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ABSTRACT

Dynamic instability in the form of inter-area oscillations has been observed in
many power systems. These low frequency (0.1-0.8 Hz) electromechanical
oscillations can occur as a result of one group of generators swinging against
another, or they can arise from a non-linear interaction among the power system
natural modes of oscillation which can threaten the secure operation of the
power system. The characteristics of these inter-area modes, and the factors
influencing them, are not well understood. The analysis and control of these
modes is often difficult as they can involve many generators in a complex
interconnected system.

The factors affecting the damping characteristics of low frequenc‘y inter-area
oscillations in an interconnected system have been investigated. The effects of
system running arrangements, operating conditions, excitation systems, load
characteristics and in particular the level of power transfer across the tie lines
and machine loadings are examined. An understanding of their occurrence has
been sought and alternative practical remedies have been tried in order to
improve system damping. It is shown that a fast, fully controllable phase shifter
(CPS) can damp the inter-area modes in an interconnected system. Inter-area
oscillatory modes were identified and stabilized using a CPS. A decentralized
control scheme. using tie-line power deviation as the feedback signal for the
CPS controller, is shown to be effective in damping inter-area modes of
oscillation under dynamic or transient disturbance conditions.  Application of
eigenvector (mode shape) analysis to identify the machines causing instability
was examined. The best location for a CPS was identified using participation
factors and the mode controllability. Based on the analysis of eigenvalue
sensitivity, the CPS control parameters for damping inter-area modes of
oscillation were determined. Computer simulation of an interconnected 8-machine
112-bus study system was used to validate the effectiveness of the proposed CPS
controller. It is shown that with proper selection of CPS location and controller,
just one CPS would suffice to introduce sufficient damping. The controller
designed is found to be robust over a wide range of power transfers across the
tie lines, thereby allowing the interconnected system to operate securely at higher
power transfer levels.



A compensation-based phase shifter model is developed and included in the
transmission system model. With the addition of appropriate control systems, the
combined models can be used for power flow, dynamic (small disturbance)
stability and transient (large disturbance) stability studies with no modification of
the bus admittance matrix required at each iteration. This compensation method
has the advantages of fast computational speed and low computer storage
compared with that of modifying the bus admittance matrix method.



ACKNOWLEDGEMENTS

The work presented in this thesis has been carried out under the supervision of
Dr. D.C. Macdonald, B.Sc.(Eng.), Ph.D., ACGI, C.Eng., FIEE, MIEEE, Senior
Lecturer in the Department of Electrical and Electronic Engineering, Imperial
College. 1 wish to thank Dr. Macdonald for his constant encouragement, keen
interest and valuable guidance during the course of this research work.

I am especially indebted to Dr. B.J. Cory, Senior Research Fellow, Imperial
College for his useful advice and valuable assistance.

Support from the Overseas Research Students Awards Scheme for the last two
years of my research is gratefully acknowledged.

I must thank Dr. JL. Jardim, Dr. A. Roman-Messina, Dr. C.A. Roa-Sepulveda
and Dr. P.D.C. Wijayatunga for their helpful discussions and suggestions in the
early stages of my research.

I would like to thank all members of the Energy and Electromagnetics Section
for all the assistance they have provided to me during my three years at
Imperial College.

Finally, my wife Cindy deserves special thanks for her great patience and
support.



CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS

CONTENTS

LIST OF FIGURES

LIST OF TABLES

NOMENCLATURE

CHAPTER ONE: INTRODUCTION

1.1
1.2
1.3
14

1.5
1.6

Inter-area oscillation problems

Review of inter-area oscillation problems

Analysis of inter-area oscillation problems

FACTS devices and mitigation of inter-area oscillation
problems

Objectives

Original contributions

CHAPTER TWO: CONCEPTS OF A CONTROLLABLE

2.1
22
23
24

PHASE SHIFTER (CPS) ON SYSTEM
DAMPING ENHANCEMENT

Introduction

Principle of operation of a CPS

Dynamic power flow control

Concepts on system damping enhancement

Page

12

13

16
17
19

20
22
23

25
26
29
32



CHAPTER THREE: POWER SYSTEM MODELLING

3.1 Introduction
3.2  Power system representation
321 Free response, mode shape and eigenvectors
3.2.2  Participation factors
3.23  Damping ratio
3.3 Synchronous machine model
3.4  Excitation system models
3.5  Speed-governing system model
3.6  Compensation-based controllable phase shifter model
3.6.1 Steady-state power flow studies
3.6.2  Dynamic stability studies
3.6.3 Transient stability studies
3.7 Load models
3.7.1 Static load models
3.7.2  Dynamic load model
3.8  Network representation
3.9 Complete model of the interconnected system
CHAPTER FOUR: ANALYSIS OF INTER-AREA
OSCILLATIONS
4.1 Introduction
42  Interconnected 8-machine system
4.3  Identification of machines causing instability
44  Analysis of factors affecting the damping of the inter-area mode
44.1 Effect of tie-line flow
442  Effect of tie-line impedance
443  Effect of excitation systems
444  Effect of load characteristics
44.5  Effect of machine loadings
446  Effect of generation rescheduling
4.5  Time simulation results

Page

36
37
39
40
41
42
49
52
53
56
58
63
64
64
66
69
71

74
74
76
78
78
80
80
81
82
83
84



CHAPTER FIVE: DAMPING INTER-AREA OSCILLATION
USING A CONTROLLABLE PHASE
SHIFTER

5.1 Introduction

52  Selection of a FACTS device
5.3  Selection of a feedback signal
54  Selection of CPS location

5.5 Design of CPS controller

5.6  Performance evaluation

CHAPTER SIX: CONCLUSIONS

6.1 General conclusions

6.2  Suggestions for future work

APPENDICES

Appendix A: Synchronous machine and controllers representation
A.1  Synchronous machine model
A.2  Excitation system models
A3  Speed-governing system model

Appendix B: Controllable phase shifter representation

Appendix C: Load representation

C.1 Static load models
C.2  Induction motor model

REFERENCES

Page

110
110
111
112
118
123

132
137

139
139
143
145

146
152

152
153

155



2.1
22
23
24
2.5
2.6
2.7
2.8
3.1
3.2
3.3
3.4
3.5a
3.5b
3.6
3.7
3.8
3.9

3.10
3.11

3.12
4.1
42
4.3
44
4.5a
4.5b

4.5¢

LIST OF FIGURES

Single-phase representation of a typical CPS

Phasor diagram for one phase of the CPS

Symbolic representation of a CPS

Block diagram for one phase of the CPS control system
Phase shifter equivalent circuit

Phase diagram of the phase shifter equivalent circuit
Typical control block diagram of a CPS

Simple single-machine infinite bus system with a CPS
Power system configuration showing two main subsystems
d-q axis synchronous machine model

Reference frame transformation

Structure of the complete power system model
Fast-acting exciter model

Slow-acting exciter model

Speed-governor model

Phase shifter equivalent circuit

Representation of a phase shifter in the transmission network
Equivalent circuit of a compensation-based phase shifter

model
Phase shifter power injection model

Functional block diagram of the CPS with tie-line power

feedback

Control system diagram of the CPS

Interconnected 8-machine 112-bus system under study
Inter-area mode shape with respect to rotor speed
Speed participation factors of the inter-area mode
Angle difference for a 2-bus system

Rotor angle swings following a large disturbance

Tie-line active power, voltage and current responses to a

large disturbance

Generators' active power output responses to a large

disturbance

Page

27
28
28
28
29
29
32
33
37
42
44
46
49
50
52
54
55

56
57

59
60
75
77
78
79
86

87

88



4.5d
4.6a

4.6b

4.6c

4.6d

4.7a

4.7b

4.7c

4.7d

4.8a

4.8b

4.8c

4.8d

4.9a

4.9b

4.9¢c

Generators' terminal voltage responses to a large disturbance
Dynamic responses of rotor angle swings following a 1%
step small disturbance

Dynamic responses of tie-line active power, voltage and
current following a 1% step small disturbance

Dynamic responses of generators' active power output
following a 1% step small disturbance

Dynamic responses of generators' terminal voltage following
a 1% step small disturbance

Dynamic responses of rotor angle swings following a small
disturbance of line switching

Dynamic responses of tie-line active power, voltage and
current following a small disturbance of line switching
Dynamic responses of generators' active power output
following a small disturbance of line switching

Dynamic responses of generators' terminal voltage following
a small disturbance of line switching

Rotor angle swings following a large disturbance with
reduction of G1 exciter gain by 33%

Tie-line active power, voltage and current responses to a
large disturbance with reduction of G1 exciter gain by 33%
Generators' active power output responses to a large
disturbance with reduction of G1 exciter gain by 33%
Generators' terminal voltage responses to a large disturbance
with reduction of Gl exciter gain by 33%

Dynamic responses of rotor angle swings following a 1%
step small disturbance with reduction of G1 exciter gain by
33%

Dynamic responses of tie-line active power, voltage and
current following a 1% step small disturbance with reduction
of G1 exciter gain by 33%

Dynamic responses of generators' active power output
following a 1% step small disturbance with reduction of Gl
exciter gain by 33%

Page

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104



4.9d

4.10a

4.10b

4.10c

4.10d

5.1
5.2
5.3
5.4
5.5
5.6
5.7
58

5.9

5.10
5.11

5.12

Dynamic responses of generators' terminal voltage following
a 1% step small disturbance with reduction of Gl exciter
gain by 33%

Dynamic responses of rotor angle swings following a small
disturbance of line switching with reduction of Gl exciter
gain by 33%

Dynamic responses of tie-line active power, voltage and
current following a small disturbance of line switching with
reduction of G1 exciter gain by 33%

Dynamic responses of generators' active power output
following a small disturbance of line switching with
reduction of G1 exciter gain by 33%

Dynamic responses of generators' terminal voltage following
a small disturbance of line switching with reduction of Gl
exciter gain by 33%

CPS damping controller circuit

Interconnected 8-machine 112-bus system with CPS
Performance of the CPS on the 132kV tie line following
large disturbance

Performance of the CPS on the 66 kV tie line following
large disturbance

Performance of the CPS on the 132kV tie line following
small disturbance of line switching

Performance of the CPS on the 66 kV tie line following
small disturbance of line switching

Decentralized output feedback CPS controller

Rotor speed mode shape of the inter-area mode with CPS

0

o

0

[

Variation of frequency and damping ratio when tie-line
power transfer is increased from 110 MW to 190 MW

Rotor angle swings following a large disturbance with CPS
Tie-line active power and voltage responses to a large
disturbance with CPS

Generators' active power output responses to a large
disturbance with CPS

10

Page

105

106

107

108

109
113
115
116
116
117
117
120

121

122
124

125

126



5.13

5.14

5.15

5.16

5.17

Generators' terminal voltage responses to a large disturbance
with CPS

Dynamic responses of rotor angle swings following a small
disturbance of line switching with CPS

Dynamic responses of tie-line active power and voltage
following a small disturbance of line switching with CPS
Dynamic responses of generators' active power output
following a small disturbance of line switching with CPS
Dynamic responses of generators' terminal voltage following
a small disturbance of line switching with CPS

11

Page

127

128

129

130

131



4.1
42
43
4.4
4.5
4.6
4.7
4.8
4.9
5.1
5.2

53
54
3.5
5.6
5.7

LIST OF TABLES

Operating condition of the machines

System eigenvalues of the 8-machine system

Mode shape and participation factors of the inter-area mode
Effect of tie-line flow on the inter-area mode

Effect of tie-line impedance on the inter-area mode

Effect of excitation systems on the inter-area mode

Effect of load characteristics on the inter-area mode

Effect of machine G1 loadings on the inter-area mode
Effect of generation rescheduling on the inter-area mode
Base CPS control setting

Participation factors and controllability of CPS to the
inter-area mode

Sensitivity coefficients of the inter-area mode

Summary of CPS control settings

Effect of CPS on the inter-area mode

Rotor speed mode shape of the inter-area mode with CPS
Effect of tie-line flow on the inter-area mode with CPS

12

Page

75
76
77
79
80
81
82
83
84
114

114
119
120
120
121
122



NOMENCLATURE

A system state matrix

AVR automatic voltage regulator

b,c mechanical torque equation constants

B input matrix

c subscript for CPS

CPS controllable phase shifter

d-q direct- and quadrature-axis in the machine reference frame

D damping coefficient

D-Q Direct- and Quadrature-axis in the network reference frame

e error signal
magnitude of generator internal voltage

E'q quadrature-axis transient voltage

E"4,E"q direct- and quadrature-axis subtransient voltages

Ey field voltage

E'mp,E'mq Direct- and Quadrature-axis transient voltages

EPRI Electric Power Research Institute

f frequency of oscillation in Hz

FACTS Flexible AC Transmission Systems

g subscript for generator

H inertia constant

HVDC high voltage direct current

I, vector of injected currents into the network due to CPS

I4,1q direct- and quadrature-axis stator currents

I vector of injected currents into the network due to generators

Im vector of injected currents into the network due to induction motor
loads

J1,J2,J3,J4 submatrices of the Jacobian matrix

m subscript for induction motor

max maximum value

min minimum value

n number of generators in the power system
0 superscript for nominal value

p number of CPS in the power system

P tie-line active power
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P, electrical power

Pyi participation factor

P, mechanical power

) tie-line reference transfer power

PI proportional plus integral controller

PSS power system stabilizer

q number of induction motors in the power system
R, armature resistance

Ri,R, stator and rotor resistances

S slip

Six real part of the relative sensitivity coefficient
SSR subsynchronous resonance

STATCON static condenser

SvC static var compensator

tti tap ratio magnitude

T modal matrix, also superscript for transpose
T 4o direct-axis transient open-circuit time constant
T" 4osT"qo  direct- and quadrature-axis subtransient open-circuit time constants
Te electrical torque

Tm mechanical torque

T, rotor open-circuit time constant

TCPS thyristor controller phase shifter

TCSC thyristor controlled series capacitor

u input vector

UPFC unified power flow controller

v right eigenvector of A

\% magnitude of the infinite bus voltage

V. vector of nodal voltages at CPS buses
Vd,Vq direct- and quadrature-axis terminal voltages
Vg vector of nodal voltages at generator buses
Vi vector of nodal voltages at load buses

V., vectors of nodal voltages at induction motor load buses
\Y input voltage

\2 output voltage

V, quadrature voltage injection

w left eigenvector of A

WSCC Western Systems Coordinating Council
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X4,Xq
X'd’X'q
X"d’an

gy e g g > >

state variable vector
direct- and quadrature-axis synchronous reactances

direct- and quadrature-axis transient reactances
direct- and quadrature-axis subtransient reactances

open-circuit reactance

stator and rotor reactances

magnetizing reactance

transient reactance

algebraic variable vector

bus admittance matrix

transformed state vector

percentage of quadrature voltage injection, also damping factor
incremental deviation

rotor angle, also angle between the rotor d-axis and the network D-
axis reference frames

eigenvalue (mode) of A

diagonal matrix of eigenvalues

rotor speed, also frequency of oscillation in rad/s

rated system frequency

phase shift angle

damping ratio
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CHAPTER ONE

INTRODUCTION

1.1 INTER-AREA OSCILLATION PROBLEMS

Power systems fall into natural areas in which load density and/or generation are
high. Such areas are connected to each other by relatively weak tie-lines in
order to deliver power and/or to provide more efficient operation and greater

security.

System operators have usually been surprised when increasing spontaneous
oscillations occurred in the level of power passing between areas accompanied by
oscillations in frequency and voltage. The immediate response has usually been
to reduce the power transfer and the oscillations then subsided. This is only an
immediate solution and other methods have been sought to allow the tie lines to
be used up to their full thermal limits. These instability problems have been
experienced in many power systems [1-7]. Generator damper windings give a
positive contribution to system damping but their effect at low frequencies is
slight.  Automatic voltage regulators (AVR) have the effect of increasing the
synchronizing torque between interconnected generators but may contribute
negative damping. Speed governors on generating units also can contribute
negative damping, especially in hydro turbines. Large tie-line reactances (areas
connected by weak tie-lines) and heavy tie-line power transfers result in large
load angle differences between generators and can make negative damping more
likely.

Inter-area mode oscillations occur at 0.1 to 0.8 Hz [8]. The analysis and
control of these modes is very complex as they involve many generators in an
interconnected system [9-11].

Inter-area mode oscillations are usually spontaneous [12] but they can be started
by a small disturbance. When a small disturbance occurs, decaying oscillations
usually follow. When system damping is inadequate or negative, even a minor
disturbance may result in sustained or increasing oscillations. Such oscillations
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are associated with the linear response of the system and represent natural modes
of oscillation.

Inter-area mode oscillations have also been associated with the non-linear
response of the system occurring when the system was subjected to large
disturbances, such as the loss of a large load or a short-circuit on a transmission
line. They may be caused by poorly tuned controls which act following large
disturbances. Alternatively, they may be the result of a non-linear interaction of
the natural modes of oscillation [13, 14].

The damping characteristics of inter-area mode oscillations are influenced by
system structures, operating conditions, control effects and load characteristics
[15-16].

Local mode oscillations involve a single generator, or a group of identical
generators within a generation plant, swinging against the rest of the system.
Local modes normally have frequencies in the range of 0.7 to 2.0 Hz [8].
Spontaneous local oscillations tend to occur when a very weak transmission link
exists between a generator and its load centre, such as for an isolated generation
plant sending power across a single long transmission line. Such system can
usually be modelled by a single-machine infinite busbar. The characteristics of
these local modes are well recognized and their stabilization through excitation
control has been developed [17].

1.2 REVIEW OF INTER-AREA OSCILLATION PROBLEMS

A major inter-area oscillation was observed in 1964. A poorly damped inter-
area mode gave 0.1 Hz oscillations in the Western U.S. power system (Western
Systems Coordinating Council (WSCC)) [1]. These oscillations were primarily
caused by the negative damping effect of hydro turbine governors on the inter-
area mode between the Pacific Northwest (predominantly hydro) system and
Pacific Southwest (predominantly steam) system, which were connected by weak
(i.e. high impedance) 230 kV interties. In the first nine months of operation,
over 100 tie-line separations occurred. Subsequent modification of hydro turbine
governors provided damping to these oscillations but operation of the North-
South ties was still limited. In 1968, a new 2000 MW 500 kV ac transmission
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line and a new 1440 MW 400 kV dc transmission line were installed. In
service 1330 MW on the 500kV ac line caused sustained oscillations at 0.33 Hz
instead of 0.1 Hz previously. This new frequency was above the range that
could be effectively controlled by governor action. Analysis showed that the
AVR caused substantial negative damping. Power system stabilizers (PSS) were
therefore installed on the AVR of all large generators. The frequency of
oscillation of the WSCC system remained at 0.35 Hz and reasonably well
damped by the PSS. During the 1980's, a new 0.7 Hz inter-area mode of
oscillation was observed and is still present [7]. Increased intertie power
transfers have contributed to the magnitude of oscillations and the poor damping
of this new mode.

Other unstable inter-area oscillations have been reported [12]:

e Michigan-Ontario-Quebec 1959
o Saskatchewan-Manitoba-Ontario West 1962-1965
e Western U.S. (WSCC) 1964-1978
e Mid-Continent Area Power Pool (MAPP) 1971-1972
o [Italy-Yugoslavia-Austria 1971-1974
e South East Australia 1975
e Scotland-England 1978
e Western Australia 1982-1983
e Taiwan 1984
o Hong Kong-South China 1984
e Ghana-Ivory Coast 1985
e Southern Brazil 1985-1987
e South Africa 1995

Inter-area oscillations have been accompanied by:

o High power flow over relatively weak interconnections

o High response excitation systems

e Light load conditions

e Heavy loading of particular machines for economic operation
e Depressed system voltage

o System loads of particular characteristics
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The immediate remedial actions taken at the time when the oscillations occurred

were:

e To reduce the tie-line flow

e To maintain the tie-line flow but relocate part of the generation from the
highly loaded machines to others in the same area

e To open the interconnectors

Another interim measure was to reduce the AVR gain on the main generating
units, but the inter-area oscillation problems have been largely overcome by the

e Addition of PSS on generating units
e Use of HVDC links instead of ac ties
e Installation of static Var compensators (SVC) at key locations

Utilities have recommended that [12]:

o Inter-area oscillation problems should be identified in planning and
operating studies of the interconnected system

e PSS with high initial response excitation systems should be specified for
all new generation plants

e Power system monitoring devices, designed to capture low frequency
oscillations, should be installed throughout the system

1.3 ANALYSIS OF INTER-AREA OSCILLATION PROBLEMS

Analysis of global inter-area oscillation problems requires a detailed
representation of the entire interconnected system [18]. In particular, accurate
models are required for excitation systems and loads throughout the system. The
analytical tools, in addition to determining the existence of problems, should be
capable of identifying factors influencing these problems and providing
information useful in developing control measures for their mitigation.

Inter-area oscillations that are essentially linear in nature can be analyzed using

the linearized equations of the power system [6]. The technique is termed small
disturbance or small signal stability analysis. Small signal stability is the ability
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of the power system to maintain synchronism when subjected to small

disturbances.

Small signal stability analysis is based on the linearization of the non-linear
equations, which describe the dynamic behaviour of the power system, about a
system operating point. The linearized system is then analyzed using eigenvalue
techniques. Eigenvalue analysis is a powerful tool for analyzing the nature of
oscillatory instability and providing information about the frequency and damping
of each oscillation mode. Eigenvalue-based techniques can also provide
information on damping ratios, mode shapes, participation factors, and eigenvalue
sensitivities, which are useful in designing a controller to add damping to inter-
area modes of oscillation. To verify the results obtained by eigenvalue analysis,
the system dynamic performance can be checked using a fully non-linear
transient stability model. With this complementary use of eigenvalue analysis
and time domain simulation techniques, a better understanding of the nature of
inter-area oscillation problems can be obtained.

A power system of n generators has (n-1) natural modes of oscillation, each
with its own natural frequency and mode shape, that is the groups of generators
acting together [19]. Most oscillatory modes between generators are positively
damped and do not attract attention. Interest is centred on poorly damped inter-
area modes which cause dynamic instability so that rotor oscillations may persist
or increase in magnitude with time.

14 FACTS DEVICES AND MITIGATION OF INTER-AREA
OSCILLATIONS PROBLEMS

System damping can be improved either by removing the causes of negative
damping or by introducing positive damping to the system [20]. Measures
taken to remove the causes of negative damping are usually expensive or
severely restrict the operation of the power system. The reduction of power
transfers across the tie lines as an emergency measure is economically
undesirable. The reduction of gain on voltage regulators as an interim measure
is at the expense of excitation system response. The building of new tie lines
or the compensation of existing tie lines with series capacitors as a permanent
solution to reduce tie-line reactances is very expensive and the latter can give
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Over the last two decades, considerable research effort has been devoted to the
use of controllable phase shifters (CPS) to improve the power system
performance during steady state, dynamic state and transient state conditions.
References [49-53] discuss the applications of CPS in steady state power flow
control, line loss reduction and alleviation of line overloads. Many authors have
demonstrated that electromechanical oscillations resulting from small or large
disturbances can be effectively damped using additional stabilizing loops in CPS
control systems [10, 38-41, 52, 54-61]. In [62], a systematic procedure for the
control design of a multimachine power system including CPS is provided. This
method is suitable for assessing transient stability because it includes the phase-
shifter dynamics and the main system non-linearities. In [57, 59, 63-64], the
simulation of a CPS for damping torsional oscillations of subsynchronous
resonance (SSR) which may occur in machines connected to long series capacitor
compensated transmission lines is presented. The high speed response of CPS
can also be utilized to improve power system transient stability [54, 58, 59, 65-
67].

2.2 PRINCIPLE OF OPERATION OF A CPS

Figure 2.1 shows the schematic diagram of one phase of a typical CPS [68].
The excitation transformer is connected in delta on the primary and has four
secondary windings whose voltages are in the ratio of 1:3:9:27. These
windings feed the associated sub-converters Z1, Z3, Z9 and Z27. Each sub-
converter is a bridge circuit with anti-parallel thyristors in each arm of the
bridge. The function of the sub-converters is of changeover switches that
connect the input through to the output of the converter either

o direct (valve pairs 1 and 2 conducting), or

e with reversed polarity (valve pairs 3 and 4 conducting),

e or it is prevented from reaching the output which is short-circuited (valve
pairs 1 and 4 or 3 and 2 conducting).

Depending on the mode of operation (boosting or bucking), the resultant output

voltage of the converter can be adjusted in 40 equal steps from zero to either
the positive or negative maximum value.
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The delta-star transformer gives the voltage E 90° out of phase with the system
line-neutral voltage V. The former is then injected, via the converter and
boosting transformer, into the line as a quadrature voltage Vs, which causes a
phase shift ¢ of the output voltage V' with respect to the input voltage V
(Figure 2.2). The direction of the phase shift depends upon whether the injected
quadrature voltage V; is leading or lagging of the system voltage V. The

converter controls the magnitude and lead-lag of the injected quadrature voltage

V..

g T— |
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Trn(r:os::rnnﬁer
Excitation . E | zl:):-vener
Transormer =11 n @ B
@ B YA
Z3
8 &8
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| I |
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l_l_l
SIS
727
g &

Converter

Figure 2.1 Single-phase representation of a typical CPS



Figure 2.2 Phasor diagram for one Figure 2.3 Symbolic representation
phase of the CPS of a CPS

Figure 2.4 shows the block diagram of the control system of one phase of a
CPS. The measured feedback signal(s) and system variables are fed into the
controller block and firing control circuits respectively. The controller block
determines the magnitude and lead-lag of the injected quadrature voltage V.
Based on the signal from the controller block, the firing control circuits generate
the gate pulses for the thyristor valves.

Feedback »| Controller |[g—— Parameter

Signal(s) Settings
Measurement l

System Firing Control

Variables \a Circuits —»> Gate Pulses

Figure 2.4 Block diagram for one phase of the CPS control system
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2.3 DYNAMIC POWER FLOW CONTROL

The function of a fast-acting phase shifter is to control the phase angle of line
end voltages in real time by injecting a continuously adjustable quadrature
voltage in the line. A phase shifter connected between nodes i and k with a
complex tap ratio 1: 1, e/ ® in series with its reactance jx can be represented by
the equivalent circuit, as shown in Figure 2.5.

Figure 2.5 Phase shifter equivalent circuit Figure 2.6 Phase diagram

I; and I, are the complex phase shifter currents at nodes i and k, ¥; and ¥
are the complex voltages at nodes i and k, and 17, is the virtual voltage behind

the series reactance. The phasor diagram of the phase shifter equivalent circuit
is shown in Figure 2.6.

From Figures 2.5 and 2.6, it can be shown that

v, =V;+7, @1
=ty eV,
=1+ jog)F;

where t,-k=\/l+a,2k is the tap ratio magnitude and ¢=tan'la,-k is the phase
shift angle. This means that the output voltage 17,' is equal to the input voltage
V; plus a voltage ¥ in quadrature with and proportional to the input voltage ¥;.
The constant of proportionality is o limited t0 —0x(min) SOk < Ujk(max). A
CPS is modelled by inserting a controllable quadrature voltage ¥V = jo, V; (its
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magnitude equal to ay ¥;) in the line. If V; is equal to the rated voltage (i.e.
V;=1.0 p.u.), the magnitude of the injected quadrature voltage would be
controlled by a.

Neglecting the power losses in the phase shifter and according to the energy
conservation law, the following equation holds

_— % _t %
Vil; =V, 1 22)
or
—%
- V, _
;= Vit i (2.3)
The current I; is
= V -V -
I, = ( - 2 =-I; 2.4)
Jjx
_ e’ G- V) _
Jjx
Substituting equations (2.1) and (2.4) into (2.3) gives
ii=tik -Jj¢ (tlke V Vk) (2.5)

_]X

_ g Vi—tye )
Jjx
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Considering equations (24) and (2.5), the following two-terminal network
equation in the matrix form can be obtained:

[j"lzi o tye S [VI} 26
I, | Jx —t,-ke”’ 1 Vi

The complex power at node i is given by

|
*

5 =71, @.7)
GBIV By o)
/ x
The real part of S; corresponds to
Vi t
Py = L0k Gin o, + ) 2.8)
Vi Vi

(sinB;; +a;; cos0)

where P is the controllable power flow through the line and 6; =9;-6,.
Since the output voltage phasor 17, can be moved with respect to the input
voltage phasor V; by inserting a controllable quadrature voltage phasor 7, (see

Figure 2.6), the phase shift angle ¢ can be adjusted and thus the transmitted
power P; can be controlled (see Equation 2.8).

Figure 2.7 shows a typical block representation of the controllers used for the
CPS. During steady state conditions, the main (power flow) controller uses
active power P, as the feedback signal. The measured power signal is
compared with the reference transfer power signal B, and the error signal Ae
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is generated. The magnitude of the injected quadrature voltage o is determined
based on the error signal Ae. Hence, the PI controller can dynamically regulate
the power flow across the device and then through the equipped line by forcing
and keeping the power error to zero.

Power Flow Control

Pret

re amx
+
P Measuring — Ae PI +
m Circuit Controller
+
a_.
min
AP — ol Measuring . Low Pass c
m Circuit Filter —= Compensator

Dynamic Stability Control

Figure 2.7 Typical control block diagram of a CPS

24 CONCEPTS ON SYSTEM DAMPING ENHANCEMENT

The idea of using a CPS to provide system damping is based on its capability
to modulate the power flow on the transmission line. It is generally assumed
that this power modulation can cause a corresponding variation of the torques of
the connected generators. If the prime movers of the generators have constant
torques, this assumption is obviously correct [69].

Consider the simple model of a single-machine infinite bus system with a CPS

shown in Figure 2.8. On the basis of this model, the additional damping
contributed by the CPS to the system is analysed.
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E /3 v/0

@ i ,il i I;ul:nite

CPS

Figure 2.8 Simple single-machine infinite bus system with a CPS

As shown in Section 2.3, the controllable power flow through the transmission
line is given by

P, = EVt
Xy

sin(d + ¢) (2.9

=ﬂ(sin6 +0.cosd)
XL

where E is the magnitude of the generator internal voltage, V is the magnitude
of the infinite bus voltage, X; is the transmission line reactance, ¢ is the tap
ratio magnitude, ¢ is the phase shift angle, o is the magnitude of injected
quadrature voltage, and & is the generator rotor angle (the power angle between
the generator internal voltage and the infinite bus voltage).

The dynamic behaviour of the system can be described by

2H d26
=5 =P, - P(a,8) (2.10)
0, dt

=B, —-E—V(sinS + 0 cosd)
XL

where H is the generator inertia constant, ©, is the rated system frequency, P,
is the mechanical power input to the generator, and P, is the electrical power

(controllable) transfer to the infinite bus. It is assumed that the mechanical
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power input P, remains constant during periods of CPS control action since the

response of the latter is high speed compared to the prime mover govemor.

For small disturbances, assuming constant mechanical power (P, = constant) and
expressing the change in electrical power P, in terms of the (controllable)
magnitude of the injected quadrature voltage o and the rotor angle & (refer to
Equation (2.9)), equation (2.10) can be written as [70]

2
2H d7(48)  OF %% p5 -0 @2.11)
©, dr? da 06

Inspection of equation (2.11) indicates that, if the magnitude of the injected
quadrature voltage is constant (o = constant and Aa =0), the rotor angle AS
would oscillate undamped with a frequency of

2 —= 2.12
2H 0% (212)

In order to provide damping, the magnitude of the injected quadrature voltage
must be varied as a function of the rate of change of the rotor angle d(Ad)/dt,
that is

d(Ad)
dt

Aa=K (2.13)

where K is a constant.

Rotor angle changes, of course, result in frequency and real power variations.
The usual suggestion has been that the variation of the system frequency or the
transmitted real power is measured and used as the feedback signal for the CPS
controller. A typical damping control scheme that utilizes an additional
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stabilizing loop in the CPS control system is shown in Figure 2.7. The
auxiliary (dynamic stability) controller uses line power deviation AP, as the
feedback signal. The signal is passed through a measuring circuit, a low pass
filter, and then its phase shift is adjusted by the compensator to produce the
required o to modulate the line power flow so as to aid system damping.

In this study, a control strategy that utilizes line power deviation feedback and a
CPS to continuously modulate the line power flow by injecting a controllable
quadrature voltage in the system is adopted. The control policies are

i) During periods when the generator is accelerating (i.e. detecting that
dd/dt > 0), the phase shift angle ¢ is made more positive (refer to
Equation 2.9) thus increasing the line power transfer in order to
compensate for the excess mechanical power and thereby to oppose the
acceleration of the generator.

(il)  Similarly, during periods when the generator is decelerating (i.e.
detecting that dd/dt < 0), the phase shift angle ¢ is made smaller (or
negative) (refer to Equation 2.9) thus decreasing the line power transfer
in order to cater for a decrease in mechanical power and thereby to
oppose the deceleration of the generator.

Control action of this nature (i.e. the phase shift angle ¢ swings between its

positive and negative ranges) will inherently damp rotor oscillations and thus
reduce the risk of dynamic instability.
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CHAPTER THREE

POWER SYSTEM MODELLING

3.1 INTRODUCTION

The aim here in modelling a power system is to provide a facility with which
the performance of the system can be evaluated and to provide a basis from
which controllers can be designed. For more than 30 years, many methods [71-
80] have been proposed to represent the synchronous machines with their
associated controls, the power network and the loads.

Eigenvalue analysis in the frequency domain, using modal techniques [81], has
been widely employed for the study of inter-area oscillations and the design of
controls to aid in the damping of these oscillations. This technique [82, 83] can
show

(i) All modes clearly separated and identified by the eigenvalues.

(ii) The eigenvalue associated with each mode giving the characteristic
frequency and the damping factor.

(ili) The mode shapes, participation factors, mode controllability and
eigenvalue sensitivities, which are useful for control design.

For the analysis and control of inter-area oscillations, a linearized model of an
interconnected system with CPS is developed by using small signal linearization
around a nominal operating point. This model is convenient for the evaluation
of system dynamic performance and stability studies when conventional forms of
control are utilized and it also enables new forms of controllers to be developed
using concepts of modern control theory.

Non-linear time domain simulations, using the implicit trapezoidal integration

method, are utilized to verify the results obtained by eigenvalue analysis. The
implicit trapezoidal method of integration has been recognized as being very
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powerful for solving the differential equations due to its speed, numerical
stability, accuracy and ease of implementation [84].

3.2 POWER SYSTEM REPRESENTATION

A linearized state-space model of an interconnected multimachine system is
developed to analyze the dynamic interactions of its various components across
the interconnected network. The model includes a detailed description of the
synchronous machines with their excitation and govemor controls, the CPS, the
static and dynamic loads, and the interconnected network. It also considers the
representation of synchronous machines and CPS as dynamic subsystems which
interact with one another through the interconnected network (see Figure 3.1).
The nature of interaction between dynamic subsystems is used to describe the
impact of CPS on system damping enhancement [85]. In the development of
this model, emphasis is placed on the systematic formulation of the complex
interconnected system model from the basic subsystem equations.

Machine 1 @#- } (Z; I CPS 1
INTERCONNECTED

Machine 2 | l §5' ’

achine O_I_ TRANSMISSION CPs 2

NETWORK

Machine n @-}._ % CPS p

Figure 3.1 Power system configuration showing two main subsystems
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For this dynamic stability study, machine stator, CPS and network transients are
neglected. The entire interconnected system can be represented by a set of
differential equations together with a set of algebraic equations [86]

X=f(x,y,u) 3.1

0=g(x,y,u) (3-2)

where x is a vector of state variables, y is a vector of algebraic variables and
u is the control input vector. Small signal stability analysis involves the
linearization of equations (3.1) and (3.2) around a system operating point

Ax Jl Jz Ax B]
[ 0 ]=[J3 J4] [Ay] * [BZ]A“ (3.3)

where J;, J5, J3 and J, are submatrices of the Jacobian matrix. The linearized
dynamic system can be obtained by eliminating the vector of algebraic variables
Ay in equation (3.3)

Ax=AAx+BAu B4

where 4=J,-J,J I J; and B=B,-J, J4'l B;. When no phase shifting action
of a CPS is considered (Au=0), A represents the open-loop system state
matrix, whose eigenvalues determine the stability of the non-linear system.
When a CPS design is to be considered, the input vector is given by the CPS
control variable to modulate the line power flow in order to enhance system
damping. The phase shift angle ¢ of the CPS is taken as a control variable.
In order to include the dynamic of the CPS in the controller design, the change
in the phase shift angle A¢ is also considered as a state variable. For low
frequency oscillation studies, matrix A is real-valued, non-symmetric and exhibits
some degree of sparsity [86]. Matrix B defines the impact of phase shifting
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action on the generator states, and depends on (i) CPS location, (ii) CPS size,
(iii) system operating conditions. The state and input vectors in equation (3.4)
are given by

T T T r T _T T YERY
X =[Xgl,Xg2seeus Xgiserns Xgns Xels Xe2 e nens Xeinerees X p ] (3.5)

U=[c10c2- - bcinerrnbep)” (3.6)

The vectors xz; and x.; include the state variables of the i-th machine and i-th

CPS respectively. The element ¢,; of the input vector u represents the control
variable of the i-th CPS.

3.2.1 FREE RESPONSE, MODE SHAPE AND EIGENVECTORS

The free motion (with zero input) is given by the reduced state equation (3.4):
Ax=AAx 3.7)

The nature of the free motion of the system described by equation (3.7)
following a disturbance can be described in terms of the eigenvalues, and the
right and left eigenvectors of the system matrix 4 [87]. It is well-known [87]
that if 4 has N distinct eigenvalues A; (i=1,2,.....,N), then equation (3.7) has

a solution of the form

Noa
x(t)=Xe ifv; w;x(0) (3.8)

i=1

where A; is the i-th eigenvalue
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v; is the i-th right eigenvector of the system matrix 4 satisfying

Av,-=7»,~v,~ (39)

w; is the i-th left eigenvector of the system matrix A4 satisfying

wiA=2.iwi (3.10)

Equation (3.8) clearly shows that the free motion time response of the system
governed by equation (3.7) is a linear combination of N functions of the form
erity ; (i=12,.....;,N) which describe the N natural modes of the system.
Thus, the "shape" of a mode is described by its associated right eigenvector v,
and its time domain characteristics by its associated eigenvalue A;. Mode shape
analysis is useful in identifying the machines involved in a particular oscillation
mode.

32.2 PARTICIPATION FACTORS

In [88] a dimensionless measure of state variable participation in a mode i is
obtained by examining the right eigenvector v; and the associated left
eigenvector w;. The participation of the k-th state variable x; in the i-th mode
can be measured through its "participation factor"

Pri=viiwgi (3.11)

where v;; and wy; are the k-th elements of v; and w;. Participation factors

are used to determine the degree of participation of various machines in a
particular mode of oscillation as well as to identify the optimum site for a CPS.
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3.2.3 DAMPING RATIO

For a complex pair of eigenvalues

7\.1,2=(xij(0 (3.12)

the real component a of the eigenvalues gives the damping, and the imaginary
component ® gives the frequency of oscillations in rad/s. The damped
frequency of oscillation in Hz is given by

0)
=— 3.13
=5 (3.13)
The damping ratio is given by
-a
= rm=—— (3.14)
o+

The damping ratio { determines the rate of decay of the amplitude of the
oscillation. The time constant of amplitude decay is 1/|a|- It is known [89]
that if

£>0.25, the system is well damped

£=0.1, the system is damped

£<0.03, the system is weakly damped

£<0, the system is unstable
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3.3 SYNCHRONOUS MACHINE MODEL

Each synchronous machine is represented by a subtransient fifth-order model.
This model uses the two-axis theory based on Park's transformation [90, 91], in
which the three phase windings on the stator are replaced by two armature phase
windings, one D winding on the d-axis and one Q winding on the g-axis. The
machine rotor circuit is modelled by one field winding F and one damper
winding KD on the d-axis and one damper winding KQ on the q-axis. This is
represented diagrammatically in Figure 3.2. In this model, machine saturation
and stator transients are ignored.

q-axis

(=)
A
VvV

>
>

KD F

Figure 3.2 d-q axis synchronous machine model
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Electrical Equations

To account for changes in rotor flux linkages due to changes in machine or
network operation, three rotor differential equations expressed in a d-q reference

frame rotating with its own rotor are used [92]:

dE' 1
q ’ ’
=—(Eyuy~(Xg=-X'2)Ig-E 3.15
T T’do( fd~(Xa=X'g)g-E") (3.15)
dE” 1
q ! ’ " ”
= E' (X' 4-X"p)1Iy-E 3.16
’r T"do( g (X'a d)la ") (3.16)
dE"d 1 " ”
— L= (X~ X" g~ E" ) (3.17)

qo

Mechanical Equations

To describe the rotational dynamics of the synchronous machine, two first-order

differential equations are used [18]:

do 1

—=—1I|[P, -P. - D(o -1 3.18
T 2H[m >~ D(0-1)] (3.18)
dad

—=(n -1 3.19
i (0 -1o, (3.19)

where
P=E"417 + E"qlq (3.20)

In this analysis, the machine damping coefficient D is set to zero. It is always
small and setting it to zero gives marginally pessimistic results.
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As stator transients are neglected, the synchronous machine is further
characterized by two stator algebraic equations which are coupled to the network

equations
E"g-Va=Ry1lg-X"41, (3.21)

E"y~Vy=Ry Iy + X" 41y (3.22)

or in the matrix form

I R, X" ([E"4] [V
) R xr x| -X"a R J|[E7 ][V

The network is described by a D-Q reference frame which is assumed to rotate

at synchronous speed [18]. In order to couple each synchronous machine to the
network, the machine stator currents and voltages (Equation (3.23)) expressed in
its own machine (d-q) reference frame must be transformed into the network (D-
Q) reference frame. The relationship between the individual machine (d-q)
reference frame and the network (D-Q) reference frame, as shown in Figure 3.3,
is adopted [93].

Figure 3.3 Reference frame transformation
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From Figure 3.3, the components of voltages and currents of each synchronous
machine can be referred to the network reference frame by using the following

transformation
Va _ co.s & sindl||¥Vp (3.24)
Vq -sind cosd || Vp
and
1 0sd ind ||/
d|_|[¢ -s sin D (3.25)
1, -sind cosd || Ip

and the inverse transformation

Vp cosd -sind || Vg
oo 1= (3.26)
0 sind cosd ||V,
and

Ip _[cosd —sind]| g 397
Ig “|sind  coss 1, (3-27)
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The general structure of the complete power system model is shown in Figure

3.4.

The stator equations of each synchronous machine, transformed into the

network reference frame, are coupled to the equations of the network, loads and

other dynamic devices.

DIFFERENTIAL EQUATIONS -———
(Individual Machine Reference Frame: d-q)

(Network Reference Frame: D-Q)

Figure 3.4 Structure of the complete power system model

Excitation | p Machine Rotor L Oth
1d . o — Qther
System ||  Electrical Transmission | : Machines
Equations Equations Network
Equations .
V.,V —— Induction
s"“f" _M_. Including | Motors
P Equations Ip lQ Static Loads
Speed- | — =g Machine Rotor | Other
Governor Mechanical L_ Dynamic
Equations f@——  Equations Devices,
@ e.g., CPS,
—— ALGEBRAIC EQUATIONS sve

As the differential equations governing the machine dynamics are non-linear, they

are linearized about an operating point for the study of small disturbances.

The

synchronous machine dynamic behaviour is represented by a hybrid model in
which the flux linkage voltages are taken as state variables [94] while the
terminal axis voltages representing interaction with the network are taken as

algebraic variables. This can be written compactly as [95]

Aig= [Ag]Axg+ [CLlAY, (3.28)

where
Axg is the generator state vector

AV, is the vector of terminal voltage deviations in the network D-Q

reference frame
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Matrices [4,] and [C,] are block-diagonal and numerically dependent on the

system operating point and on the synchronous machine parameters. Matrix
[4g] also conveys information about the excitation system [4.] and speed-

governing system [4;,] models and settings. In a multimachine system, Axg,
AV, [Ag] and [C g] as defined in equation (3.28) are

Axg =[Ax;,Axgz,....,Ax;.,....,AxT 4 (3.29)

where

i=(1,2,...... ,n) represents the i-th generator of a power system having n
generators

T
T T T
Axg,-=[Ax gi Ax . Ax ]

g egi sgi
- ’ ” ” T
with Axgg,-=[AE gi AE"4; AE" g; Aw; A8,~] = generator states

T
Axegi=[AE1i AE;........ AEfdi] = exciter states

T
A xsgi=[ASi AP,m-] = speed-governor states

T
_ T T T T
AVe=[aVEAVE,..AVE,.aV] ] (3.30)

where

T
AVgi=[AVgpi AVeqil
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[4g]=diag (4, A Agi.....- Agn] (3.31)

where
A ggi 0 0
Agi = 0 Aegi 0
0 0 Asg,-
and
[Cg] = diag [Cgl ng ...... Cg,- ...... Cg,,] (3.32)
where
ngi
Cgi= Cegi
0

It is seen from equation (3.23) that the generator axis currents can be expressed
as a function of generator states and terminal voltages. For a multimachine
system the interface generator-network equations in linearized form are

Aly=[W,1Axg+ [N,]AV, (3.33)

where I = [131, 00, s g Ign)” (and Ig; = (Igp; Ig0i17) is the vector of
generator current injections into the network. [W,] and [N,] are block-diagonal

matrices whose structure is dependent on the system operating point and the
machine model (see Appendix A.1).
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34 EXCITATION SYSTEM MODELS

Three types of exciters are considered in order to study their effects on inter-
area oscillations:

-Manually controlled exciters
-Fast-acting exciters
-Slow-acting exciters

The block diagrams of the exciter models are shown in Figure 3.5 [79]. Only

the effect of varying the voltage regulator gain was investigated. Other special
controls, such as power system stabilizers, were not considered.

E

Vref Output Exciter fd max
Er4 E E Amplifier E Converter E Regulation
1 2 3 4 5| Kg(1+sT,
V> Gy - 1+5Ty G, + G, G, gll+sTg) E,
14T I+sT 1+sT, A 1+sT, 1+sT, 1+sKoTg
Voltage Phase Amplifier
Transformer Advance Efd !
min
Eg Kr(lﬂTJ)
1+sTy
Feedback
Amplifier

Figure 3.5a Fast-acting exciter model

The differential equations describing the fast-acting exciter dynamics are given by

- G 1
Ei=—LV, -—E 3.34

=—(1- )Vn,f———(l- )E,-TizEz (3.35)

(3.36)




By =

Es=

Eg=

Efim

Gt
l+STt

Voltage
Transformer

G, 1 G, I3 G
O F. - —FE,-K;—2"2E:-——2F (3.37
T, 37T, "4 fToT45To6 )
g"— E4 - i Eg (3.38)
T, T,
K
—f(l—ﬁ)E5—LE6 (3.39)
T T Ty
. G 1 1 1
Ep=—<E +(——-—)E< - E 3.40
s =74 (Tg Tc) 5 K, T, fd (3.40)
ax ZEfd ZEfd min (3.41)
Veef Output Efd max
. Amplifier
2 > Ca RAIG . Go »E
1+sT, N\ 14T, J fd
Amplifier
E£d min
E3 sK¢
1+sT¢
Feedback
Amplifier

Figure 3.5b Slow-acting exciter model

The differential equations describing the slow-acting exciter dynamics are given

by

G 1
E=2ty,-—E
. G G 1
Ey="tVr -7t Ei- B
a a a
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. 1 K
Ey=-—E +~LEy (3.44)

f T,
: G G 1 G, Ky
Ep=—CF, +22F ——(1 E 3.45
=T 2+T0 3 To( + YE 4 (3.45)
Efimax 2 Efg 2 E 4 min (3.46)

The linearized state model of the excitation system for the i-th machine can be

written as

AXpgi=[AggilA Xegi + [Cogil AVgi (3.47)
where
Axpgi=[AE); AEy; AEy; AEy AEs; AEg; AEg;] = fast-exciter states

=[AE;; AEy; AE3; AEg;] = slow-exciter states

T
AV, =[A VeDi AVgQ,-] = terminal voltage deviations

Matrix [A,4;] is block-diagonal and its order and structure depend on the exciter
model and control parameters while matrix [C,g;] is a function of the initial
terminal voltage. The elements of matrices [A4,;] and [C,,;] are given in

Appendix A.2.
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3.5 SPEED-GOVERNING SYSTEM MODEL

Speed-governing systems normally do not have a very significant effect on inter-
area oscillations [18]. However, if they are not properly tuned, they may
decrease damping of the oscillations. Hence the governor model used in this
study is a simplified second order representation as shown in Figure 3.6.

Specified

Power

0O, Ps

- +
- S 1+sT
o —{ > —L )3 1 > 3 » P

R 1+sT, 14sT,
Regulation Governor/ Reheater

Turbine
Figure 3.6 Speed-governor model

The differential equations describing the speed-governor dynamics are given by

S=—P-—0+—0,- —S§ (3.48)

-5 P, - L, B mo+l(1—5)s-ip,,, (3.49)
nnL ° LhLhR NLNLR L 5 T

The linearized state model of the speed-govermning system for the i-th machine
can be written as

AXggi= [Asgi] Axgp; (3.50)
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where

Axsj=[AS; APy;] = speed-governor states

Matrix [4,g;] is a block-diagonal and its order and structure depend on the
speed-governor model and control parameters. The elements of the matrix [A4 ]

are given in Appendix A.3.

3.6 COMPENSATION-BASED CONTROLLABLE PHASE SHIFTER
MODEL

A phase shifter changes the bus admittance matrix [}3,;] to an unsymmetrical
matrix which is a function of the phase shift angle ¢ (see Equation (2.6)). The
asymmetry of the [Y;,,] has the disadvantage that a constant factorized [Yp,]
cannot be repeatedly used when the phase shift angle is changeable in the
process of power flow and transient stability calculations. For this reason, a
compensation-based phase shifter model is developed to avoid using the
unsymmetrical [Y;,;].  With the addition of different control systems, the
combined model can be used for steady state, eigenvalue and transient stability
studies. So far, to the best of author's knowledge, the compensation-based phase
shifter model has only been applied to power flow studies by Han [51],
Noroozian and Andersson [53], and Taranto, Pinto and Pereira [96]. The
compensation-based phase shifter model developed in this research has been
extended to the eigenvalue analysis and transient stability computation. The
accuracy of the model developed is verified by comparing the results obtained
from eigenvalue analysis with those from time domain simulations.

A systematic approach for mathematical modelling of a compensation-based CPS
is described below. The structure of the dynamic representation of the CPS
follows that of synchronous machines. Each CPS is represented by a set of
differential and algebraic equations which are expressed as a function of CPS
states and terminal bus voltages. Referring to Figure 2.1, the main assumptions
for developing the model are that [57]

(1) the three-phase thyristor circuits work in a balanced condition;
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) the switching control of the thyristors is continuous;

(3)  the harmonics due to the thyristor switching and the filter circuits
in the CPS are neglected.

As discussed in Section 2.3, the effect of a phase shifter connected between
nodes i and k with a complex tap ratio 1:¢; e/® in series with its reactance
Jx can be represented by an equivalent circuit as shown in Figure 3.7.

V
Le —> s jx VckLek
bl | -
1: t e”’ I Ik\

Figure 3.7 Phase shifter equivalent circuit

I; and J; are the complex phase shifter currents at nodes i and k, ¥,; and ¥

are the complex voltages at nodes i and %, and 17, is the virtual voltage behind
the series reactance.

From Figure 3.7, it can be shown that

V=V + 7, (3.51)
=ty eV

=(1+ joy )V,

27 -jé i
= _(t,-k Vei=tike ]¢Vck)
Jjx

(3.52)

(T —t3e4 7))
JARRALEL AR (3.53)
_]x
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where 1 =\/1+a,2k is the tap ratio magnitude, ¢=tan_1a,k is the phase shift

angle limited to £20° and is taken as the control variable.

The phase shifter represented by its reactance jx and the unit giving phase
shifting action shown in Figure 3.7 can be reduced to the form shown in Figure
3.8.

Vil ®; , Ykl Ok
X I
— -
Iii Ik

Figure 3.8 Representation of a phase shifter in the transmission network

the nodal currents I;; and I;; at nodes i and k are

Vei = Ve

: (3.54)
Jjx

i

Ipg=-1Ip; (3.55)

Compensation-Based Phase Shifter Model

As shown in Figure 3.9, the phase shifter is modelled as a fixed reactance jx,
that of the phase shifter itself, with additional compensation currents I.; and I

injected at nodes i and k to ensure the equivalent condition.  Thus the
symmetry property of the [¥},,] is maintained.
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I

- —

Figure 3.9 Equivalent circuit of a compensation-based phase shifter model

n=-

The compensation currents I.; and I are given by

Li=Ii-1 (3.56)

Ik =1k -1 (3.57)

Vek = Vi _ Vek ik e’? Vei)
Jjx Jx

3.6.1 STEADY-STATE POWER FLOW STUDIES

For steady-state power flow studies, the effect of a phase shifter is equivalent to
the injection of complex powers S,; and S,; at nodes i and %

Sci=Veil; (3.58)
=Pei+jQci

p— —_— .

Sck=Var L, (3.59)
=P+ jOck
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Since

o =tand

and

then
t2 =1+tan? ¢ (3.60)

Putting ¢ =1/cos¢ from equation (3.60), the real and reactive injected powers at
nodes i and k are derived as

P, __FeiVek tan ¢ cosO (3.61)
0.i=- VC"ch" tan ¢ sin -étanz 0 (3.62)
Py = VC"xVC" tan ¢ cos0 (3.63)
0.4 =~ Vc’ch" tan ¢ sin 0 (3.64)

where 0, =0,-0,. The phase shifter power injection model shown in Figure

3.10 can be incorporated in a load flow program. See [51, 53] for further
details.

Vei L 6; . ekl Ok

JX
-

_@ S Sy @_

Figure 3.10 Phase shifter power injection model
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3.6.2 DYNAMIC STABILITY STUDIES

For dynamic stability studies, the compensation currents I,; and I, and the

nodal voltages 7,; and V,; corresponding to the phase shifter are expressed in

the network D-Q reference frame to couple with other components through the
network as

Iei=1Icpi+Jjlegi (3.65)
Iy =I.pk +Jjl.ok (3.66)
Vei=Vepi+JVegi (3.67)
Vek =Vepk +Veox (3.68)

Substituting equations (3.65), (3.66), (3.67), (3.68) and (3.60) into equations
(3.56) and (3.57), the algebraic equations (3.69) through (3.72) of the
compensation-based phase shifter model are obtained as

tan’¢ , _tan¢

I.pi=- cQi -—x—Vch (3.69)
tan® ¢ tan ¢

Ich =—VcDi_'T cQk (2.70)
tan

lepi =222V, 5, 1)
tan

Lok =227, a1

The compensation-based CPS model for power flow, small signal and large
signal studies is formed by adding different control systems to the basic phase
shifter model as shown in Figure 3.11.
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INTERCONNECTED POWER

SYSTEM
—
Pi jx
() ] I
C—/ I ci I ck —>
Bus i Bus k
et Phase Shifter | ¢
Model
Powerflow
P.,,;—1 Controller
Circuit
Damping
APik—> Controller |
Circuit
Py = tie-line active power

Figure 3.11 Functional block diagram of the CPS with tie-line power feedback

Figure 3.12 shows a block representation of the transfer function of the
controllers used for the CPS. During steady-state conditions (the damping
controller is inactive), a PI controller is used to regulate the power flow through
the tie line containing the CPS. The magnitude of the phase shift ¢ is
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determined by an error signal Ae which compares the measured power signal
Py, with the reference transfer power signal F,.r.

Powerflow Controller

P

ref
* A
1 - e K Ki
P>+, P,
Power PI Controller
Transducer

¢ ¢, €3 €4
AP.*;_’ STw . Kg _._lﬂ__’ﬂ.

ik 1+sT, 1+sTy 1+5T, 1+sTy 1+sT4
Power Reset Filter Low Pass Compensator 1 Compensator 2
Transducer Filter

Damping Controller

Figure 3.12 Control system diagram of the CPS

However, under dynamic or transient disturbance conditions, the steady-state
powerflow controller is inhibited. The damping controller utilizes tie-line power
deviation A P; as the feedback control signal. The signal is passed through a
power transducer, a reset filter, a low pass filter, and then its required phase
shift is provided by two lead-lag stages of phase compensation. The function of
the reset filter is to ensure that the CPS controller will not respond to any DC
offset or very low frequencies below 0.2 Hz and an appropriate setting of 10
seconds is chosen for Tw. The response of the CPS to a phase angle

modulation command is represented by a first order system (low pass filter)
characterized by a gain K, and a time constant 7. The amount of phase shift
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¢ required for modulating tie-line power flow to provide inter-area oscillation
damping is dynamically controlled by the feedback control signal A Py.

The CPS damping controller is represented by five state variables: G, G, Cj,
Cs and ¢. The differential equations describing the CPS dynamics, after some
manipulations, are given by

1 1

C=——2P, ——C 3.73
== fk-7-G (3.73)
G =Lco-Lc (3.74)
. K K

G=22c-22c,-Lg (3.75)

Tg Tg Tg

. T, 1

Cy=—(1-LHo-—C 3.76
4 Tz( Tz) 3 5 4 (3.76)

KeRT . KT

¢_Tg LT, ' T,hi
L1, L, 15, T 1, T 1
F -2+ =2 1-G+ —(1-2)C4 - — 3.77
[T2T4( Tg) T2T4( Tz)]3 T4( T2)4 T4¢ (3.77)

The dynamic behaviour of the CPS subsystem is obtained from the dynamic
model described by equations (3.73) through (3.77) and expressed as (see
Appendix B)

Ax,=[AJAx.+ [C.]AV. + [B|]Au, (3.78)
where

Ax, = [Axg,szz,....,Ax‘?}....,Achp]T is the CPS state vector

with Ax.; = [AC); ACy; AC;; ACy; Ad;]7 = the i-th CPS states
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T
AV, = [A ch,A VCE,....A Vg,-',....,A VS,] is the vector of CPS terminal bus

voltage deviations

T
with AV,;=[AV.ip; AVeigi AVeipk AVeigr] = the i-th CPS

terminal bus voltage deviations

Au, = [A¢1,A¢2,....,A¢,-,....A¢,-p]T is the CPS control input vector

with A¢; = the i-th CPS control input variable
[Ac]=diag [Acl Acz ...... Aci ...... Acp]

[C.)=diag [Ccy CepeevonCojune-Cop]

Matrix [4.] is a function of the control parameters of the CPS stabilizing control

loop representation, while matrix [C.] is mainly dependent on the initial
terminal bus voltages. They are block-diagonal matrices and their order and

structure depend on the control strategy and the details of the modelling. Matrix
[B;] establishes the appropriate connection with the control input vector u,.

Interaction with the network is a second aspect to be addressed in modelling
CPS. A CPS is seen from the network as a continuously variable phase shift
angle. The varying phase shifting action can be represented by the differential
equation (3.77) and transferred to the network through the algebraic equations
(3.69) through (3.72) (see Figure 3.11).

For low frequency oscillation studies the transient representation of the CPS is
normally neglected, thus matching with the steady-state network representation.

As a consequence, the steady-state interface CPS-network equations in linearized
form are represented as

AL =[W]Ax.+ [N]AV, + [By] Au, (3.79)
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where

Ic=[1{1,15,....,15,....,IZP]T is the vector of CPS compensation current

injections into the network
with Iei=[Lipi IciQi IciDk IciQk] = the i-th CPS

compensation injected currents at terminal buses i and k.

[W.] and [N.] are block-diagonal matrices whose structure depends mainly on

the system operating point. Matrix [B,] is an appropriate connection matrix
with the control input vector u,. (see Appendix B).

3.6.3 TRANSIENT STABILITY STUDIES

The compensation based CPS model can easily be included in a time simulation
program. Since the behaviour of the interconnected network is described by

Tg| |Yeg Yoo Yor||Ve
I |= ch Yo Yy||Ve (3.80)
_Od _Y}g Y YII_J _Vld
or
[1]=[Ysus)[V] (3.81)
where
Ig,I, = are the vectors of injected currents into the network due to

generators and CPS. Since loads are represented by constant
impedances, the injected currents due to these loads are set to
zero
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[Ypus] is the bus admittance matrix which denotes interaction between

generators and CPS through the interconnected network

Vg:Ve Vi = are the vectors of nodal voltages at generator, CPS and load

buses

then the impact of the phase shifting action on the generators can be simulated
by the injection of compensation currents into the network with no modification
of the [Y;,s] required at each iteration.

3.7 LOAD MODELS

It is well accepted that load characteristics have a significant effect on system
stability. Load dynamics are of growing importance to the studies of small-
disturbed oscillations in power systems [97, 98]. If the load representation is
not of sufficient accuracy, the study results will not correspond to the actual
response of the load. This will affect the assessment of system stability [99].

The load models are classified into two categories: static models and dynamic
models.

3.7.1 STATIC LOAD MODELS

Since bus voltage and frequency are not constant during system disturbances and
oscillations, the method in which bus loads are modelled can affect the study
results. In stability studies, the change in load due to frequency is generally
negligible compared to the effects due to voltage. Neglecting frequency, the
active and reactive bus load can be represented by the exponential model [18,
80]:

v, \*
P =P [;L] (3.82)



)
0L=0; (V_I:’) (3.83)
L

where P; and Q; are the active and reactive powers supplied to the static load
when the bus voltage magnitude is ¥z, P/, Q; and V] are the values at the
initial operating condition, and the exponents K, and K, are constants whose

values depend on the nature of the load.

In this study, three types of static load models are considered:

(1) Constant impedance (Kp. Ky = 2)
(2) Constant current (Kp, Ky = 1)
(3) Constant power (Kp.Kg = 0)

In terms of the network admittance model, loads are modelled as current sources
(or sinks):

_ , S,
Iy =Iip+jlig==% (3.84)
Vi
__P-jor
Vip-JV1o
__P-jo [Vip*iVig
Vio-JiVip \Vip +JiVig

where S = Pp+jQ; is the complex power and ¥, =V;p + jV ¢ is the complex

voltage with its magnitude ¥ =V, +¥/, at the load bus.

The components of the currents I; in equation (3.84) can be expressed as
I P V
LD =_%[ L QL] LD (3.85)
ILo| vil-QL B ][0
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By linearizing equation (3.85) and taking into account equations (3.82) and
(3.83), it can be shown that each bus load can be represented, in the network
D-Q reference frame, as follows:

N Iy 8lp]
LD\ lov,y, oV
LD Lo [ A VLD]

AV (3.86)

Ll fovyp arg

_ NLll NLIZ AVLD
N2t Np22|| AV

where the admittance coefficients of the matrix [N;] are well documented in
literature [80] and can be found in Appendix C.1.

3.7.2 DYNAMIC LOAD MODEL

A third-order model is used to represent each dynamic induction motor load. In
this representation stator flux dynamics are normally neglected due to the small
time constants. In inter-area oscillation studies, it is necessary to include rotor
flux dynamics in order to account for any magnetizing effects in the motor as
the terminal voltage changes. Therefore, the induction motor model used is as
follows [100]:

Electrical Equations

To account for changes in rotor flux dynamics, two rotor differential equations
expressed in the network D-Q reference frame are used:

dE,p
dt

(Epp +(X, = X))
T!

o

=(°oSE;nQ - (3.87)
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dE, Epo-(X,-X")1
mQ =-0,SELp _( mQ (X, ) mp) (3.88)
dt T;
where
X, =X, + Xy, (3.89)
X' = X+ 22 Xm_ (3.90)
X2+Xm
1;=X24Xn (3.91)
moRZ

Mechanical Equation

Assuming negligible windage and friction losses and smooth mechanical shaft

power, the equation of motion is:

ds T,-T,
=m” e 3.92
dt  2H (392)
where
Tn=T°(1+bS +cS?%) (3.93)
E'pl,p+E ol
Te — mD ‘mD mQ fmQ (3.94)

®,

As stator transients are neglected, the induction motor is further characterized by
two stator algebraic equations which are coupled to the network equations

VD = Emp = Ry Iyp — X' g (3.95)

VmQ - E;nQ = R] ImQ + X' ImD (3.96)
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or in the matrix form

’

[ Imo] N Ry  X'|[|VmD mD
=
R} Vmo mQ

- (3.97)
Imo +X?| xRy

By linearizing equations (3.87), (3.88) and (3.92) and taking into account
equations (3.97), (3.93) and (3.94), the following state model is obtained:

Axp=[A4,]Ax,+ [C,]AV, (3.98)
where

_ T T T T T . : :
Axm—[Axml,Axmz,....,Axmi,....,Axmq] is the induction motor state

vector

with Ax,;=[AE,p; AEg,p; AS;]T= the i-th induction motor

states
T AT T ri’ . L
AV, = [Ale,Asz,....AVmi,....,Aqu] is the vector of induction motor

terminal voltage deviations

T
with AV, = [A VinDi AVimo ,-] = the i-th induction motor terminal

voltage deviations
[4p]=diag [Apm Am2--Amioeoe Amg)

[Cm]= diag [le sz ...... Cmi ...... Cmq]

Matrices [4,,] and [C,] are block-diagonal and numerically dependent on the

system operating point and on the induction motor parameters (see Appendix
C.2).
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Upon linearization of equations (3.97), the interface between motor and network
equations are represented by

Aly=[Wy]Axpy+ [NylAV, (3.99)

where 1,,,=[I;l,1;2,....,];,.,....,1;(]]T (and Ip,; = [1,p; Iin]T) is the vector

of induction motor current injections into the network. [W,,] and [N,] are
block-diagonal matrices whose structure is dependent on the system operating
point and the induction motor model (see Appendix C.2).

The final load model considered for inter-area oscillations is a combination of
static and dynamic models.

3.8 NETWORK REPRESENTATION

Static equipment is represented by lumped equivalent m parameters independent
of changes in the generation/demand balance and frequency. Transmission lines
and transformers are usually in this category. Even if a line is considered as
short, its m equivalent is used. This is done so that it can consume or generate
reactive power [101].

An appropriate network representation is necessary for the precise evaluation of
the system dynamic performance and the tuning of damping controllers.
According to the aim of the study and the accuracy requirement, two modelling
practices are in common use in simulation programs [95]:

(1) Instantaneous formulation

(2) Phasor formulation

In instantaneous formulation balanced three-phase quantities are transformed to an
arbitrary D-Q reference frame by application of Park's transformation [20]. This

approach allows for each electrical energy-storage element to be initially
represented in network coordinates by its corresponding differential equation from

69



where circuit theory considerations applied to the network model determine the
necessary number of state variables for the overall system state representation.
Such a procedure can be applied to each network element including loads and
series and shunt compensation. Loads present a particular problem as the
instantaneous formulation does not match with the usual representation of voltage
and frequency dependency characteristics.

Practical considerations concerning the dimension of the model have often limited
the use of the instantaneous formulation in large systems. Because network
transients decay rapidly and do not affect the damping of electromechanical
oscillation modes they are not usually considered when evaluating inter-area
oscillation studies.

In phasor formulation the network is described here by lumped-parameter 7-
equivalent circuits in which synchronous machines, controllable phase shifters and
dynamic loads are seen as two-axis current sources (or sinks) expressed in the
network D-Q reference frame. Thus the nodal balance equations, after
linearization, can be expressed in terms of the bus admittance matrix as

Alg Yoo Yoo Yom||AV
Al | = Yg Yoo Yem||AV: (3.100)
Al Yug Yme Yom||AVm
or
[A1]) = [¥us] [A7] (3.101)
where

Ig,I.,1, = are the vectors of injected currents into the network due to

generators, CPS and induction motor loads

[Y3us] = is the network bus admittance matrix

Vg:VesViy = are the vectors of nodal voltages at generator, CPS and

induction motor load buses
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Here the submatrices of the [Y;,.] in equation (3.100) denote interaction among
the different dynamic components (generators, CPS and induction motor loads)
through the network. Matrix [Yp,,] is symmetric and is composed of 2 X2 sub-
blocks given by [102]

[Y,-j] = (3.102)

where G;; and Bj are, respectively, the conductance and susceptance linking

busbars i and j.

39 COMPLETE MODEL OF THE INTERCONNECTED SYSTEM

A system of linearized state equations characterized by a network interconnecting
n generating units, p controllable phase shifters and g induction motor loads can
be obtained by combining equations (3.28), (3.78) and (3.98)

Aig] [4g 0 07[Axg] [C, 0 07[av,] [0
aic|={ 0 4. o |lax |+|0 . o |lav, |+|B |[a4] (3.103)
Axu| L0 0 4,|lax,] |0 0 CullaVa] |0
or
Ai=[J]Aax + [];]aV + [B]Au (3.104)
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Analogously, the interface subsystem-network equations, obtained by combining
equations (3.33), (3.79) and (3.99), can be arranged as follows

A1 [Wg 0 07[Axg] [Ng 0 o07[AaV,] [0
Al |=| 0 W, 0 ||Ax.|+| 0 N, 0 [[AV, |+|By|[Au] (3.105)
Al, 0 0 W,|lax, 0 0 N,|[AVm] | O

By substituting equation (3.100) into equation (3.105), the following relationship
can be obtained

0] [-Wy, 0 0 ([Ax] |Ype-Ng Yo Yem |[AV 0
Oj=| 0 W, 0 [[Ax |+ Y, Y..-N, Yom AV, |+|-B, |[A4]
0 0 0 -W,||Ax, Ymg Yme  Yum—=Nm|[AVm] | 0

..... (3.106)
or
0=[J5]Ax + [J4]AV + [-B;]Au (3.107)

The linearized state-space model of the entire interconnected system can be
derived by eliminating the vector of algebraic variables AV in equations (3.104)
and (3.107)

A% =[Jl -J,_J;‘J3]Ax + [131 -J2J;‘(-Bz)]Au (3.108)

or
A%=AAx + BAu (3.109)
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This linearized state model is used to analyse the dynamic interaction between
generator and CPS subsystems or between generator and dynamic load
subsystems, and in particular the effect of this interaction on system damping
enhancement.
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CHAPTER FOUR

ANALYSIS OF INTER-AREA OSCILLATIONS

4.1 INTRODUCTION

Inter-area post-fault and spontaneous oscillations of electromechanical nature have
been observed in large interconnected systems involving areas or groups of
generators swinging against each other.  Analysis of inter-area modes of
oscillation is often difficult because such modes involve many generators in a
complex interconnected system.

In this chapter an analytical study for examining various factors affecting the
damping characteristics of low frequency inter-area oscillations in an
interconnected system is presented. The effects of system running arrangements,
operating conditions, excitation systems and load characteristics on the damping
of inter-area oscillations are discussed. Based on this understanding, alternative
practical remedies are investigated in order to improve the inter-area oscillation
damping. Both eigenvalue analysis and time domain simulations are used to
diagnose the dynamic stability problem. By using mode shape analysis, the
machines causing instability are identified. To determine the machines
participating in the interaction, the participation factor approach is used.

42 INTERCONNECTED 8-MACHINE SYSTEM

A 2-area interconnected 8-machine 112-bus system shown in Figure 4.1 is
considered in this study. Inter-area oscillations with poor damping or even with
increasing amplitude have been observed in such an interconnected system in
1984 [103]. The machines within each power station are assumed identical and
therefore each power station is represented by a composite machine model. The
power flow through the two interconnectors is about 110 MW. A particular
operating condition of the machines is given in Table 4.1 where the machines
are listed in merit order. As seen from Table 4.1, the machines of Area 1 are
more economic than those of Area 2, and therefore the power flow is always
from Area 1 to Area 2. Fast exciters (Figure 3.5a) are installed in Area 1 and
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slow exciters (Figure 3.5b) in Area 2. The govemnors used for all machines are

shown in Figure 3.6. Complete system data is subject to commercial
confidentiality.
G4 Q 4x125 MW
—— 220KV
400 kv 132 kV 220kv | 220kV
Gl
O+ | ——+a O«
2x350 MW 2x100 MW
275 kV 220 kV
G2 O__}._ _l_( ) Gé
I
2x250 MW f @_ 2x72.5 MW
132 kV 66 kV ok | 220KV
e O | Area 1 Area 2 | C ¢
2x200 MW 89 Buses 23 Buses 4x50 MW
—— 220KV
G8 O 2x30 MW
Figure 4.1 Interconnected 8-machine 112-bus system under study
Table 4.1 Operating condition of the machines
Machine Rating Loading Power
MW) MW) (MVAr) Factor
Gl 2x350 723 69 0.9955
G2 2x250 401 18 0.9990
G3 2x200 231 -22 -0.9955
G4 4x125 363 154 0.9206
G5 2x100 201 71 0.9429
G6 2x72.5 81 51 0.8462
G7 4x50 222 91 0.9253
G8 2x30 61 28 0.9088
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4.3 IDENTIFICATION OF MACHINES CAUSING INSTABILITY

Based on this system condition, the linearized state model of the interconnected
system was formed and the eigenvalues of the open-loop system using constant
impedance loads were computed. Since there are 8 groups of machines, there
are 8—-1=7 electromechanical modes of oscillation which are listed in Table 4.2.

Table 4.2 System eigenvalues of the 8-machine system

Mode Eigenvalue Participating Machines Freq. | Damping
Description (Hz) | Ratio
Inter-area 0.0570+4.7860 G1+G2+G3 0.7617 | -0.0119 |
Mode 1 ©G4+G5+G6+G7+G8

Local -0.3659+7.6632 G3+G4+G6+G7 1.2196 | 0.0477
Mode 2 oG2+G5+G8

Local -0.6151+7.8302 G3+G5+G8 1.2462 | 0.0783
Mode 3 ©G1+G2+G4+G6+G7

Local -0.494318.3108 G1+G7 1.3227 | 0.0594

| Mode 4 ©G2+G3+G4+G5+G6+G8

Local -0.9113+8.5127 G4+G6 1.3548 | 0.1064
Mode 5 ©G2+G3+G5+G7+G8

Local -1.1384+10.2466 | G3+G5 1.6308 | 0.1104
Mode 6 oG1+G2+G4+G5+G7+G8

Local -1.1000+£10.8201 | G4+G8 1.7221 | 0.1011
Mode 7 <—>GL3+GS+G6+G7

Of these oscillatory modes, mode 1 is inter-area having a frequency lower than
the other modes, with a frequency of 4.79 rad/s (0.76 Hz) and a damping ratio
of -0.012, which is unstable. Modes 2 through 7 are considered as local modes,
with frequencies ranging from 1.22 to 1.72 Hz, in which the machines in each
area oscillate against each other. The damping ratios are positive indicating that
these modes are stable. As already discussed in Section 1.3, only the unstable
inter-area mode 1 will be considered.
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The rotor speed mode shape and participation factors corresponding to the

dominant 0.76 Hz inter-area mode were calculated and are listed in Table 4.3.

Table 4.3 Mode shape and participation factors of the inter-area mode

Machine Mode Shape Participation Factors |
Amplitude Angle (deg)
Gl 0.01 146.44 0.34
G2 0.01 132.49 0.31
G3 0.01 125.29 0.07 Il
G4 0.04 -17.95 0.66
G5 0.04 -20.52 0.56
G6 0.04 -22.42 0.58
G7 0.04 -20.20 1.00
G8 0.04 -22.24 0.39

The mode shape plotted in Figure 4.2 indicates that the machines G4, G5, G6,
G7 and G8 at the receiving end (Area 2) swing with a higher amplitude against
G2 and G3 at the sending end (Area 1), while the
participation factors indicate that the machine G1 in Area 1 and the machine G7
in Area 2 participate most (Figure 4.3).

the machines Gl,

Figure 4.2

T

77

Y
LQ

Inter-area mode shape with respect to rotor speed



1.2

Participation
©o o o
H (o] [0 ]

o
()

o

TG1'G2 G3' G4 G5 G6 G7 @ G8
Participating machines

Figure 4.3 Speed participation factors of the inter-area mode

4.4 ANALYSIS OF FACTORS AFFECTING THE DAMPING OF THE
INTER-AREA MODE

The factors influencing the damping characteristics of the inter-area mode and
some possible remedial actions taken are analysed in this section.

44.1 EFFECT OF TIE-LINE FLOW

The problem of dynamic stability in the interconnected system was examined by
reducing the tie-line transfer. Tie-line transfers were created by adjusting the
system loads. The eigenvalues of the inter-area mode calculated under four
different values of the tie-line flow are shown in Table 4.4. It is observed that,
when the tie-line flow is reduced from 110 MW to 80 MW, the system would
become dynamically stable. Thus, one of the possible remedial measures is to
reduce the tie-line flow when the oscillations have occurred.
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Table 4.4 Effect of tie-line flow on the inter-area mode

—

v—

|| Power Flow Eigenvalue Frequency Damping
Area 1 To 2 Ratio
MW) (Hz)
110* 0.0570+4.7860 0.7617 -0.0119
100 0.0301+4.8109 0.7657 -0.0063
90 0.0039+4.8347 0.7695 -0.0008
80 -0.0213+4.8575 0.7731 0.0044

* Base operating condition

The cause of instability with high tie-line flow is presumably due to the large
angle difference A8 between the two groups of machines.
4.4 [104], since Ad =13 Xeq (=X I3 X for multi-buses), where I is the active
current (representing power flow) and Xeq is the equivalent reactance between
machines, the system is prone to oscillate with heavy power transfer (large Ij),
and if there is a weak tie (high Xeq)- Thus, it would suggest that the unstable
system of Figure 4.1 might be made more stable by reducing the tie-line transfer

in order to reduce A3 between the two groups of fmachines.

Referring to Figure

Egend = 1 p.u.

Iaxeq

rec

Esend = Sending end voltage

Erec = Receiving end voltage

Figure 44 Angle difference for a 2-bus system
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44.2 EFFECT OF TIE-LINE IMPEDANCE

Dynamic instability is known to arise when the equivalent reactance Xeq
between the two areas is large (areas connected by weak ties). It is possible to
reduce Xeq by reinforcing the interconnection, that is, by installing additional
parallel ties. In these tests, the tie-line impedance was varied by changing the
number of tie-line circuits in service. The results of eigenvalue analysis on the
inter-area mode are given in Table 4.5.

Table 4.5 Effect of tie-line impedance on the inter-area mode

Power Flow Ties Eigenvalue Frequ;cy Damping
I Area 1 To 2 in Ratio

MW) Service (Hz)

110 2* 0.0570+4.7860 0.7617 -0.0119
110 3 -0.0100%5.2255 0.8317 0.0019
130 3** -0.004245.1749 0.8236 0.0008
110 4 -0.0399+5.4426 0.8662 0.0073
110 5 -0.056615.5705 0.8866 0.0102

* Base operating case

As seen from Table 4.5, the frequency and damping ratio of the inter-area mode
increase as the tie-line strength is reinforced. However, when only one tie line
** is added, the frequency and damping ratio of the inter-area mode drop when
the tie-line flow is increased to 130 MW.

4.4.3 EFFECT OF EXCITATION SYSTEMS

Several reports [16] indicate that high gain excitation systems in general tend to
reduce damping. The effect of excitation systems on the damping of the inter-
area mode is summarised in Table 4.6.
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Table 4.6 Effect of excitation systems on the inter-area mode

B Test- ) Eigen‘value Frequency Damping
Ratio

No action 0.0570+4.7860 0.7617 -0.0119

1  Reduce GI1 exciter -0.0151+4.7504 0.7560 0.0032
gain by 33 % I

2 Switch Gl exciter -0.1319+4.8000 0.7639 0.0275
to manual

3  Replace slow exciters -0.3487+4.7707 0.7593 0.0729
of Area 2 machines
by fast exciters of
Area 1 machines ]

The study of the system revealed that reduction of gain on the excitation system
of the machine G1 (which has high participation in the inter-area mode) by 33%
would increase damping (Test 1). In an emergency, a fast and effective way to
damp out tie-line oscillations is to put the excitation system of the machine Gl
to manual operation (i.e. exciter gain =0), as shown in Test 2. Test 3 indicates
that by replacing the slow exciters of the Area 2 machines with the fast exciters
of the Area 1 machines, the system would become more stable by better
matching of excitation system responses between the two areas.

444 EFFECT OF LOAD CHARACTERISTICS

In order to examine the impact of load characteristics on the inter-area mode,
the following four types of load models were used:

-Constant impedance
-Constant current
-Constant power
-Induction motor
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The non-linear loads were assumed to constitute 30% of the total load at each
bus, while the remaining load was modelled as constant impedance.  The
computed eigenvalues for these tests are given in Table 4.7. It can be seen
from Table 4.7 that load characteristics have a significant effect on the stability
of the inter-area mode. Non-linear loads, such as constant current and constant
power, have an adverse effect on the damping of the inter-area mode. On the
other hand, induction motor loads improve the inter-area mode damping but
lower the inter-area mode frequency because of the higher combined inertia of

generators and induction motors on both areas.

Table 4.7 Effect of load characteristics on the inter-area mode

Load Model Eigenvalue Frequency Damping

Ratio

100 % Constant impedance 0.0570+4.7860 0.7617 -0.0119
30 % Constant current + 0.0843+4.7600 0.7576 -0.0177

70 % Constant impedance

30 % Constant power + 0.1169+4.7364 0.7538 -0.0247
70 % Constant impedance

30 % Induction motor + -0.0664+4.3822 0.6974 0.0152
70 % Constant impedance

44.5 EFFECT OF MACHINE LOADINGS

In this set of tests the effect of machine loadings on the inter-area mode was
investigated. To achieve these tests, four different operating conditions of the
machine G1 were considered, provided the operating conditions of other
machines and tie-line flow remained unchanged. The results, summarised in
Table 4.8, show that the damping of the inter-area mode is significantly affected
by the operating conditions of the machines themselves. The damping ratio of
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the inter-area mode drops as the machine Gl is operated from 0.85 power factor
lagging to 0.95 power factor leading. It can be concluded that the machines
operating at leading power factor will have a detrimental effect on damping.
Thus, during light load periods, the machines should run at lagging power factor
in order to increase inter-area mode damping.

Table 4.8 Effect of machine G1 loadings on the inter-area mode

Active Power Power Eigenvalue Frequency Damping
Output Factor Ratio
MW)

723 0.85 -0.0237+4.8119 0.7658 0.0049
723 0.95 0.0126+4.7965 0.7634 -0.0026
723 1.00 0.0570+4.7860 0.7617 -0.0119
723 -0.95 0.3559+4.6466 O.ﬂ -0.0764

44.6 EFFECT OF GENERATION RESCHEDULING

In the following two tests relocation part of generation from the high
participation of the machine G1 to the other machine in the same area or in the
other area were analyzed. The results of these tests are summarized in Table
4.9. These results show that the improvement in the damping of the inter-area
mode is corroborated by

- the shift of 2 x50 MW loading from the machine Gl to the machine G3 in
Area 1 (Test 1).

- the increase of G4 loading by 4x 10 MW in Area 2, i.e. the shift of 40
MW loading from the machine Gl in Area 1 to the machine G4 in Area 2
(Test 2).

Rescheduling of generation was implemented by some utilities as a remedial
measure to damp out inter-area oscillations [105].  However, shifting the
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generation from the more efficient machines to the less efficient machines is

economically undesirable.

Table 4.9 Effect of generation rescheduling on the inter-area mode

Test Eigenvalue Frequency Damping
Ratio
No action 0.0570+4.7860 0.7617 -0.0119
1 Shift 2x 50 MW loading | -0.0158+4.8346 0.7694 0.0033
from G1 to G3 |
2 Increase G4 loading by -0.0443+4.8768 0.7762 0.0091
4x 10 MW

45 TIME SIMULATION RESULTS

To verify the results of eigenvalue analysis, time domain simulations of the
open-loop system using constant impedance loads were performed for two types
of disturbance:

(i) Large disturbance - a three-phase fault was applied to an EHV
transmission line in Area 1 for 100 ms and the fault was cleared by
tripping the line, with the objective of exciting all the system modes.

(ii)  Small disturbance -

(a) a 1% step was applied to the reference voltage input of the
machine G1 for 200 ms.

(b) switching off an EHV transmission line in Area 1.
Figures 4.5a-d show the system responses when a large disturbance as mentioned
above is applied to the system. The relative rotor angle swings following this

contingency are represented in Figure 4.5a. Figure 4.5b shows the responses of
tie-line active power, voltage and current to the large disturbance. The responses
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of generators' active power output and generators' terminal voltage to the large
disturbance are depicted in Figures 4.5¢ and 4.5d respectively. The simulation
results indicate that the system exhibits poorly damped inter-area oscillations
following a three-phase fault. The inter-area mode is seen to dominate the time
response.

Figures 4.6a-d show the dynamic responses when a 1% step small disturbance is
applied to the reference voltage input of the machine G1 for 200 ms. The
dynamic responses of the relative rotor angle swings following this contingency
are represented in Figure 4.6a. Figure 4.6b shows the dynamic responses of tie-
line active power, voltage and current to the 1% step small disturbance. The
dynamic responses of generators' active power output and generators' terminal
voltage to the 1% step small disturbance are depicted in Figures 4.6c and 4.6d
respectively.  Similarly, Figures 4.7a-d show the dynamic responses when a
small disturbance of switching off an EHV transmission line in Area 1 is
simulated. The dynamic responses of the relative rotor angle swings following
this contingency are represented in Figure 4.7a. Figure 4.7b shows the dynamic
responses of tie-line active power, voltage and current to the small disturbance
of line switching. The dynamic responses of generators' active power output and
generators' terminal voltage to the small disturbance of line switching are
depicted in Figures 4.7c and 4.7d respectively. It can be concluded from the
time responses in Figures 4.6a-d and Figures 4.7a-d that the inter-area mode is
unstable following a small disturbance, with a low frequency of oscillation at
0.76 Hz. The results of the time domain simulations are fully consistent with
those of the eigenvalue analysis, as far as the damping and frequency of the
inter-area mode are concerned (see Table 4.2)

The time simulations, when the system is subject to the same disturbances as
mentioned above, are also run with reduction of gain on the excitation system of
the machine Gl by 33%. The simulation results for the system without and
with reduction of gain are given in Figures 4.8a-d, 4.9a-d and 4.10a-d as a
dotted-line curve and a full-line curve, respectively. It can be observed from the
time responses in these Figures that the damping of the inter-area mode is
improved. This finding again corresponds well with the eigenanalysis result in
Test 1 of Table 4.6 (Section 4.4.3).
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CHAPTER FIVE

DAMPING INTER-AREA OSCILLATIONS USING A
CONTROLLABLE PHASE SHIFTER

5.1 INTRODUCTION

In view of the instability for the inter-area mode, it was considered desirable to
see how a FACTS controller might damp out inter-area oscillations.  The
advantages of using FACTS controllers to add damping to inter-area modes of
oscillation have been discussed in Section 1.4. This chapter outlines a procedure
used to design a FACTS controller for stabilizing an unstable inter-area
oscillatory mode in an interconnected system. Two problems are discussed:
location and controller design. The location problem involves siting a FACTS
controller where its modulation control can be most effective in damping out the
inter-area mode of concern. The participation factor approach [106] and mode
controllability matrix approach as suggested by Lal and Fleming [107] have been
applied for identifying the optimum location of a FACTS controller in the
interconnected system. The controller design requires the design of the phase
compensation network and the calculation of the controller gain. The small
signal model of the interconnected system developed in Chapter 3 and the
corresponding closed-loop eigenvalue sensitivities have been used to determine
the controller parameters [108]. The selection of a FACTS device and the
selection of a feedback signal to a FACTS controller are also discussed in this
chapter.

5.2 SELECTION OF A FACTS DEVICE

The selection of a FACTS device for modulation is based on the participation of
the device in the oscillation. In other words, the search is for a device by
which the inter-area mode is controllable. As far as the 2-area interconnected 8-
machine system is concerned, series and shunt devices have been considered.
Several authors [38, 42, 69] have demonstrated that series devices such as
TCSC and CPS can exhibit more effective damping than shunt devices like SVC
for inter-area modes.  Therefore, a feasibility study of using series devices in
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the study system was conducted. Because of the short transmission lines in the
study system, a TCSC cannot be applied effectively. For this reason, a CPS
was employed in this context to enhance the damping of the inter-area mode.
The CPS is one of the potential options in the context of FACTS. Promising
results have been obtained for enhancing the small signal stability of
interconnected systems [38-40, 54-59].

53 SELECTION OF A FEEDBACK SIGNAL

Once the CPS has been chosen, the feedback, input or control signal needs to
be selected. The signal should be sensitive to the inter-area mode of concern,
while insensitive to the local modes. In addition, the use of the signal should
not cause any adverse interactions between the controllers [37].

A FACTS device can be installed at any place in a power system according to
the system requirements. However, it is impractical for a FACTS controller to
feedback a state variable or an output variable that is not locally available at the
controller location due to economy as well as reliability reasons. For these
reasons, a decentralized control scheme is adopted here, by which only locally
measurable quantities (frequency, active power, current, voltage, etc.) are used as
the feedback signal for the CPS controller.

In Section 2.4 the variation of the system frequency or the transmitted active
power was shown to be an effective feedback signal for damping action. In the
case of damping inter-area oscillations, the area frequency difference has been
recommended by Larsen and Chow [37] as a suitable feedback signal for a
series device installed in the tie line. Here the active power flow through the
tie line containing the CPS (the selection of the CPS installation location will be
discussed in the next section) is selected as the feedback signal because

() it is easy to measure,

(ii) it is observable in the inter-area mode of interest,
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(ili) it is sensitive to inter-area mode oscillations on the machines and tie
lines of interest, while it has little sensitivity to local mode oscillations,
and

(iv)  several authors [55, 58, 59] have shown that a CPS equipped with a
feedback controller utilizing tie-line power deviation can effectively
damp the inter-area mode.

In general, the current, voltage or other signal synthesised from locally
measurable information is also a possible feedback signal.

5S4 SELECTION OF CPS LOCATION

For a multimachine system, the selection of a transmission line on which the
CPS is to be installed is very important because the effectiveness of the phase
shifting action varies with its location. In this research, the most effective
location for installing a CPS is determined by analyzing the participation factors
and mode controllability of the system. The participation factor computation
identifies the phase shifting action (state variable ¢ as defined in Equation
(3.77)) involved in damping the inter-area mode at different CPS locations.

In Section 3.9 the system response in the presence of input was given as
equation (3.109) and is repeated here for reference.

A%=AAx + BAu (5.1)

To obtain a quantitative measure of the controllability of the system, the
linearized dynamic system in equation (5.1) is transformed into another dynamic
system using the transformation

Ax=Tz (5.2)
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Then

:=T'4Tz+T7'BAu (5.3)

where T is the modal matrix consisting of the right eigenvectors of A4 and
A=T'4T is a diagonal matrix with the eigenvalues of A as its elements [18].
The matrix T~'B is called the mode controllability matrix as the entry of T '
indicates to what extent the inter-area mode can be controlled using the CPS
control input u. Therefore, by analyzing the magnitudes of the entries of T7'B
for different CPS locations, the best location for installing the CPS can be
identified. The best location is chosen where the magnitude of the entry is
highest, corresponding to the inter-area mode to be controlled.

Due to a highly meshed network in the study system, it is anticipated that if the
CPS is located at a point other than an interconnecting point, the impact of the
CPS controller on the damping of the inter-area mode might not be significant.
To effectively stabilize the inter-area oscillatory mode, it was decided to place
the CPS on the tie line, where the change of phase shifting action can
effectively modulate the power swing mode [59, 109].

The dynamic model of the CPS given in Figure 3.12 is shown here in Figure
5.1

¢ max
AP -1 sTw Kg ) 1+sTy 1+sTy [
P T Ty [ | TesTy | 0| TesTg T+sT; | 7| T+sT4 >0
Power Reset Filter Low Pass Compensator 1  Compensator 2
Transducer Filter
¢ min

Figure 5.1 CPS damping controller circuit
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With the base CPS control setting provided in Table 5.1, the results of
participation factor and mode controllability analyses with a CPS installed in the
132kV or 66 kV tie line (Figure 4.1) are given in Table 5.2.

Table 5.1 Base CPS control setting

2

Tm Tw Kg Ty T T T3 T4
(s) (s) (s) (s) (s) (s) (s)
003 | 100 | 05 0.1 0.1 0.2 0.1 0.2

Table 5.2 Participation factors and controllability of CPS to the inter-area mode

CPS Participation Controllability Closed-Loop Damping
Location Factors Eigenvalue Ratio
132 kV Tie 0.437 0.7171 -0.3150+4.2858 0.0733
66 kV Tie 0.232 0.3820 -0.0095%4.7087 0.0020

Since the control objective is to provide additional damping to the inter-area
mode, only the participation factors and controllability of this oscillatory mode
need be considered. From Table 5.2, it can be seen that when a CPS is
installed in the 132 kV tie line, the participation factor, controllability and
damping ratio for the inter-area mode are much higher than those with the CPS
installed in the 66 kV tie line. Therefore, the 132 kV tie line is the best
location for installing a CPS damping controller for this study system (Figure
5.2).

The damping effects of the CPS on the inter-area mode for these two locations
were investigated for two disturbances. One is a large disturbance which was
simulated by a 100 ms three-phase fault in an EHV transmission line followed
by permanent tripping of the line. The other is a small disturbance which was
simulated by opening an EHV transmission line.
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The relative rotor angle swings, tie-line power oscillations, tie-line voltage
oscillations and the action of the CPS controller following a large disturbance
for the CPS installed in the 132 kV tie line and 66 kV tie line are shown in
Figures 5.5a-d and 5.6a-d show the
dynamic responses of the relative rotor angle swings, tie-line power, tie-line

Figures 5.3a-d and 5.4a-d respectively.

voltage and the action of the CPS controller under a small disturbance for the
CPS installed in the 132 kV tie line and 66 kV tie line, respectively.
In this

For
comparison the system responses with no CPS control are also given.
analysis, the CPS has a regulating angle limited to +20°.

Figures 5.3a-c and 5.5a-c show that the CPS installed in the 132 kV tie line
can significantly increase the damping of the inter-area mode, whereas Figures
5.4a-c and 5.6a-c indicate that the CPS damping effect on the inter-area mode is
noticeably reduced when it is installed in the 66 kV tie line. = Comparison of
Figures 5.3d and 5.4d (or comparison of Figures 5.5d and 5.6d) reveals that the
CPS control action is much stronger in the 132 kV tie line than that in the 66
kV tie line.

a greater effect in the 132kV tie line which results in the inter-area mode being

This means that the phase shifting action of the CPS controller has
controlled. Because the 132 kV tie line is transferring most of the inter-area
power, the power modulation due to the CPS located at this strategic point is
very effective in damping out the tie-line oscillations. These simulation results

agree with those of the eigenvalue analysis given in Table 5.2.

G4 43128 MW
220V

400 kv 132 kV 220 kV 20kv
G1 l g 73 GD —|—® GS
2x350 MW '
G abic 2x100 MW
275 kV Phase Shifter 220kV
G2 ( )_I_ Gé6
2x250 MW } 215 MW
132kV %KV oy | 206V
G3
Area 1 Area 2 67
2x200 MW 89 Buses 23 Buses 4350 MW
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Figure 5.2 Interconnected 8-machine 112-bus system with CPS
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5.5 DESIGN OF CPS CONTROLLER

Once the location of a CPS in the system has been decided, the design of its
controller can be done using eigenvalue sensitivity analysis which is utilized to
tune the CPS control parameters. = Whenever there is a change in a CPS
parameter x, the closed-loop system matrix A and the eigenvalues vary
accordingly. Hence the sensitivity coefficient is given by [110]

04
or, iox'i
i (5.4)
Ox w; v;

where v; (w;) is the eigenvector of A4 (AT) with respect to the inter-area mode
A;. Since the CPS parameter x may range from very large to very small
values, it is more meaningful to determine the effect of the fractional variation
of the CPS parameter x on the inter-area mode A;, and the relative sensitivity

coefficient [111] is considered, defined by

Ohi 2 BN
ox  Axx

(5.5)

For a complex eigenvalue A; =a;+jw;, which is of interest for oscillation
studies, the real part of the relative sensitivity coefficient S;, is defined by

OA; Aa;
S, =R Lix= L 5.6
o e{ax }x Ax x ©.6)

The aim of eigenvalue sensitivity analysis is to make the real part o; as

negative as possible in order to increase inter-area mode damping.  Since
Aa;=S; Ax/x, whenever S; 1is positive (negative)) Ax should be made

negative (positive) or x should be decreased (increased) by suitable adjustment
to achieve the objective. Thus, by investigating the sign of S, the correct

direction for a desired change of x can be inferred. Finally, x is tuned to its
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optimum value when S; approaches zero. Table 5.3 shows the real parts of

the relative sensitivity coefficients of the inter-area mode with respect to a CPS
installed in the 132 kV tie line using the base CPS control setting given in
Table 5.1.

Table 5.3 Sensitivity coefficients of the inter-area mode

CPS Real Parts of Relative
Parameter Sensitivity Coefficients
Kg -0.0083
Tg -0.0149
T 0.0149 I
T> -0.0188
T3 0.0149
T4 -0.0188

Inspection of these sensitivity coefficients indicates that the unstable inter-area
mode can be shifted towards the left hand complex plane by changing the CPS
parameters as below

Increase gain Kg

Increase time constant Ty

Decrease lead/lag time constants T1 and T3
Increase lead/lag time constants Tp and T4

In the course of optimizing the CPS parameters, it was found that increasing Tg
would have a small detrimental effect on the damping of the other modes. It is
therefore desirable to keep Tg unchanged. Eventually, the optimized new setting
having the greatest damping ratio of the inter-area mode is obtained and
summarized in Table 5.4. The corresponding computed eigenvalues are given in
Table 5.5. It can be seen from Table 5.5 that with a CPS installed in the 132
kV tie line, the damping of the inter-area mode is greatly improved without
reducing the damping of other modes, while the frequency is found to be
unchanged. The schematic diagram of the decentralized controller for the CPS
using 132 kV tie-line active power feedback is shown in Figure 5.7.
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Table 5.4 Summary of CPS control settings

—
—

m—

m—

CPS Kg Tg T Ta T3 T4
Parameter (s) (s) (s) (s) (s)
Base Setting 0.1 0.10 0.20 0.10 0.20
New Setting 0.6 0.1 0.05 0.30 0.05 0.30
Table 5.5 Effect of CPS on the inter-area mode

Eigenvalue Frequency Damping
(Hz) Ratio
No CPS 0.0570+4.7860 0.7617 -0.0119
With CPS -0.5844+4 8337 0.7693 0.1200
Interconnected Power System
D
bu | CPS
—_—
Area 1 Area 2
y AP
CPS Damping
Controller ~
= CPS feedback signal using 132 kV tie-line active power
u = CPS control input

Figure 5.7 Decentralized output feedback CPS controller

1

20




The rotor speed mode shape for this inter-area mode was calculated and is given
in Table 5.6. By examining the mode shape shown in Figure 5.8, no
oscillations between the two areas of generators are observed.  Since the
damping enhancement using a CPS is found adequate, the other lines equipped
with CPS are not considered necessary in this case.

Table 5.6 Rotor speed mode shape of the inter-area mode with CPS

Machine Mode Shape
Amplitude Angle (deg)
Gl 0.02 97.13
G2 0.02 96.20
G3 0.02 87.39
G4 0.04 61.04
G5 0.04 53.95
G6 0.04 62.94
G7 0.04 56.22
G8 0.04 50.82

G6G4 G7GS G8

Gl

Figure 5.8 Rotor speed mode shape of the inter-area mode with CPS
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To ensure that the controller designed is robust over a wide range of power
transfers across the tie lines, the eigenvalues of the inter-area mode with a CPS
installed in the 132 kV tie line were computed for five different values of tie-
line power flow and they are listed in Table 5.7.

Table 5.7 Effect of tie-line flow on the inter-area mode with CPS

Power Flow Eigenvalue F;quency T Dam_pzlg
Area 1 To 2 Ratio
(MW) (Hz) |
110 -0.5844+4.8337 0.7693 0.1200
130 -0.4730+4.7611 0.7577 0.0989
150 -0.3588+4.6951 0.7472 0.0762
170 -0.2438+4.6359 0.7378 0.0525
190 -0.1297+4.5731 0.7278 0.0284

As can be observed from Table 5.7, the frequency and damping ratio of the
inter-area mode drop as the tie-line power flow is increased (Figure 5.9).
However, the system is still dynamically stable when the tie-line power flow is
increased from 110 MW to 190 MW. It can be concluded that a CPS located in
the 132 kV tie line can not only enhance the dynamic stability of the
interconnected system but can also increase the tie-line power transfer capacity.

2 CPS controller on 132 kV tie line

v Frequency a Damping ratio

08 1
06 ¢
04 4

02

[ ]

0 + + ——

100 120 140 160 180 200
Tie-line power flow (MW)

Figure 5.9 Variation of frequency and damping ratio when tie-line power
transfer is increased from 110 MW to 190 MW
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5.6 PERFORMANCE EVALUATION

In order to validate the effectiveness of the designed controller in controlling the
inter-area mode, non-linear time domain simulations were carried out using a
program developed for this work, in which modelling of a compensation-based
CPS and its controller are included so that the dynamic performance of the
interconnected system under large or small disturbances with and without a CPS
can be evaluated. The large and small disturbances described in Section 5.4 are
also adopted here for simulation studies.

The relative rotor angle swings, tie-line active power oscillations, tie-line voltage
oscillations, CPS input signal and output action, generators' active power
oscillations and generators' terminal voltage oscillations following these two
contingencies are plotted in Figures 5.10 - 5.13 and Figures 5.14 - 5.17
respectively. For comparison the system performance with no CPS control are
also plotted for each contingency. As shown in Figures 5.10 - 5.13, without a
CPS in the system, inter-area oscillations with poor damping following a three-
phase fault are observed. When a CPS with the optimized new setting given in
Table 5.4 is applied to the system, the inter-area mode is damped. As can be
observed from the dynamic responses following a small disturbance of line
switching (Figures 5.14 - 5.17), the system is unstable with no CPS present in
the system. The dynamic oscillations are well damped by the installation of a
CPS in the system, and these results correlate well with those of the previous
eigenvalue analysis shown in Table 5.5. It is also observed from Figures 5.14 -
5.17 that the settling time for the response is about 4 seconds.
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CHAPTER SIX

CONCLUSIONS

6.1 GENERAL CONCLUSIONS

In this research, an analytical study of the factors affecting the damping
characteristics of low frequency inter-area oscillations in an interconnected system
has been presented. The simulation of a CPS to enhance the dynamic stability
of an interconnected system was also made. In particular, the controller
characteristics of this device were evaluated in order to damp inter-area
oscillations under dynamic or transient disturbance conditions.

A linearized model of an interconnected multimachine system in state space form
was developed in which synchronous machines and CPS were considered as
dynamic subsystems interacting through the interconnected network. Interaction
characteristics between dynamic subsystems were used to investigate the impact
of CPS on the dynamic behaviour of the interconnected system. The linearized
system model was useful for analyzing the dynamic stability problem, for
identifying the best CPS installation location and for designing a decentralized
output feedback CPS controller. For this dynamic stability study, machine stator,
CPS and network transients were neglected and hence the number of state
variables in the linearized system model were reduced. Thus a saving in
computational time and memory space can be achieved.

Both eigenvalue analysis and time domain simulations were used, in a
complementary way, to diagnose the dynamic stability problem. Eigenvalue
analysis has been shown to be a powerful tool for identifying system oscillatory
modes and analyzing system damping characteristics. The results showed that
the dominant mode of oscillation was an undamped inter-area mode having a
frequency of 0.76 Hz. The inter-area mode shape indicated that the machines
in Area 2 (the receiving end) swung with a higher amplitude against those in
Area 1 (the sending end). The participation factors showed that the machine G7
in Area 2 and the machine G1 in Area 1 had high participation in the inter-area
mode of oscillation. This is to be expected, since these two units are heavily
loaded during the oscillation. It was shown that the damping characteristics of
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the inter-area mode were strongly related to the level of power transfer through
the tie, weakness of the tie, type of excitation system, load characteristics,
machine loading and generation dispatch. Studies on these results showed that
the dynamic instability of the interconnected system was caused by a
combination of the following factors:

(@) A high level of power transfer across the relatively weak interconnection.

(b) Fast response excitation systems of the generating units in Area 1, i.e.
mismatch of excitation characteristics between the two areas.

(¢) Unusual load characteristics in the system at the time of the oscillations,
i.e. high domestic load with little industrial motor load.

(d) High loading of the machine GI.

The studies also revealed that the damping of the inter-area mode could be
improved by reducing the tie-line transfer, increasing the number of tie-line
circuits, reducing the excitation system gain of the machine Gl by 33%,
increasing the induction motor load in the system by 30%, running the machine
G1 at 0.85 power factor lagging, and relocating part of generation from the
machine Gl to the other machine. These findings give an insight into the
nature of inter-area oscillations, leading to the wunderstanding of their
characteristics and the development of practical remedial and interim measures.
The findings and understandings form a useful basis for analysis of more
complex interconnected systems.

To verify some of the results of eigenvalue analysis with regard to the effects
on the damping of inter-area oscillations, time domain simulations were carried
out. To study inter-area post-fault oscillations in the system, a 100 ms three-
phase fault applied to an EHV transmission line followed by permanent tripping
of the line was simulated. To examine the dynamic response of the system, a
small disturbance of switching off an EHV transmission line or increasing the
reference voltage input of the machine Gl by 1% for 200 ms was simulated.
Results of time domain simulations correlated well with those of the eigenvalue
analysis.
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Because of the emergence of an undamped inter-area mode in the system, it was
decided to use a power system device to enhance the inter-area mode damping.
Traditionally, inter-area modes have been damped using PSS on generators in
multimachine systems. However, when it comes to damp low frequency inter-
area oscillations, damping by use of PSS would often require tuning and
coordination of a large number of devices, often belonging to different utilities.
Recently, the advent in high power thyristors has led to the possibility of CPS.
A CPS is a promising power system device in the context of FACTS. The
ability of the CPS to control the power flow rapidly can improve the dynamic
stability of the interconnected system. The objective of the research was to
demonstrate the capability of a CPS to provide additional damping to the inter-
area mode without affecting the damping of other local modes.

For higher reliability and lower cost, only local signals were used as inputs to
the CPS controller. Many authors have demonstrated that for damping inter-area
oscillations, a local signal such as active power or frequency deviation, or a
combination of both, was a suitable feedback signal for a series device installed
in the tie line. Here, the tie-line active power deviation was selected because it
is observable in the inter-area mode of interest, sensitive to inter-area mode
oscillations on the machines and tie lines of interest, but not sensitive to local
mode oscillations. This type of decentralized controller is of practical interest as
the feedback control signal is locally available and thus no remote data
transmission is required.

The principle of using a CPS controller for power system damping is based on
its ability to modulate the power flow on the transmission line. Therefore to
effectively damp out the dominant inter-area oscillatory mode, the CPS should be
located at an inter-area connecting point where the change of phase shifting
action can effectively modulate the dominant power swing mode. To determine
which tie line to be the optimum CPS installation location, a method based on
the analysis of participation factors and mode controllability was proposed.
Participation factors have been recognised as a good screening tool for site
selection [22]. However, they do not contain any information useful in the
design of a controller nor do they guarantee the effectiveness of the controller.
The entry of the mode controllability matrix (called the controllability index)
gives a measure of controllability of the inter-area mode using the CPS input.
Although the controllability index does not directly identify the state variable
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corresponding to the inter-area mode, unlike the participation factor, it does
indicate how effective the input is in controlling the inter-area mode. Therefore
by analysis of the magnitudes of the controllability indices for different CPS
locations, the best location for installing the CPS could be identified.
Simulation results showed that the CPS controller located in the 132 kV tie line,
where the participation factor and controllability index were much higher, could
increase the damping of the inter-area mode. They also showed that the
improper selection of CPS location (i.e. the CPS located in the 66 kV tie line)
could significantly reduce its performance.

A compensation-based phase shifter model was developed and included in the
transmission system model. By using compensation injected currents at terminal
buses to simulate a phase shifter the symmetry property of the bus admittance
matrix was maintained. A systematic approach for mathematical modelling of a
compensation-based phase shifter was outlined. Based on this approach, a
steady-state model, a small-signal dynamic model and a large-signal dynamic
model of a compensated-based phase shifter were developed. With the addition
of appropriate control systems, the combined model can be used for power flow,
dynamic stability and transient stability studies with no modification of the bus
admittance matrix required at each iteration. This compensation method has the
advantages of fast computational speed and low computer storage compared with
that of modifying the bus admittance matrix method.

An output feedback CPS controller based on eigenvalue sensitivity techniques has
been designed wusing the linearized interconnected system model. A
computationally inexpensive and meaningful expression of the eigenvalue
sensitivities has been presented. By considering the CPS effect on the inter-area
mode, sensitivity coefficients of CPS parameters were calculated, from which the
correct direction of change of each CPS parameter could be inferred. The
design criterion was to maximise the inter-area mode damping without reducing
the damping of other local modes. The CPS setting would be optimum when
the sensitivities of all CPS parameters were small. Analysis using eigenvalue
techniques showed that the CPS controller with the optimized setting located in
the 132 kV tie line could significantly improve the damping of the inter-area
mode. The inter-area mode shape with CPS indicated no oscillations between
the two areas of generators. The controller designed has been shown to be
robust to changes in tie-line power transfers, indicating that increasing the inter-
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area mode damping could result in increasing the level of power transfer across
the tie lines. The damping effectiveness of the proposed controller has been
ascertained by non-linear time domain simulations. @ The simulation results
showed that, with the proposed decentralized control strategy based on tie-line
power deviation feedback and utilizing a fast-acting CPS to continuously
modulate the tie-line power flow during system disturbances, the inter-area mode
of oscillation was well damped and the enhancement of system dynamic
performance was satisfactory. These results are fully consistent with those of
the eigenvalue analysis.

The studies showed that with proper selection of CPS location and controller,
just one CPS would suffice to introduce sufficient damping. In practice it may
not be economic to locate a CPS in the system for the purpose of improving
system damping performance. However, it is observed that the staged
development of the tie lines between the two areas in the study system has
resulted in a load sharing problem, i.e. one tie line could be at full load before
the other. A CPS located in the 132 kV tie line can not only be used to
alleviate the load sharing problem in steady state conditions but can also be
used to solve the dynamic stability problem under dynamic or transient
disturbance conditions. At the moment the CPS, which are in development
especially the concept of retrofitting existing mechanical phase shifters with
thyristors switches [112], are seen to be more costly but that may change if
their capabilities are more fully appreciated.

The above study is based on a particular network topology of the system. The
power network is, from time to time, subject to change, and it may therefore be
necessary to install more than one CPS to cope with different network
topologies.

The methodologies developed in this research can be applied to other practical
systems with similar effectiveness.
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6.2

SUGGESTIONS FOR FUTURE WORK

In the author's opinion, the following issues remain open for further research:

0))

(2)

3)

4.

The methodologies developed in this research should be evaluated further
on large interconnected systems to determine the extent to which they can
be successfully applied. Inter-area oscillations in large interconnected
systems are complex to study, and to control. Large interconnected
systems usually exhibit several dominant inter-area modes, each involving
a large number of generators.

In the study, the state matrix method has been used to calculate all the
eigenvalues and the corresponding eigenvectors of the system. However,
the computational time gets longer when the state matrix size becomes
larger. Faster and more efficient techniques are needed to calculate and
identify system oscillation modes, and to speed up computation.
Techniques that take into account the sparse nature of state representation
should be used. The identification of critical modes and their relation to
state variables is of great importance in deriving control actions.

The proposed eigenvalue sensitivity techniques offer an effective approach
to controller design for multimachine systems. The application in this
research is confined to the case of installing a single CPS in the system
distinguished by one poorly damped inter-area mode. Further research
into developing multi-CPS or multi-FACTS design methodologies as
applied to general multi-area interconnected systems seems worth
considering. Attention should be given to the interaction among
controllers, or between controllers and the power system.

In the design of CPS controller with linear theory, a linearized system
model is used and therefore the controller performance depends on a
particular system operating point. If best control effect is to be achieved,
the CPS controller should be adaptive to a wide range of system
operating conditions. Further research could use adaptive control as a
starting point but could also look into the possibility of fuzzy control
with gain scheduling technique which is practical from the engineering
point of view.
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)

(6)

The choice of feedback signal is crucial to the design of a CPS controller
to aid in the damping of inter-area oscillations. In this study, only a
feedback signal using tie-line power deviation has been evaluated. It is
therefore suggested that the performance of the controller designed using
different feedback signals should be evaluated. @ The area frequency
difference of synthesized remote voltages on each side of the controller
has been recommended as a suitable feedback signal for damping inter-
area oscillations [37). A feedback signal using the difference between the
voltage angles across the controller, suggested by Noroozian, Angquist,
Ghandhari and Andersson [40], has been shown to be effective in
damping power swings.

The use of UPFC has attracted the attention of utility system planners,
manufacturers and researchers.  Several system studies [113-115] have
been conducted stating the performance of UPFC, reporting that these
devices can improve the dynamic performance of power systems. Further
research work could simulate a UPFC and compare its performance with
the CPS by eigenvalue and time domain simulation studies.
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APPENDIX A

SYNCHRONOUS MACHINE AND CONTROLLERS REPRESENTATION

A.1 SYNCHRONOUS MACHINE MODEL

The linearization of equations (3.15), (3.16), (3.17), (3.18), (3.19), (3.20), (3.23),
(3.24) and (2.27) about a system operating point, after some manipulations, gives

d(Adl;':'q) _ T’ldo(AEfd ~(Xg=X')AI;-AE )
d(AdEt"q) _ Tnldo (AE' ~(X' g = X" 5)Al;-AE" )
$=ﬁ(uﬁ,-u’,—mm)

___d(AS) =0 A0
dt °

AP =I3AE" 4 +E"°a Al +IAE" +E"°G Al

[Ald] 1 [ R, X, [AE"d] [AVd]
A]q R2+X"dXHq —X”d Ra AE"q AVq
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AV, -V2sin’d + V/cos®d 0 in® AV
[ dH 5 5 ][A8]+[cosa 5][ D] "8

AVg| |-Vpcos®s - Vjsin®8 -sin®8 cos®3 | |AVp

Al -15sin°8 - I°cos®d °s —sin® Al
D|_ od ) 7" [AS] 4+ |cos é -sin’d d (A.9)
Alg I%cos’d - I; sin® sin®8 cos’s || Al

By substituting equation (A.8) into equation (A.7) and then equations (A.7) and
(A.6) into equations (A.l1), (A.2), (A.3) and (A.4), the following linearized state
equation of the i-th generator can be obtained

Aigg,- =[Agg,-]Axgg,-+ [ngi]AVgi (AIO)

where
’ ”n 114 T .
Axggi=[AE qgi AE gi AE" 7; Aw; AB;] = the i-th generator states

T
AV =[A VeDi AVgQ,-] = the i-th generator terminal voltage deviations

-TT;O -G x", ~Ci R, 0GRV -X"¥2)
T,,l — O X ) ~C, R, 0GRV -X",V2)
[4geil=| o G R, ~(C3 X" g+ T"qo) 0 G(RV3+X"gV?)
0 Ags Agas % Agas
| o 0 0 ®, 0 |
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and

[Ci(Rgcos*8~ X", sin°8)  Cj(R,sin®8+ X" cos®8) |
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Yg = R2 ):, X
a + d q
C = Yg (Xd-X’d)
1 T
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2 T"
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3 T"
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l "o " o ”
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C ga1 =—$[-—E"“’1Yg(1€acos"8 ~ X" 45in®8) + E" Yo (X" 4c0s°8 + Rysin®8)]

Ce42 ="$[—E"2Y8(Ra sin? & +X"qcos"8) + E";Yg(X"dsin“S - R, cos°d)]

Similarly, the interface i-th generator-network equation expressed in the D-Q
reference frame is obtained from substituting equation (A.8) into equation (A.7)
and then equation (A.7) into equation (A.9)

AIgi = [ng,-]Ax + [Nggi]AVgi (A.11)

ggi

where

Algi=[Algp; AIgQ,-]T = the i-th generator current injections into the network

0 Yg(X"gc0s°8 — R;sin’8) Yz (R cos’°d + X" 4sin°8) 0 W5

[ngi]z " 37 0 o T 0 ” o
0 Yo (X",sin®d + Ryc0s°8) Yy (R,sin®d — X" 5c05°8) 0 Wos
and
Ny —[Rg+(X" 4= X" )cos°8sin°8]  —(X",c0s2% + X" ;sin?°§)
g8 (X" sin%°§ + X" a4 cos2%8) —[Rs= (X" g — X" 4)cos® 8sin°® 3]
with

Wis=-[Yg (R V= X" gV 1cos”8 + X" 47 sin°8)+ 7]

Was=[Yg(Rg V] + X" gV isin®8 + X" 4V cos”8)+ 1]
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A.2 EXCITATION SYSTEM MODELS

Upon linearization of equations (3.34) through (3.46) about a system operating
point, the block-diagonal elements of matrices [4,5;] and [Cpq;] as defined in

equation (3.47) are

Fast Exciter Model

-— 0 0 0 0 0 0
T,
1 T 1
—a-4 —— o 0 0 0 0
T2( T2) T,
Gahh Ga _1 0 0 0
TaTZ Ta Ta
G 1 G.T, G
1= 0 0 ~o __- _K 0 13 0 0
[A egz] To To f To T4 To
0 o o S _1 0 0
TC TC
0 o o o =-La-L) _1 0
T T, T
0 o o S (i—i) 0 -1
| Tc Tg TC Kng_
and
r 0-
GV G
Lve Tvp
0 0
0 0
0 0
0 0
- 0 0 -
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Slow Exciter Model

[Aegil =

and

v

[Cegi] =

Since

then

o
G 'p

0 0 0
_L 0 0
Ta
K
0 —% =t
f Tf
G G “QIOK
Iy Ty Iy Ty
-
Gl
T, v?
0
0
0 -
2 _ 2 2
VE=Vi+V}
144 |84
AV, =—DAVD+—Q—AVQ
yo 154
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A3 SPEED-GOVERNING SYSTEM MODEL

Upon linearization of equations (3.48) and (3.49) about a system operating point,

the block-diagonal elements of the matrix [Ay,;] as defined in equation (3.50)

arc

- 0

[45gi)=
ligln, L
L 4 1 |
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APPENDIX B

CONTROLLABLE PHASE SHIFTER REPRESENTATION

The linearization of equations (2.8), (3.73), (3.74), (3.75), (3.76) and (3.77) about

a system operating point, after some manipulations, gives

oc20
APy = [( piVepk +VepiV, Qk) " }[M’]

tan® ¢ V'° tan® $ V% + V.
cDk ™~ ch cQ cDk
+ . AVCD, . AVCQi
tan® oV ch+ Vcogt tan® oV CQI VcoDi
+ . AVch + . AVch

: 1 1
ACj=-—APy ——AC
i T ik T 1

m m

. 1 1
ACy=—AG -—AC
2 T 1 T 2

w w
. K K
AG==EAC -—gAcz-lAq
T T T,

g g g

| T 1
ACy=—(1-LYAC, -—AC
4 Tz( T) 3= Al

2 2
2p=-20n 2e DB,
T, T Ty T, T Iy
1., b, 15, T 1, T 1
+[=—(-)+— 1-D)NAG+ —(1-2)AC4-—A
[T2 T4( Tg) 5 T4( Tz)] 3 T4( Tz) T ¢
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By substituting equation (B.1) into equation (B.2) and then assembling equations
(B.2), (B.3), (B.4), (B.5) and (B.6) in equation (3.78), the following open-loop
state equation in linearized form for the i-th CPS can be obtained

Axg; = [Ac,)Ax,; + [CoilAV,; + [Bi]Au,; B.7)
or
1 0 0 0
Tm
aG] |+ -1 0 o of[aG]
ch2i IT<W 17;‘” : AG;
AG = =2 -2 —— 0 0| |[AG;
. T T T
ACy; 8 £ ng , ACy;
; 0 0 —(1-— - 0 .
_A¢i_ T2( Tz) TZ _A¢1_
1 T
451 As As3 —(1-2) 0
i , T,7 |
[C;; Cip Ci3 Cyq ) ) [ By ]
AV.ipi
0 0 0 0 0
AVeigi
+{o 0o o o +| 0| [a0]
AVeipk
0 0 0 0 0
_AVCIQkJ
(0 0 0 o] | Bs) |
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where

o Kens
T, I Iy
Aen = Ke i 13
2=~
Te T Ty
LT, T, Khi, hL
c 1 tanoq’VcoDk VcoQk
11-—T—( ; )
m
o o o
1 tan ¢V k+ VDk
Cpa=-= ch =)
m
o o (¢}
C ] tan ¢VCD1+ Vch
13--T—( , )
m
o o
Cuam -~ Y
m
Biy=-ro vo Lye yo 04
11"};( epiVepk tVepiVeoi) .

1
Bsy=-7-
4
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Alternatively, in closed-loop representation

or

AG;
ACy;

ACs;

Ad;

ACy;

Axci=[Ag]Axe; + [CoilAV;

Cyy

0 0 0 By |[AG]
1 0 0 0 [|acy;
Tw
K
Zg L 0 0 ||AaG;
Tg Tg
o Lg-nhy, _1 0 [lacy;
5] 5] 5]
1 T
Asy As3 —(1-==) Bs;|| Ad;
I, T Jtr
Ci; Ci3 Cig] ) _
AVciDi
0 0 0
AVeipi
0 0 0
AVcka
0 0 0
|AVcigk |
0 0 0|
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Similarly, by linearizing equations (3.69) through (3.72), the following interface

i-th CPS-network equation in open-loop representation can be obtained

or

-AlciDi-
AIeiQi

AIcka

_AlciQk_

Al;=[W.;]Ax;; + [No1AV,; + [B2]Au;

A Gy
0 0 0 0]
AGCy;
0 0 00
A Gy
0 0 0O
ACy;
0 00 0
LAq)i_
20 o
0 _tan“’¢ tan® ¢
) x x
tan”?6 0o -
x
tan” ¢ 0 0
x
0 tan” ¢ 0
x
20, 1
o .sec“’¢
-(2tan°¢VC°Qi+Vch)—
20
2tan° ¢V~ 0 )5 ¢
( ¢ cDi ch) x
po secz°¢
cDi x
20
o Sec ¢
cQi x
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AVip; ]
AVeipi

A Vcka
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Alternatively, in closed-loop representation

or

—AIciDi-
Alipi

AIcka

| Aligk |

Al;=[W,;1Ax; + [N.;1AV,;
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- AG;
o o .sec<’¢
0 0 0 —Qun’ 9V, +V. )2
;5 AG,;
o o .sec“’¢
00 0 Qun’¢¥S, V2,
) AGs;
00 0 yo sec”'¢
cDi x
" ACy;
sec“’ ¢
00 0 Vi
1A% ]
tan2o¢ tan0¢ ] — -
0 - 0 AVeipi
X X
20 o
¢ 0 -l AVp
X X
tan” ¢ 0 0 0 AV,ipk
X
(7]
0 tan” ¢ 0 0 | [AVeigk ]
x i
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APPENDIX C

LOAD REPRESENTATION

C.1 STATIC LOAD MODELS

Assuming loads as current sources, the elements of the matrix [N;] as described
in equation (3.86) are

1 Vi, VipVip
INL1)=—5 1P, + (K, -2 P + (K, -2)—5"2 g, (C.1)
Vi VL Vi
1 Vz Vip LQ
[Np12l=—101 + (Kg-2)—= QL + (Kp-2)——=—F8 (C.2)
Vi Ve Vi

1 V2 VipVip
N =—— K -2 - K -2 ———P .
[Np21] VLZ {QL + ( )VL or — ( ) VL L (C.3)

VipV,
[Ny 2]=—51P + (Kp-2)—2 P, - (K, -2)—252 0, (C4)

_2"
Vi
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C.2 INDUCTION MOTOR MODEL

Matrices [Ap;), [Cmi), [Wmi]l and [Np;]

(3.99) are expressed in the following way

as defined in equations (3.98) and

[ "X - X' Ri(X,-X"Y, ]
_(1+X'(X,-X)Y,) 0,5+ 1(X, ) Y o, E"
I, T, mQ
[Amil= —Ami2 A ~0,E) | (C5)
T°(b+2¢S°)
A A m
I m31 m32 2H |
where
1 o to ! ’
Am3l=_m[1m0'(RlEmD-X E,:Q)Ym]
l o ’ 10 10
1
Y, =——-—
" R+ x?
[ X'(X,-X")Y, _Ri(X,- XY,
T, T;
[Cmil= —Cmi2 Cmi (C.6)
(RyEppy = X' Epio) Y (X'Epp+ Ry E S5 Yy
I 2Ho, 2Hw, ]
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R, X

[Wmi]=_Ym
-X' R

R, X
[Nmi]= Ym
-X' R
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