.3 | -0.0265 I

Combined Turbine-Gov. Generator Model, KA=400

2.5

5 KA=400,KG=20 ‘

1.5
L
0.5

0

Time (sec)

Figure (5.3a): Time Domain Performance for Combined Turbine-Gov. Generator

test model K, = 400, K;=20
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5.3 Results of Part Two (with LOC)

5.3.1 Performance and results of Exciter-voltage regulator (VR) using LOC test
model

In the design of linear optimal control the system eigen values for the

controlled system can be calculated from the co-state matrix | (A-BKK)-AI | =0.

For the LOC design the weighted matrices Q,R can be selected by trial and

13,142
errort> 31429

, in the case of exciter-voltage regulator test mode the choice of
Q,R that give optimal control design that minimizes the performance index can

be given bellow:

5000 0 0 0]
0 0013 0 0

Q= 0 0 0 0 ’ R =[]
0 0 0 0

Table (5.4a) show the closed loop eigen values and the full state feedback
control gain KK. Table (5.4b) shows the time domain performance indices for
the output terminal voltage in the case of VR using LOC controller when K, is
taken to be nominal value (K,=400). Figure (5.4a) shows the time domain
performance for VR using LOC by applying step input to the modified system
state equation (5.10).

Table(5.4a)closed loop eigen values and feedback control gain KK for VRusing LOC

Closed loop eigen values Closed loop F.B gain KK

Al A2 A3 M KK1
1. 400 |-1.5614 +7.09221 [-1.5614 - 7.0922i| -1.5838 + 1.6940i |-1.5866 - 1.6940{ 4259.4

Table (5.4b) System performance indices for VR using LOC test model

Damping of mechanical mode and

. . Time domain performance for E,
Synchronizing torque

P.amp E

Kp ®, C (OF] t, t, t
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VR using LOC control test,KA=400

VR using LOC,KA=400 ‘

-

Time (sec)

Figure (5.4a): Time Domain Performance for VR using LOC test model
, K4=400

5.3.2 Performance and results of a Governor-Turhine using LOC test model

In this section for turbine governor using LOC test mode the weighted

matrices are selected as shown below:

325 0 0 0 0 0
0 0.001 0 0 0 0
0 0 0.00 0 0 0 R =0
Q= 0 0 0 0 0 [ ]
0 0 0 0 0
0 0 0 0 0

The results of test considered in this section are tabulated in tables
(5.52),(5.5b) and (5.5c) which show the system eigen values, the closed loop
feedback control gain KK and the time domain performance indices
respectively. Figure (5.5a) shows the time domain performance by applying step

input for Ps to show the outputs Py, ,A®, in time domain.
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Table (5.5a): System eigen Values for Turbine-Gov. using LOC test model

System eign values (Turbine-Gov.)

A3 L4 AS

model

Gov. turbine using LOC with KG=20

GOV. TURBINE using LOC,KG=20 ‘

Time (sec)

Figure (5.5a): Time Domain Performance for Turbine-Gov. using LOC
test model, K; = 20
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5.3.3 Performance and results of a Combined Turbine-Gov. - Generator
Using LOC test model

As seen in chapter four the number of the column for the rectangular matrix
B depends on how many feedback control loops are used for the LOC design''®
In this section we considered a combined turbine governor generator model that
is derived in chapter three with two control input Ug, Ug and output signals E,,
P.,, with linear optimal control design using MATLAB7 programming language

applied with Q , R chosen as shown below.

(30000 0 0 0 0 0 0 0 0
0 0.00l 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 00l 0 0 0 0 0 15 0
Q=] 0 0 0 0 10000 0 0 0 0| > R{o J
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

Tables (5.6a) (5.6b) and (5.6¢) show the system eigen values , the closed loop
feedback control gain KK and time domain performance indices for the above
selection. Also figure (5.6a) shows the time domain performance by applying a
step input for Vi, P.r to show the output E;and P, in time domain.

Table (5.6a): System eigen Values Combined Turbine-Gov. Generator using LOC
test model, K =400, K;=20

System eign Values

. -101.46 |-28.38+30.49i |-28.38-30.491 | -3.86+10.031 |-3.86-10.03i [-5.03+1.91i |-5.03-1.91i ..

Table (5.6b): Closed Loop Feedback Control Gain KK for Combined Turbine-Gov.
Generator using LOC test model, K, =400, K;=20

Control Closed loop feedback gain KK due to Ug and Ug
input KK3 | KK4 KK5 KK6 KKS8
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Table (5.3b) System performance indices for Combined Turbine-Gov. generator
using LOC test model, K, =400, Ks=20

Time domain performance for E; Time domain performance for Ao,

Et P.amp

tr ts
o 2o | s Low | 1o [oafomn] - | o

combined Gov. turbine-Generator using LOC
with KA=400,KG=20

T T T T T T T
combined Gov. turbine-Gen. using LOC,KA=400,KG=20 ‘

Time (sec)

Figure (5.6a): Time Domain Performance for Combined Turbine-Gov.
Generator using LOC test model, K, =400, K¢ = 20

5.4 Summery of the results of control test modes

To simplify the above results for different test modes, summery of the
results of control test modes are considered in this section taking into account
the effect of LOC controller on improving the dynamic behavior of power
system stability. Table (5.7) and figure (5.7) for exciter-voltage regulator, table
(5.8) and figure (5.8) for turbine governor, table (5.9) and figure (5.9) for

combined turbine governor generator test mode with and without LOC.
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Table (5.7) System performance indices for VR with and without LOC

Damping of mechanical mode and
Synchronizing torque

Ksr Kp ®; g P amp Y% Mp E¢

Time domain performance for E;

Without LOC

With LOC

VR with and without LOC control test

Y Y Y Y Y Y
VR Without LOC

peai< ampliitude

| A |

ok- - - =& _
©opk---

Time (sec)

Figure (5.7): Time Domain Performance for VR with and without LOC

Table (5.8) System performance indices for Turbine-Gov. with and without LOC

(Pm) Time domain performance (A®,) Time domain performance

ts P.amp %MP ts P.amp %MP

Without LOC

With LOC
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Gov. turbine with and without LOC

T T T T T
Gov. Turbine without LOC
Gov. Turbine with LOC

Gov. Turbine without LOC ||
Gov. Turbine with LOC

Time (sec) (sec)
Figure (5.8): Time Domain Performance for Turbine-Gov. with and without LOC

Table (5.9) System performance indices for a turbo-generator with and without LOC

Time domain performance for E¢ Time domain performance for Ao,

tr ts P.amp %MP Et tr ts P.amp %MP

Without LOC | 0. . 2.09 79.6 . 0 3| -0.0265 0
With LOC . . . 6.33 0 | 3. -0.0119

o0

combined Gov. turbine-Generator with and without LOC
25

combined Gov.Turbine gen. without LOC
2 combined Gov.Turbine gen. with LOC

Et p.U 5k -L-

combined Gov.Turbine gen. without LOC
combined Gov. Turblne gen with LOC

T

WW

|
1
6

Time (sec)

Figure(5.9): Time Domain Performance for a turbo-generator with and without LOC
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Also the deviation in states (AE;, AP,,, Aw,) were taken to be as an example
about the equilibrium points for the system state equation was considered to be
in the form of ( AX = A .AX ), when (AP.=0, AV,;=0, AP,=0, AV,=0). In

time domain figure (5.10) below show the state deviation for previous cases

(without and with LOC) for different test modes.

T

(x10 VR with and without LOC control test G210 Turbine Gov. With and Without LOC

- wibordoe

i i i i i i

6 8 10 12 14 16 18 20

Time sec Time sec

Combined turbo-Generator With and without LOC Combined turbo-Generator With and without LOC
O—r—1t 1 1T T T 1 1 | L R S S S S R R N A

10
Time sec Time sec

Figure(5.10): Time domain for states deviation (AE,, AP,,, Aw,)about
equilibrium point for different test modes.
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CHAPTER SIX
CONCLUSIONS AND SUGGESTIONS FOR

FUTURE WORK

6.1 Conclusions

The aim of this thesis is to study a test model for a power stability control
using LOC 1is given. The effectiveness of the LOC controller is applied in
several test cases. Three test modes are considered in this work, these are exciter
control, governor turbine control and the combined turbo generator control test
modes. The models were selected starting from the two axis theorem and swing
equation. These models were tested without linear optimal control LOC, and
then with LOC. The controller is designed and tested using MATLAB 7
programming language. From the results obtained the following points can be

concluded.

1. In the case of VR a problem occurred by increasing K, from initial value
40 to the nominal 400 (this test was used to reject the effect of load influence as
a disturbance acting continuously on a power system that cause reduction in the
steady state terminal voltage), the damping of the mechanical mode reduced
from 0.6538 to 0.4746, with increase in the synchronizing torque due to
increasing in the voltage regulator gain K, from 0.0111 to 0.1081, but these two
values are insufficient, or in other word may cause instability of a power system
due to lack of damping in the mechanical mode and synchronizing torque. Then
the effect of using LOC can increase both damping of mechanical mode and

synchronizing torque to 8.4541 and 0.477 respectively.
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2. Using LOC can improve over all power system stability by minimizing
over all performance indices (tr, ts, Pamplituge and %M, ) this is show briefly in
tables and figures (5.7),(5.8) and (5.9) for different test modes. The steady state

error (Bss) was minimized to zero (with constant voltage and constant frequency).

3. It is shown in this test that the effect of using LOC is to increase the
stability degree of a power system by shifting the eigen values to the left side of
s-plain meaning that the real part of the complex roots become more negative

than without using LOC this can be shown in tables (5.1¢) and (5.4a).

4. In this test the weighted matrices Q and R were selected by trial and error
in order to give the weight for both states (X) and control (U) in the LOC
method design. It is shown that the two states rotor angle Ad, and the rotor speed
Aw, are more affective than other states in the rotor angle stability problem. This
happens because the electrical torque having a two components in phase with Ad
and Aw,, (AT:=KsAd+KpAwm,). Also because of the property of Q as a diagonal
semi positive definite matrix, meaning that its values (q; > 0), then this can
reduce the trial and error in the selection of Q by actuating the weight for AJ9,
Ao, 1n the case of VR test mode. This reduction can give optimum performance
for different test modes. This is shown in tables and figures (5,7),(5.8) and (5.9),
which make it easy to select the weighted matrices Q ,R. The reduction from 4
to 2 choices in the case of VR test mode and from 6 to 3 in the case of gov.
turbine test mode and from 9 to 4 in the case of combined gov. turbine generator

test models.

5. A simple MATLAB 7 program shown in flow chart (4.1) uses for the
closed form solution of Riccati matrix equation also obtained in this work. This

simplistic program can also be used with other applications of linear optimal

control (LQR, LQG, H,, H,. ).
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6.2 Future Works

The following ideas are presented as suggestions for future works:

1. Applying the hardware of the LOC method in order to specify the

controller performance practically.

2. Applying the LOC method on a multi machine power system to show and

check the effectiveness of this controller on electrical power system stability.

3. Using this method with other types of generators (hydro, gas, ....) by taking

other data base.

4. Applying the flow chart (4.1) with other applications of a linear optimal
control (LQR, LQG, H,, H, ) that were dependent on solution of a Riccati

matrix equation.

5. Applying the flow chart (4.1) with other high level languages than
MATLAB 7 programming language, as a part of mane program needs for

solution Riccati matrix equation.
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Appendix

APPENDIX A

Typical Data test system for a Fossil Steam Unit ©*

S (apparent power) 384 MVA
P (active power) 0.9 p.u

Q (reactive power) 0.3p.u

E; (terminal voltage) 24 kv
Frequency 50 HZ

Eg (infinite bus voltage) l pu
Connection Y

H 2.6 MW. s/ MVA
D 2p.u

X4 1.798 p.u
X4 0.3 p.u

Xq 1.778 p.u
X 0.193 p.u
R, 0.0014 p.u
Tao 5.21s

K; 0.7323 p.u
K, 0.8742 p.u
K; 0.2728 p.u
K4 1.2829 p.u
Ks -0.1387 p.u
Ks 0.3565 p.u
T 2.3244s
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Exciter Regulator

20MW/Hz
0.2

0.4

0.4

0.1s

0.22s

8s

0.2s

Transformer reactance

First line reactance

Second line reactance
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APPENDIX B

The object of the figure (B. 1) below which represent a thermal generator of
384 MVA 24 KV, 50 Hz when short circuit fault occur in transmission
line T.L.2, is to determine synchronizing torque for single machine

connected to infinite bus when (E; = 1.05236° p. u).

E: Transformer

©

Pp—
Q——

Figure (B.1)%

Figure (B.2) below show the circuit model representing the post fault

steady state operating condition with all parameters expressed in per unit.
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E~1.05L36°

| o

Figure (B. 2)1?

With E; as reference phasor, the generator stator current is given by:

PJQ) _09-503 _e6_i029
1.05

L=

t

The voltage behind transient reactance is:

E'=E, +jX'd 1,
=1.05+;0.3(0.86—j0.29)
=1.137+j0.258 =1.166£12.8

The angle by which E’ lead Ey is:
dp=12.8+36=48.8°

The total system reactance is:

Xr=03+0.15+05=095p.u
The corresponding synchronizing torque, from equation (2. 44) is:

E'E

B

K = cosd,,

T

:1'166X1cos48.8°

=0.81p.utorque/ rad
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APPENDIX (

As an example were taken in this APPENDIX, From figure (2.10) shown in

chapter two (Ks, Kst, Kp, 0, &, ®4) can be calculated as shown below with

2,3,18

details in'>>'®! . Then these derivations were extended for generator-exciter

model in the case of without and with LOC.
where:

Ks: synchronizing torque due to demagnetizing effect of the armature reaction

(Ks=K;Ad).

Kgr: total synchronizing torque coefficient.
Kp: damping torque coefficient.

®,: undamped natural frequency in rad/ sec.
&: damping ratio.

og4: damping frequency in rad/ sec.

From equation (2. 69) the electrical torque:

ATe = K1 Ad +K2 A\Vfd ................................................................................... (C 1)

From the block diagram (2. 10) can derive AT, due to Ay:

AT, _ —K,K,K,(1-ST,)

— e ettt st et C.3
AS due to Ay gy 1 _ SZT32 ( )
Therefore AT, due to Ay after simplification.
- K,K,K K,K,K,T
AT = 23 d AN+ —22-"23SAS
e | dueto Ay gy 1+ SZT32 1 — SZT32 ............................. (C 4)
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But
SAG = Ar ™ 00 (C.5)
Then:
AT |pw, = Ks(W)AS + Ky (AY )A® O o (C.6)
From equations (C. 4) and (C. 6):
K, = -% ................................................................................................. (C.7)
From equation (C. 1):
KT = K AGH Ko AW cevieeieeiiieiieseesiteee ettt (C.8)
From equations (C. 4) and (C. 6):
— K 2 K 3K 4T3
D = 1-S°T? 0 tenteeeut et et bttt et e bt e s h e s a e et e et e e bt e e b e et e e beenbeens (C.9)
let the general form of the second order characteristic equation is:
SI-A|=0=S" +20@,S+ @, =0 oo e (C. 10)
The characteristic equation can calculated from equation (2.44):
|s1—A|=0:sz+I2<£S+K;TH°°°=0 ....................................................... (C. 11)
From (C.11) o, &, ®qcan calculate as shown:
o, = KST& TAA/SEC wvvvreeeeiirieeeeeittteeeeestrteeeeestaeeeeeestbeeeeessasaeeeeeennsseeeeeansees (C. 12)
2H
g:%ﬁ ............................................................................................. (C. 13)
T C YR A K PSR SURURPRUPRRPPR (C. 14)
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In this work the field flux variation Aygy can be derived from the
figures (3.5a) and (C.1) for a generator-exciter model without and with

LOC respectively shown in equations (C.15) and (C.16) below:

Figure (C.1) block diagram representation for generator-exciter with LOC

1. Without LOC The final formula of Ayy is:

(7 KKK, KKK - K4K3TES)
Ay, = A e (C.15)
K +TK S+T S+T.T g*+K.K K
E 3E E  3E 36 A

2. With LOC The final formula of Ay is:

(7(9KKK — 0O KKTS-0 KKKKK -0 KKK -0 KKKK -KK KKS)
4 3 E 4 3E 043 4 A 35 A 23 A 3A 1

Ay = > ° e As....(C.16)
[0 (K +T S+KKK +TK S+T.T SZ+T KKK S+K KK +KKK K
o\ E E 4 A 3 E 3E 3 4 A 36 A 3 A3

For calculation (Kg, K¢, Kp, ®,, & ®q), substitute equations (C.15),
and (C.16) in the case of without and with LOC respectively, in equation

(C.1) to find the complex AT, by replacing A instead of S.
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APPENDIX D

In many practical cases, the desired performance characteristics of control
systems can be given in terms of transient-response characteristics.
Frequently, such performance characteristics are specified in terms of the
transient response to a unit step input, since it is easy to generate and 1s
sufficiently drastic'*!. The transient response of a practical control system
often exhibits damped oscillations before reaching steady state. In
specifying the transient response characteristics of a control system to a unit
step input, it is common to name the; delay time, ty; rise time t;; peak time
t,; maximum overshoot, mp and settling time, t;. These specifications are

defined in what follows and are graphically shown in figure (D. 1).

over shoot

/

/4_

Time to reach
peak value

¢« Setlling
time

Figure (D. 1): Typical Time Response to Step Input © IEEE 19905
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Maximum percent overshoot =

Delay time. The delay time ty is the time needed for the response to reach

half the final value.

Rise time. The rise time t, is the time required for the response to rise from

10% to 90%, or 5% to 95% or 0% to 100% of its final value.

Peak time t, 1s the time required for the response to reach the first peak of the

over shoot.

Max (percent over shoot). The maximum over shoot m, is the maximum
peak value of the response curve [C (t) versus t] measured from unity. If the
final steady state value of the response drift from unity, then it is common
practice to use the maximum percent overshoot:

C(t,) — C(e)

C(e0)

*100%

The amount of the maximum (percent) overshoot directly indicates the

relative stability of the system.

Settling time. The settling time t; is the time required for the response curve
to reach and stay within 2% of the final value. (Note that in some cases 5%
instead of 2% is used as the percentage of the final value. The settling time is

related to the largest time constant of the system!™.
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