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ABSTRACT

The demand for electrical energy in industrialised countries continues to increase
steadily. As a result of this growing demand for electrical energy, there is a need for
optimisation of the power system in terms of transmission and control. One option
could possibly be an increase in transmission facilities to handle the increase in
growth; however factors such as environmental issues as well as the possible cost
incurred could hamper this particular appfoach. An alternative resides in loading the
existing transmission network beyond its present operating region but below its
thermal limit, which would ensure no degradation of the system. For this approach to
be realised, improved control of the flow of power in an interconnected network
would be advantageous so as to prevent unwanted loop flows and inadvertent

overloading of certain lines.

This approach can be made possible by the use of Flexible AC Transmission Systems
(FACTS) technology. The concept of FACTS incorporates power-electronic
compensation devices that can be typically used in an ac power system to enhance the
system’s power transfer and controllability. There exists a number of FACTS devices,
where each device can be utilised differently to achieve the broad objective. One such
device is the Thyristor Controlled Series Capacitor (TCSC). The TCSC is a class of
FACTS device that makes it possible to alter the net impedance of a particular

transmission line in an effort to force the flow of power along a “contract path”.

This thesis identifies, in the published literature, a set of strategies for the scheduling
of power flow by use of variable compensation; such strategies are then considered in
more detail in the analysis of the thesis. Firstly, a detailed dynamic model of a TCSC
1s developed together with its various controls and associated circuitry within the
power systems simulation package PSCAD. In addition to this, a power flow
controller scheme is then implemented, which exhibits the functionality of the power

flow controller strategies reviewed in the literature. In order to test the validity and
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operation of the TCSC model as well as the analysis of the power flow controller
scheme, a single-machine infinite bus (SMIB) study system model is developed and

used as part of the investigation.

This thesis, firstly, presents a theoretical analysis of two particular modes of power
flow control in an interconnected ac transmission system. Secondly it confirms the
results of an analytical study in previously published work with the implementation of
the two control modes, and further extends the scope of the previous study by
examining the impact of the power flow controller’s design on the small-signal and

transient stability characteristics of the study system.

The key findings of this extended investigation are that the power flow controller’s
mode of operation has an important influence on both small-signal and transient
stability characteristics of a power system: in particular, it is shown that one mode can
be detrimental while the other beneficial to both system damping and first swing
stability. Finally, the thesis applies the understanding of the power flow controller’s
operation obtained from the SMIB study system to the problem of inter-area mode
oscillations on a well-known, two-area, multi-generator study system. Real-time
simulator results are presented to exhibit the effect of the power flow controller modes

and controller design on the oscillatory characteristics of the two-area study system.

Abstract



Page — (i11)

Acknowledgements

I would like to thank my academic supervisor, Dr Bruce Rigby for his guidance,
direction and patience throughout the course of my thesis. Furthermore, I would like
to express my gratitude towards Eskom for affording me the opportunity to study
towards a masters degree, I intend on making every effort to share and apply the
knowledge that I have learned to make a contribution to the organisation. Finally,
many thanks, to my family and friends that have supported me during the course of
my studies.

Acknowledgements



Page — (iv)

CONTENT
Abstract )
Acknowledgements (111)
List of symbols and Abbreviations (xi1)
CHAPTER ONE INTRODUCTION
1.1. General Background 1-1
1.2. Thesis Objectives 1-3
1.3. Thesis Layout 14
1.4. Findings of the Thesis ' 1-5
1.5. Research Publications 1-7
CHAPTER TWO CONTROLLABLE SERIES COMPENSATION

FOR CLOSED LOOP POWER FLOW CONTROL

2.1. Introduction 2-1
2.2. Theory of Increased Power transfer via Series Compensation 2-2

2.3. Controllable FACTS Series Compensation

2.3.1. Overview 2.4

2.3.2. Unified Power Flow Controller 2-5

2.3.3. Static Synchronous Series Compensator 2-6

2.3.4. Thyristor Controlled Series Capacitor 2-7
2.4. Closed-Loop Power Flow Controller

2.4.1. Background 2-8

2.4.2. Literature Review 2-9
2.5. Summary 2-13

Content



Page — (v)

CHAPTER THREE DESIGN AND IMPLEMENTATION OF POWER
FLOW CONTROLLERS

3.1. Introduction 3-1

3.2. Power Flow Control Theory

3.2.1. The SMIB Study System 3-2
3.2.2. Basic Concepts of Power Flow Control 3-3
3.3. Design of Power Flow Control Parameters
3.3.1. Overview 3-5
3.3.2. Design Method 3-6
3.3.3. Example Case: Calculation of Design Parameters 3-11
3.4. Conclusion 3-15
CHAPTER FOUR -MATHEMATICAL MODELLING
4.1. Introduction 4-1
4.2. The SMIB Study System 4-2
4.3. Detailed TCSC Model
| 4.3.1. Overview 43
4.3.2. TCSC Characteristics 4-3
4.3.3. Impedance Characteristic 4-7
4.3.4. TCSC Modelling 4-7
4.4. Power Flow Controller Model |
4.4.1. Structure of the Power Flow Controller 4-11
4.5. The Multi-Generator Study System
4.5.1. Overview of the Real-Time Digital Simulator 4-15
4.5.2. Four-Generator Model 4-16
4.5.3. TCSC Model 4-18
4.5.4. Power Flow Controller Model 4-20
4.6. Analytical Approach 4-21
4.7. Conclusion 4-22

Content



Page — (vi)

CHAPTER FIVE INFLUENCE OF POWER FLOW CONTROL
STRATEGIES ON A SINGLE GENERATOR
SYSTEM

5.1. Introduction 5-1

5.2. Small-Signal Behaviour
5.2.1. Overview 5-2
5.2.2. Control Mode Verification 5-3
5.2.3. Influence of Power Flow Control on Small Signal Stability
Characteristics 5-6
5.2.4. Effect of Control Mode and Settling Time on Small-Signal

Damping 5-9
5.3. Large Signal Behaviour
5.3.1. Overview 5-10
5.3.2. Response of the System for Different Control Modes 5-10
5.3.3. Comparison of Control Modes 5-14
5.4. Conclusion 5-16
CHAPTER SIX INFLUENCE OF POWER FLOW CONTROL
STRATEGIES ON A MULTI-GENERATOR
SYSTEM
6.1. Introduction 6-1

6.2. Small-Signal Characteristics
6.2.1. Eigenvalues of the Four-Generator System 6-2
6.2.2. Mode Shapes of the Four-Generator System 6-3
6.3. Verifying the Validity of the Real-Time Model
6.3.1. Response with the Power System Stabilisers and Power Flow
Controller Disabled 6-5
6.3.2. Response of the Study System with the Power System Stabilisers
Enabled and the Power Flow Controller Disabled 6-7

Content



Page — (vii)

6.3.3. Verifying the Design of the Power Flow Controller 6-9
6.4. Influence of the Power Flow Controller with the Power System Stabilisers
Disabled

6.4.1. Constant Power Mode 6-13

6.4.2. Constant Angle Mode 6-15
6.5. Influence of the Power Flow Controller on the Performance of the Power

System Stabilisers

6.5.1. Constant Power Mode 6-18

6.5.2. Constant Angle Mode 6-20
6.6. Conclusion 6-22
CHAPTER SEVEN CONCLUSION
7.1. Introduction 7-1
7.2. Findings from the Literature Review 7-1
7.3. Design of Power Flow Controllers ' 7-2
7.4. Simulation Models Developed 7-3

7.5. Findings of the Thesis
7.5.1. Influence of Power Flow Controller on a Single-Machine Infinite

Bus Study System 7-4
7.5.2. Influence of Power Flow Controller on a Four-Generator Study
System 7-6
7.6. Further work 7-8
APPENDICES

APPENDIX A PARAMETERS OF THE SINGLE-MACHINE INFINITE
BUS STUDY SYSTEM

A.1. Parameters of the Study System A-1

Content



Page — (viii)

A.2. PSCAD Representation of the SMIB Study System A-3
A.3. Detailed Representation of the TCSC with its Internal Controls and
the Power Flow Controller Model A4

APPENDIX B PARAMETERS OF THE FOUR-GENERTOR SYSTEM
AND THE DESIGN OF THE CONTROLLER GAINS

B.1. Parameters of the Study System B-1
B.2. Design Method for Power Flow Controller Gains B-3
B.3. Four-Generator Study System B-7
B.4. RSCAD Representation of the Four-Generator Model B-8
B.5. TCSC Internal Control Model and Power Flow Control Model B-9
REFERENCES | R-1

Content



Page — (xii)

LIST OF SYMBOLS
AND
ABBREVIATIONS

The symbols and abbreviations utilised throughout this thesis are listed and explained

below.

Symbols

C - Capacitance

L - Inductance

03 - System Frequency

OR - Resonant Frequency

oc - Thyristor Firing Angle

B - Thyristor Conduction Angle

A - Ratio of Resonant Frequency to System Frequency
Xo - Overall Transmission Reactance

Xsc - Controllable Series Capacitive Reactance

XL - Inductive Reactance

Xc - Fixed Capacitive Reactance

Xtcse - Net Compensating Reactance of the TCSC
X1cr - Variable Inductive Reactance

Xorder - Reactance Order of the TCSC

Xorder 0 - Initial Steady State Reactance Order of TCSC
Xorder min - Minimum value of Reactance Order of TCSC
Xorder max - Maximum value of Reactance Order of TCSC
k - Degree of Capacitive Compensation

Rp - Transmission Line Resistance

ILNE - Transmission Line Current

Ve - Capacitor Voltage

Oume - Instantaneous Angle of the Transmission Line Current

List of Symbols and Abbreviations



Page — (xii1)

Ove - Instantaneous Angle of the Capacitor Voltage

Vs - Voltage at the Sending End of the Transmission Line

Vr - Voltage at the Receiving End of the Transmission Line

5/6 - Transmission Angle

PL - Active Power Transfer in Transmission Line L1

P - Active Power Transfer in Transmission Line L2

Prs - Active Power Transfer in Transmission Line L3

PrcscLt - Active Power Transfer in Additional Transmission Line
Compensated by a TCSC

Preqri - Required Power Transfer in Transmission Line L1

Pesiredr1 - Set Point Value of Transmission Line L1’s Power Transfer

€pL1 - Error in Power Transfer in Transmission Line 1.1

AP, - Change in Active Power Dispatch

AP, - Change in Mechanical Input Power to the Generator

APgy - Change in Output Power of Generator Unit 1

SwW - Toggle Switch

PI - Proportional Integral

Kp - Proportional Gain

Ky - Integral Gain

Kprant - Plant Gain

Ts - Settling Time Constant

Tp - Closed-Loop Pole Time Constant

1z - Closed-Loop Zero Time Constant

£ - Damping Ratio

f - Frequency

Gl - Generator Unit 1

G2 - Generator Unit 2

G3 - Generator Unit 3

G4 - Generator Unit 4

List of Symbols and Abbreviations



Page — (xiv)

Abbreviations

AVR - Automatic Voltage Regulator

PLL - Phase Lock Loop

FFT - Fast Fourier Transform

DFT - Digital Fourier Transform

PSS - Power System Stabiliser

PSCAD - Power Systems Computer Aided Design
RTDS - Real-Time Digital Simulator

RTPSS - Real-Time Power System Studies
HVDC - High Voltage Direct Current

SVC - Static Var Compensator

SMIB - Single-Machine Infinite Bus System
TCR - Thyristor Controlled Reactor

UPFC - Unified Power Flow Controller
SSSC - Static Synchronous Series Capacitor
TCSC - Thyristor Controlled Series Capacitor
FACTS - Flexible AC Transmission System

List of Symbols and Abbreviations



Chapter One Page 1-1

CHAPTER ONE

INTRODUCTION

1.1. General Background

In an ac power system electrical generation and load must be balanced at all times in
order to maintain stable operation of the system. For this reason there has always been
a need for the effective control of power flow along an ac transmission system.
Suggestions in the past have shown that a power system could be operated closer to
its thermal limit, while still remaining dynamically stable and safe. In order to
institute such a concept, the issues that needed to be examined involved: optimising
line impedance; minimising voltage variation and the control of power flow under
steady state conditions. Traditionally these requirements were met by transmission
systems being installed with mechanically-switched series and shunt reactive
compensation, m addition to voltage regulating and phase shifting transformer tap
changers. However, since these control and compensation techniques were largely
slow-operating in nature, the transmission systems were typically designed with
generous stability margins such that they could recover from general outages and
usual operating contingencies. This trend has led to transmission systems often being
under utilised. With growth in the size and complexity of modemn power systems it
has become increasingly clear that high-speed operation is a pre-requisite for power

system control applications [1].

In recent years however, key advances in the area of high-power semiconductor
devices and control technologies have yielded the emergence of the broad concept of
Flexible AC Transmission Systems or FACTS technology. The FACTS concept refers
to the incorporation of power electronic compensation devices into an ac power
system with the objectives of enhancing firstly these systems’ power transfer
capability and secondly, their controllability [2].

Introduction
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This broad objective can be achieved in various ways by applying FACTS devices
both individually or in co-ordination with each other to enhance the power system’s
flexibility and controllability. A typical application incorporates the use of FACTS
devices to directly control the amount of power flow in a particular transmission line
or group of lines in an interconnected ac system [3,4]. There exists a range of possible
benefits for this form of closed-loop power flow control, such as: allowing power to
be directed along a contract path; preventing inadvertent overloading of lines already
near their thermal limits and preventing unwanted loop flows in an interconnected

system [3,5].

Closed-loop power flow control can be achieved using a number of FACTS devices: a
thyristor controlled series capacitor (TCSC), a static synchronous series compensator
(SSSC) or a unified power flow controller (UPFC). Such FACTS devices have the
ability to control dynamically one or more of the factors that influence power transfer
in the line they compensate, thus giving them the capability to direct the flow of
power. Previous literature highlights various schemes that have been proposed

employing each of these devices [4,6,7].

The TCSC in particular is a series-compensating device, which consists of a series
capacitor shunted by a thyristor controlled reactor (TCR). The main applications of
the TCSC are twofold: line power scheduling, and the control of electromechanical
oscillations. The first application considers the use of the controllable series
compensation provided by the TCSC to ensure a desired amount of power flow on
parallel transmission paths. In the second application, careful dynamic control of the
TCSC’s capacitive compensating reactance can be used to influence the
electromechanical oscillations between a generator and the rest of the power system.
This thesis is concerned with the first of these two applications, that is using the
TCSC for line power scheduling by implementing closed-loop control of ac power

flow in a transmission system.

Introduction
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1.2. Thesis Objectives

Stability of a power system can be defined by the system’s characteristic response
when exposed to two different types of operating condition. Firstly, during normal
operating conditions the system must have the capability to remain in a state of
operating equilibrium. Secondly, the system must be able to recover from a
disturbance and subsequently return to a state of acceptable equilibrium [8]. Stability
of a power system is categorised according to two criteria following a major
disturbance. The first criterion is transient (first-swing) stability, implying the
system’s ability to survive the first few swings and maintain synchronism after being
subjected to a severe disturbance. Dynamic (small-signal) stability is the second
criterion, and refers to the characteristics of the electromechanical oscillations that
occur in the system following a small disturbance or after surviving a transient event.
Generally in systems where power transfer is limited as a result of stability concerns,
the inclusion of FACTS devices can prove to be a cost effective approach to utilise
the power transmission system more effectively. It is for this reason that the use of
variable impedance control has become an attractive option to enforce desired steady

state power flow along parallel transmission paths.

This thesis considers the use of a TCSC to carry out closed-loop control of ac power
flow in a transmission system. This TCSC-based, closed-loop power flow controller is
used to implement two different strategies for transmission line power flow control
that have been proposed in the literature: constant power control and constant angle
control [3,6]. In particular, the thesis aims to investigate the effect that each power
flow control strategy has on system stability as a whole. Furthermore, for each
strategy, an investigation is carried out into the influence of the design of the power
flow controller’s response time on transient and small-signal stability of a single-
generator study system. Finally, the TCSC-based power flow controller is applied to a
well-known four-generator study system [8]. This thesis examines whether the TCSC-
based power flow controller has an influence on the damping of the inter-area mode

oscillations of this system.

Introduction
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1.3. Thesis Layout

This thesis consists of five subsequent chapters, which present the development of
various simulation models used in the analyses, and the results and findings of the

various studies conducted. The subject matter has been arranged as follows.

“At the outset, a literature review of the technical aspects regarding the use of series
compensation devices for the application of power flow control had to be addressed.
Chapter Two discusses a brief history as well as the theory related to power flow
control using firstly fixed, and then controllable series compensation. This chapter
also reviews the various FACTS devices that can be used for this particular

application of power flow control.

Chapter Three considers the design and implementation of the TCSC-based power
flow controller. Within this chapter the concept of altering the net impedance of a
transmission line by use of the two control strategies is examined in detail. This
chapter also highlights the basic operation and attributes of the power flow controller
as well as the design method used to obtain its controller gains. During the course of
the thesis a number of simulation models were developed in both PSCAD [9] and
RSCAD [10]. Chapter Four presents the simulation model of a single machine infinite
bus (SMIB) study system that was developed in PSCAD. This chapter also includes
the simulation models of the TCSC that were developed in both PSCAD and RSCAD

respectively.

Chapter Five examines the performance of the SMIB study system, which was
supplemented by a TCSC, operating in conjunction with a power flow controller. The
first part of this study involved reconfirming the findings of previously published
work to establish confidence in the simulation models used. The published work
consisted of investigations into the application of a TCSC for line power scheduling

using two control strategies.
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Using these findings as a base, the investigations were extended by considering the
effect and possible benefit that each control strategy would have on the SMIB study
system duﬁng transient and dynamic conditions. In particular this chapter investigates
the effect of the power flow controller on the small-signal and large signal stability
characteristics of the study system. The investigations consider different operating

conditions and various designs of the power flow controller’s response time.

The results of Chapter Five indicate that a power flow controller can influence the
stability characteristics of the SMIB study system, particularly the damping of the
electromechanical oscillations. Chapter Six, therefore considers a two-area four-
generator study system in order to ascertain what effect the power flow controller’s
operation would have on the electromechanical oscillations of a larger, multi-machine

study system.

Chapter Seven summarises the results and findings of the thesis as well possible

future work that could be of relevant interest in this particular area of research.

1.4. Findings of the Thesis

The previous section outlined the structural arrangement of the thesis. This section

now highlights the main results and findings of the thesis.

The achievements and findings of the thesis maybe summarised as follows:

(1) A detailed simulation model of a TCSC has been developed for the
simulation package PSCAD; this model includes the TCSC’s power
electronic switches and their low-level firing controls. The model has
been verified against the theoretical characteristics of a TCSC and has
been integrated into a model of a SMIB study system in PSCAD. A

closed-loop power flow controller has also been implemented on this
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SMIB and TCSC study system in order to allow a study of the two
different power flow control strategies proposed in the literature.

A series of studies is presented to demonstrate the impact of closed-
loop power flow control on the stability characteristics of the SMIB
study system. These studies consider the influence of controller
response time and power flow control mode on the small-signal and
transient stability characteristics. The findings show that the closed-
loop power flow controller does have an impact on the system’s
stability characteristics and that this impact depends on both the
controller’s response time and its operating mode. In particular, it is
shown that in one mode the power flow control has an adverse impact
on system stability whereas in another mode the impact is beneficial to

these characteristics.

The influence of the closed-loop power flow controller on the small-
signal stability characteristics of a multi-generator system is also
examined using a real-time simulator. An existing real-time simulation
model of a well-known four-generator study system has been extended
in this thesis to include a TCSC and power flow controller. As with the
single machine study system, a series of studies is then presented to
confirm the influence of the power flow controller, its operating mode
and response time, on the inter-area mode oscillations of this four-

generator study system.
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1.5. Research Publications

Findings from this thesis have been presented at national and intemational

conferences [11,12].
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CHAPTER TWO

CONTROLLABLE SERIES COMPENSATION FOR
CLOSED-LOOP POWER FLOW CONTROL

2.1. Introduction

The previous chapter has highlighted the importance of the control of power flow
along an ac transmission system in order to ensure system stability. The previous
chapter stated that system stability can be achieved by balancing the electrical output
power of the generators and the system loads. The discussions of the previous chapter
showed that a FACTS device has the ability to alter and control dynamically the
factors that influence power transfer in the particular line it compensates. This
characteristic of a FACTS device gives it the capability to control the flow of power

in an interconnected ac network.

This chapter reviews the applications of FACTS devices, and in particular the TCSC,
that have been proposed in the literature for closed-loop power flow control. In
particular the chapter examines the control strategies proposed by various researchers
for power flow control. In addition, practical considerations as well as potential
problems when implementing these strategies in a power system are highlighted from
the previously published literature. However, the following section begins by
introducing the basic concept of series compensation and explaining how it can be

used to influence the power transfer capability of an ac power system.

Controllable Series Compensation for Closed-loop Power Flow Control
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2.2.Theory of Increased Power Transfer via Series Compensation

It is well known that the transmitted power in a simple ac two generator system is
determined by the series line impedance and the angle between the end voltages of the
line. In the past power system operators and researchers have considered various
techniques to alter the flow of power in a transmission line to allow the system to
operate closer to its thermal stability limit. Kimbark in the mid-1960s considered a
method of switching in series capacitors mechanically using circuit breakers to alter
the flow of power in a transmission line [13]. The fundamental concept of series
compensation is to reduce the overall series line impedance, thus enabling the line to
appear electrically shorter. This interest in series compensation is most likely a result
of it being recognised that power transmission, particularly over long transmission
lines is limited pre-dominantly by the line’s series inductive reactance [14]. In
addition, the justification of controllable series compensation can be explained in

terms of the simple two-machine power system diagram shown in Fig. 2.1 below.

Vs@ VR@

/’ h

Fig.2.1. Effect of series compensation on power flow in an ac network

XL

Fig. 2.1 comprises a two-machine system interlinked by the inductive reactance of the
transmission line and a controllable series capacitance of reactance Xgc. The
derivation of the relationship between the power flow and the controllable series
compensating reactance is largely based on [1]. The overall transmission line

reactance (Xp) can be written as:

XO:XL_XSC (1)

Controllable Series Compensation for Closed-loop Power Flow Control
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The degree of the compensation (k) can be defined as the ratio of the series capacitive
reactance and the inductive line reactance (Xgsc/Xy), such that:

Xo=(-bX, (2)
where the degree of series compensation is bound between the limits zero and one.
Using the relationship for the overall line impedance, the power flow in Fig.2.1 can be
approximated as:

A2

(o]

sind (3)

Fig. 2.2 below shows the relationship between the electrical output power and the
angle across the transmission line. From the graph, it is evident that the electrical

output power increases steadily as the degree of compensation is increased.

Fig.2.2. Active power vs. angle characteristic for two-machine power system

The use of series compensation to alter the flow of power can prove to be of benefit in
a transmission system with multiple parallel paths during contingencies and line
outages. In the case of a line outage in such a network, the power carrying capability
of a particular line can be changed by altering its degree of series compensation in
order to allow a continuous uninterrupted flow of power. This concept of power flow
scheduling has been proposed in [3,4] and will be discussed in further detail in the

subsequent sections.

Controllable Series Compensation for Closed-loop Power Flow Control
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2.3. Controllable FACTS Series Compensation

2.3.1. Overview

The initiative of FACTS technology emerged in the late 1980s as an alternative to the
traditional methods used to solve the problem of increasing power demand: the two
main objectives of FACTS technology were firstly, to direct the flow of power over
designated routes and secondly to increase the power transfer capability of the
existing transmission system through improved control [2]. The realisation of these
objectives however would require the development of high-powered controllers. As a
result of major advances in the area of high-powered semi-conductor technology, the
concept of FACTS technology was conceived. Hingorani proposed the FACTS
concept and the use of this technology in an effort to increase the usable power

capacity in a power system [1].

The cornerstone of FACTS technology was initially the thyristor, which is an example
of a high-powered semi-conductor device with control capabilities. These
characteristics of the thyristor earlier saw application in the high-voltage direct current
(HVDC) systems and static var compensator (SVC) technologies [14]. This was
followed by the rapid development of various controllable series compensators, in
particular the TCSC. The following subsection considers the three different types of
controllable compensation devices for the application of power flow control. This
thesis is concerned primarily with a particular type of series compensator, namely the
TCSC. However the UPFC and SSSC can also be used for closed-loop power flow
control as a result of them being able to influence the variables in eqn (1). Hence their

basic concepts and power flow control capabilities are summarised in the following

subsection.

Controllable Series Compensation for Closed-loop Power Flow Control
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2.3.2. Unified Power Flow Controller (UPFC)

The unified power flow controller was proposed by Gyugyi in the early 1990s. A
schematic diagram of the UPFC is shown in Fig. 2.3 together with a brief description

of its basic operation which is largely based on [4].

Yy
Transmission line I—

transformer
Supply

Converter! pepon — Comverter2 v -
transformer ———— capacitor o

My Ly ke
V T ¥
—

Conirol =s— Reference imput

Measured Variables —e=

Parameter settings — o=

Fig.2.3. Schematic diagram of the UPFC

The UPFC consists of two back-to back voltage sourced converters that are operated
from a common dc link, represented by a dc storage capacitor. The arrangement of the
UPFC functions as a basic ac-to-ac converter, where each converter can
independently generate reactive power at its own ac terminals. Converter 2 injects a
voltage with a controllable magnitude and phase angle via an insertion transformer,

where the injected voltage serves as a synchronous voltage source.

Active and reactive power exchange can thus occur between the ac system and this
voltage source as a result of the flow of transmission line currents through the voltage
source. Converter 1 supplies or can absorb the active power requested by converter 2
at the dc link in an effort to restore the active power exchange. The power demand of
converter 2 at the dc link is then converted to ac by converter 1 and coupled to the
transmission line. The UPFC is capable of controlling, simultaneously, one or more of
the parameters (voltage, impedance, phase angle) that affect the flow of power in a

transmission system [4,15].

Controllable Series Compensation for Closed-loop Power Flow Control
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2.3.3. Static Synchronous Series Compensator (SSSC)

A schematic diagram of an SSSC is shown in Fig. 2.4 followed by an explanation of

the device’s principles of operation which is based on [7].

U
Transmission Line -l I
Couping Transformer
Converter
Meaurement
s |y 23 v zE
Conirel +:‘_‘ U

SR I3I5T.

Fig.2.4. Schematic diagram of the SSSC

The SSSC is a voltage sourced converter that injects a voltage in series with the
transmission line to which it is connected. The injected voltage is variable and is
almost in quadrature with the line current. This injected voltage can emulate a
capacitive or inductive reactance in series with the transmission line. The SSSC is
then capable of influencing the flow of power in a transmission line by controlling the
magnitude of this emulated reactance. Mihali¢ proposed the use of the SSSC in [7] as

part of a fast-responding, closed-loop power flow controller in a simplified network.

Controllable Series Compensation for Closed-loop Power Flow Control
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2.3.4. Thyristor Controlled Series Capacitor (TCSC)

The thyristor controlled series capacitor was the first hardware controller to be
developed under the FACTS initiative [3]. The TCSC makes it possible to vary the
impedance of a particular transmission line in an interconnected network so as to
force the flow of power along a contract path. A schematic representation of the
TCSC is shown in Fig. 2.5 followed by a description of its principles and operating

characteristics.

Fig.2.5. Schematic representation of the TCSC

A TCSC consists of a series capacitor connected in parallel with a thyristor-controlled
reactor (TCR). The TCSC is inserted in series with the transmission line, in the same
manner as a series compensating capacitor. Reference [3] proposed that several TCSC
modules can be connected in series in order to obtain the required voltage rating and
operating characteristic. The net compensating reactance Xrcsc that the TCSC
provides to the system is the combination of the fixed capacitive reactance X¢ and the
variable inductive reactance Xrcg of the TCR. The magnitude of the variable
inductive reactance is a function of the thyristor delay angle. The thyristor delay angle
is determined by low-level firing controls. In a conventional TCSC arrangement,
where the inductive reactance Xj is smaller in magnitude than the capacitive

reactance Xc, the TCSC has two operating modes: capacitive mode and inductive
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mode. Using this concept of variable series compensation of a TCSC, reference [3]
proposed the idea of enforcing desired steady state power flows on parallel

transmission paths of an interconnected network.

This section has reviewed three different FACTS devices that can be used to achieve
closed-loop control of power flow. In general, inverter based devices, in particular the
UPFC, provide more functional flexibility and better operational performance than
thyristor controlled systems. However these devices are inherently more expensive
than their equivalent thyristor-based counterparts, which is likely to be the reason for
the TCSC being the most common series FACTS device being utilised for actual
utility applications. Indeed, the TCSC is already in wide use in power utilities around
the world at transmission voltage levels up to 500kV [16,17,18] whereas to date, the
UPFC has only been installed at a test site at 138kV [19].

2.4.' Closed-Loop Power Flow Control

2.4.1. Background

The concept of power flow control in an ac transmission system can be understood as
the means by which those parameters of the system that are responsible for the flow of
power can be altered [4,5,6,20]. Influencing the flow of power using controllable
series components can result in improvements in the power system’s performance by
allowing operation closer to its thermal limits [6]. As pointed out in the previous
section, the power flow along a transmission line is a function of the line impedance
and the phase angle between the end voltages of the line. In the past the capacitive and
inductive reactances were the parameters of the system that were either fixed or varied
using a slow steady-state scheduling approach. With this traditional approach, during
dynamic conditions, the power flow was a function of the angles across the system;

however there existed no form of direct control of these angles.
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FACTS devices however can be used to directly control the capacitive reactances and
other parameters to achieve fast direct control of power flow in an interconnected ac
network [1,20]. In situations where the angles across the system change, the
capacitive reactance can be altered such that the desired power flows can be
maintained. This form of impedance control can be programmed to react in a planned

way to contingencies so as to greatly enhance power system stability [3].

This application of FACTS devices to provide direct control over the amount of
power flow has been described in the literature as power flow control [5,7], closed-
loop control of ac power flow [21] and power scheduling [3,6]. The ability to
schedule the flow of power over particular transmission lines can yield several
benefits [3,5]: preventing overloading of lines that are already operating close to their
thermal limits; preventing undesired loop flows in an interconnected ac network;

restricting the flow of power to selected transmission corridors.

Previous literature has highlighted the application of various FACTS devices for
closed-loop power flow control [4,6,7]. This thesis, however, specifically considers
the effect of such power flow control on the stability of the study system as a whole.
This thesis considers the use of a FACTS device to direct the flow of power while
examining the additional influences that this form of control might have on small and
large signal behaviour of the generators feeding the interconnected system. Although
the impact of power scheduling control on system stability has been presented in [6],

this particular area of study has not yet received a thorough treatment.

2.4.2. Literature Review

In order to attain the objective of this thesis, which is to analyse the impact of closed-
loop power flow control strategies on power system stability characteristics, the

following issues need to be addressed with regards to closed-loop power flow control:
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i). control approaches implemented using the TCSC;
ii). typical range of controller response rates considered;
iii). requirements for practical implementation in a real system; and

iv). potential problems for application in a real system.

This section reviews the published literature and examines the various issues

regarding closed-loop power flow control.

Researchers have previously described methods in the literature for controlling the
series compensation of a particular line in an interconnected network to improve the
power flow capability in that system. References [3,6] have proposed two distinct
strategies for the purpose of power flow control, namely the constant power strategy
and the constant angle strategy. These control strategies are applied to a system
consisting of at least two parallel transmission lines, where one of these lines is
compensated by a TCSC. Reference [3] states that the objective of the constant power
strategy is to force all the uncompensated lines to absorb any increase in dispatched
power; control logic is then used to adjust the amount of series compensation
provided by the TCSC, to ensure that the power in the line compensated by the TCSC
is regulated accordingly. Conversely, reference [3] also proposed the concept of the
constant angle strategy which forces the line compensated by the TCSC to absorb any
increase in dispatched power; in this approach, by adjusting the TCSC’s capacitive
reactance, the increased power is transferred whilst maintaining a constant
transmission angle across all the parallel lines. The operating principles of these two

control strategies are explained in more detail in Chapter Three.

Reference [6] considered the impact of a TCSC on the stability characteristics of a
study system. The TCSC formed part of a closed-loop power flow controller and
power oscillation damping controller operating simultaneously. The findings from [6]
showed no impact on the generator’s synchronising and damping torque by the
combined control action. However, the individual effects of power flow control and

power oscillation damping were not separately considered in [6]. As such it is not
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possible to obtain any conclusions from [6] on the stability impact of the power flow
control algorithms themselves. Reference [6] also considered the influence of the
power flow controller on the transient performance of their power oscillation damping
controls. In this particular case the system’s oscillations became poorly damped as a
result of the saturation in the TCSC’s output, but this was rectified by adjusting the
power oscillation damping controller design. Reference [3] has considered the use ofa
power flow controller to damp power swings. The authors of [3] state that in order to
improve the damping of power swings, the amount of compensation must be varied.
This variation in the TCSC’s compensation is required such that the resultant changes
in power transfer caused by the variation of the capacitive reactance tend to counteract

the power swings.

A number of researchers have considered the issue of the appropriate speed of
response of a power flow controller, with a range of controller response times
proposed in the literature [3,4,6,7]. Reference [6] suggested that the proportional
integral (PI) controller in such a scheme should be slow acting, with the controller
action carried out over a period of approximately 30 seconds. Reference [3] also
supports this suggestion, where a response time on the order of 10 seconds is utilised.
However, other researchers have also considered fast scheduling of power [4,7] using
both the UPFC and SSSC respectively. Both references [4] and [7] suggest response

times of tens of milliseconds for their respective controller designs.

Considering that previously published literature has considered closed-loop power
flow control utilising both fast and slow response times, this thesis will focus on
response times in the range of 5 to 25 seconds. This chosen range of response times is
examined in order to obtain a more complete understanding and to take note of any
effects that are present for both shorter and longer response times. Reference [21]
documents techniques for simplifying power system models for the purposes of
designing the response time of a power flow controller. The controller design process
adopted in this thesis follows the approach used in [21], where simpliﬁed system

representations of detailed simulation models were developed for controller design
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purposes. However, whenever the influence of power flow control on stability is to be

assessed in the thesis, the detailed simulation models are used.

Reference [6] investigates the implications of implementing the constant angle control
strategy in a practical system. Reference [6] states that in the case where the location
of generation is remote, telecommunication of some control signals would be required
for the constant angle strategy. Reference [6] in addition states that using remote
signals for this application would tend to have an impact on cost, but not on the
reliability of the system. This is as a result of the requirement of the line power

scheduling process being performed over a long period.

Similarly reference [3] also proposes the concept of scheduling of power flow in a
remote location using the adjustment of the TCSC compensation. For their method,
the power flow and approximate angle across the system would be determined by
using the control system to measure the local voltage and current. Reference [3] states
that the adjustment of the capacitive compensation would be programmed into an
energy management system, which would send a desired set point value to a regulator.
The compensation would then be varied continuously by the regulator in order to

obtain the required power and estimated system angle relationship.

On the issue of the practicalities of implementing power flow control, in a real
system, reference [6] has reported on potential problems that may arise during specific
operating conditions in a paralle]l transmission system. Reference [6] considers the
problems associated with the TCSC controls during conditions involving line outages.
In particular, the authors of [6] consider the situation where the alternate line is
outaged, leaving only the line compensated by the TCSC in operation. When the
power flow controller is operated in constant power mode, the generator is shown to
lack synchronising torque. The authors attribute [6] this problem to the PI controller
trying to maintain the flow of power in the compensated line, irrespective of there

being no alternate path for any additional power to flow: their suggestion is that the

Controllable Series Compensation for Closed-loop Power Flow Control



Chapter Two Page 2-13

constant power and angle strategies should be applied to systems with two or more

parallel paths.

Thus in a situation involving a line outage, having more than one alternate line would
assist the power flow controller’s function to regulate the flow of power without
resulting in the system becoming unstable. The second problem that [6] reports is the
charactenistic of the TCSC’s output drifting arbitrarily to its minimum and maximum
value following a system disturbance. The authors of [6] suggest that a protection
scheme be utilised to disconnect the TCSC’s controls during severe contingencies;
however damping controls need to be maintained [6], or otherwise introduced during

such a condition, in order to keep the system stable.

2.5. Summary

This thesis aims to investigate the effect of closed-loop power flow control on system
stability as a whole. To this end, this chapter has reviewed the relevant research
literature on this subject. By adopting the two control strategies proposed in the
literature, the effect of both the transient and dynamic behaviour of a SMIB study
system will be investigated. Furthermore by selecting a range of controller response
times based on the published literature, the effect of both a fast and slow acting power
flow controller on the stability characteristics of the system will be examined. This
investigation will be conducted to identify the possible effects on the dynamic and
transient behaviour of the study system for each of the two power flow control

strategies.
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CHAPTER THREE

DESIGN AND IMPLEMENTATION OF POWER FLOW
CONTROLLERS

3.1. Introduction

The previous chapter highlighted the various control approaches undertaken in the
published literature for closed-loop power flow control. In that chapter, aspects
regarding the effective scheduling of power flow were reviewed and three devices that
can be used for power flow control were idenfified and examined. Chapter Two also
discussed the two particular control strategies suggested by researchers, namely the
constant power and constant angle strategies. The previous chapter has also
highlighted the range of response rates proposed by various researchers for power
flow control. Based on these findings obtained from the published literature, the effect
of closed-loop power flow control on small and large signal stability will be

Investigated.

This chapter however, focuses on the design and implementation of a specific power
flow control scheme in a single-machine infinite bus (SMIB) study system. In the
chapter the various components of the SMIB study system and their respective
functionality will be discussed. The general theory of power flow control with regards
to the SMIB study system will be examined using the power flow equation. In
addition the constant power and angle control strategies will be discussed in detail.
Furthermore this chapter outlines the method used for designing the gains of the
power flow controller, so as to obtain a desired response time, and includes an

example case to illustrate the various steps followed.
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3.2. Power Flow Control Theory

3.2.1. The SMIB Study System

In this chapter a single machine infinite bus (SMIB) study system is outlined. This
relatively simple SMIB system is used in this chapter so as to allow a clear
explanation of the concepts and design of closed-loop power flow controllers. In
addition, this study system is used in the initial studies of Chapter Five to enable the
impact of a power flow controller on system stability to be readily understood.

Subsequently, in Chapter Six, a more detailed, multi-generator system is considered

for further analysis.
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Fig.3.1. Single-line diagram of the SMIB study system

Fig. 3.1 above shows a diagram of the single-generator study system considered in the
initial studies of the thesis. The system consists of a synchronous generator that is
connected to an infinite busbar via a transformer and two parallel transmission lines.
Transmission line L1 is compensated with a TCSC, while L2 is uncompensated. The
structure of the study system shown m Fig. 3.1 is based on that which was used to
study line power scheduling in [6]. In this thesis however, the parameters of the study
system are different from those in [6], and are based on those of the Machines

Research Laboratory at the University of KwaZulu-Natal.
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The generator at the sending end of the transmission line is equipped with an
automatic voltage regulator (AVR). The inclusion of the generator’s AVR is
important when considering the stability characteristics of a study system, since the
AVR is known to have a significant impact on both small-signal and transient stability
characteristics [8]. The TCSC provides a variable compensating reactance (Xrcsc)
that is used to alter the overall impedance of line L1. The parameters of the TCSC
used in the SMIB study system are based on those of a laboratory-scale TCSC that has
been designed for use in the Machines Research Laboratory [22] and whose
parameters are currently being revised for improved performance [23]. The full details

of the parameters of the study system are given in Appendix A.
3.2.2. Basic Concepts of Power Flow Control

The previous subsection outlined the SMIB study system to be considered in the
thesis. This subsection will now address the concept of power flow control with
reference to the SMIB system in Fig 3.1. In Fig. 3.1 the active power transfer in

transmission line L1 is given by

V.V
po L g
XL _chsc

“4)
where [V2| and |V3] are the magnitudes of the voltages at buses 2 and 3 of the system

and ;3 is the transmission angle between these bus voltages.

Equation (4) highlights the principle by which series compensation can be used to
manipulate the net impedance of a particular transmission line and hence influence its
power transfer. When the TCSC’s reactance is increased for a given transmission
angle 6,3, the net reactance X;—Xrtcsc of the compensated line is reduced, thereby
increasing the active power transfer. Hence, the magnitude of the active power

transfer in the compensated line can be increased for a given transmission angle by
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increasing the amount of TCSC compensation. Alternatively, an increase in the
amount of TCSC compensation can be used to reduce the transmission angle required

for a given active power transfer in the compensated line.

These two observations underlie the two distinct strategies that have been proposed
for closed-loop control of line power flow [3]: the “constant power strategy” which
keeps the power flow in the compensated line constant, and the “constant angle
strategy” which ensures that the compensated line absorbs any increase in generated

power. Each of these strategies will now be explained in more detail.
3.2.2.1. Constant Power Strategy

Consider the system shown in Fig. 3.1 initially operating at steady state, and then
subjected to an increase in the output power of the generator. This increase in the
generator output power (P,) causes the common transmission angle 6,3 across the two
parallel lines L1 and L2 to increase, and hence the active power transfer across both
lines initially increases. However in the constant power strategy the TCSC is to be
used to keep the power flow in line L1 constant at some desired set point value. The
relationship in equation (4) shows that to achieve this, the TCSC’s capacitive
reactance has to be altered to counter any change in angle across line L1. In other
words, under this control strategy, when the generator output power is increased, (and
023 increases), the TCSC’s reactance is then decreased accordingly so that the power
transfer in line L1 remains unchanged from the desired set point value. Consequently,

in this mode of control, all the increase in dispatched power from the generator is then

forced to flow through line L.2.
3.2.2.2. Constant Angle Strategy
Consider, once again, the situation when the generator output power in the system of

Fig. 3.1 is increased, but now with the TCSC used to maintain a constant transmission

angle 6,3 across both lines. From equation (4), in order for additional power to be
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transmitted, either the capacitive reactance of the TCSC has to be increased or the
transmission angle 6,; has to be increased. Under this control strategy, where the
angle across lines L1 and L2 is to be kept constant, when the generator output power
increases the TCSC’s capacitive reactance has to be increased accordingly. Increasing
the TCSC’s reactance in this manner results in the compensated line L1 transferring
all the additional power dispatched. This ensures that the angle across line L1 and L2
is kept constant and that the power transfer in the uncompensated line L2 remains

unchanged.

In this thesis, each of these two power flow control strategies is implemented on the
SMIB study system of Fig 3.1. In each case, the impact of the particular strategy on
system stability is studied for different response times of the power flow controller.
The following section therefore outlines the method used to design the gains of a

power flow controller so as to achieve a specified controller response time.

3.3. Design of Power Flow Control Parameters

3.3.1. Overview

Chapter Two has shown that a wide range of response times have been proposed by
various researchers for power flow controllers. In order to be able to study the impact
of these response times on system stability, a method has to be derived for designing a
power flow controller’s response time to match a user-specified value. The following
subsection will now highlight the method utilised for simplifying the study system in
Fig. 3.1 for the purpose of designing the appropriate response time of the power flow
controller. The design method that will be discussed in the following subsection is
taken from [21].
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3.3.2. Design Method

Figure 3.2 below shows a simplified representation of the SMIB study system of Fig.
3.1. As in Fig 3.1, this simplified representation still consists of two nominally
identical transmission lines with line L1 being compensated by a TCSC. However the
rest of the original system of Fig 3.1 is now represented by two ideal sources on either
end of the transmission network. The sending end voltage (Vs) is at some angle 9,
while receiving end voltage VR is taken to Ibe the reference phasor at an angle of zero

degrees.

Fig. 3.2 Simplified single-line diagram of study system

As already explained using equation (4), the power flow in the compensated line is a
function of the magnitudes and angles of the voltages at each end of the line and the
size of the capacitive compensating reactance. However, a variable series capacitive
compensator, together with suitable feedback control can be used to make the power
transfer down a line track a desired value imrespective of the transmission angle or

system voltages.

Fig.3.3 shows a diagrammatic representation of a simple feedback controller that can
be used for this purpose. At the heart of the power flow controller diagram shown in
Fig 3.3 is a block representing the plant itself (i.e. the transmission system). In the

plant, the variable to be controlled is the power flow in the compensated line (P;) and
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the controller influences this variable by adjusting the size of the TCSC’s
compensating reactance Xrcsc. The relationship between the TCSC’s reactance Xrcsc
and the controlled variable P, has already been described in equation (4), but it is now
re-written in terms of the variables defined in the simplified model used for controller

design (Fig 3.2) as follows:
sin Q)

In a particular TCSC installation, the compensating reactance Xrcsc is an output of
the device. The control input to a TCSC (manipulated by a high-level device such as a
power flow controller) is actually the reactance order (Xorer) Of the TCSC. The
reactance order of a TCSC is defined [1] as the ratio of its net reactance Xrcsc to the

reactance of its internal capacitor X¢ as follows

X
Xorder = % (6)
C
Thus, in the feedback control scheme of Fig 3.3, the desired value of the power flow
Pl' is compared to the actual value P}, and the error is used to drive a PI controller

whose output AXqer adjusts the reactance order of the TCSC, around some set point
value Xrgero to force Py to track Pl*.

XormER 0
+
AXormER X oRDER B
PI - g PLANT -

Fig. 3.3 Block diagram representation of a TCSC-based power flow controller
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Reference [21] has presented a theoretical basis for selecting the proportional (Kp)
and integral gains (K;) of a power flow controller such as that shown in Fig 3.3 in
order to achieve a specified response time of the controller. The following discussions
now explain the design method of reference [21] which is used in this thesis for

design of the power flow controller.

In order to design the closed-loop power flow controller of Fig 3.3 to achieve a
specified response time, it is necessary to derive an expression for the plant, that is an
equation relating the control input to the plant (Xomer) to the controlled variable (P;).
The relationship between Xg¢er and P; can be obtained simply by combining
equations (5) and (6). However, an inspection of equation (5) shows that the resulting
plant equation would be a non-linear, multi-variable relationship. Hence the approach
taken to design the controller in this thesis is to linearise this plant equation at a
specific operating point: this linear approximation to the true plant equation will be
valid for small changes in Xorer (and hence Xtcsc) around the selected operating point
and will therefore be suitable for designing a small-signal power flow controller at a

given operating point.

A linearised approximation to the relationship between Py and Xrcsc in equation (5)
can be obtained [21] by evaluating the partial derivative of P; with respect to Xrcsc as
follows:
AR OR |
AXrese  0Xrpese |5=5o

Vi=Vio

Q

()

where AP} = Py — Py and AXtcsc = Xtese — Xresc o are small changes (deviations) in
the quantities P; and Xrcsc from their steady state values (i.e. from the values P;q and

Xr1csco at which the linearisation is carried out).
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From equation (5), the partial derivative of P, with respect to Xtcsc can be derived as

V
aPl — iVS N R i sind (8)

aXXTSC {JXLi_‘XTCSC'}Z

Substituting equation (8) into equation (7) and rearranging yields

P,

aX 8=4
TCSC o
Xrese=Xresco

AX TCSC (9)

From equation (8) and equation (9), one can then write
AP =K' Mg (10)

VslVal

K "=
where PLANT —hXL| ~ ‘chsco ’ J >

sind, (11)

Equations (10) and (11) are a form of the plant equations that relate changes in the
TCSC’s reactance to changes in P,. However since the actual control mput to the
TCSC is the reactance order Xorder, €quation (10) must be re-written in terms of this

control input to the TCSC, by applying the following relationship

AX resc = AX orger "Xci (12)
where |X¢| is the magnitude of the TCSC’s internal capacitive reactance and AXoer =
Xorder — Xorder 0- By defining

Kpanr = ‘Xc‘ Ko
s 1Vl
ﬂX L i B ‘X

=|X| —sin &, (13)

TCSCO |}
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this yields
AP, = KPLANT 'AXorder (14)

For given steady-state values of X1csc, Vs, Vr and d, equations (13) and (14) describe
the relationship between changes AXqer at the control input to the TCSC in line L1,
and the resulting changes AP in active power transfer, and are valid for small values
of AXwer and AP;. These equations can then be integrated into the controller block

diagram in Fig 3.3 to yield a linearised model of the closed-loop power flow control

scheme as shown in Fig 3.4.

AX
KP + ﬁ ORDER

Fig. 3.4 Linearised model of the power flow controller

Using the linearised model in Fig 3.4, controller design rules can be derived in order
to meet specified small signal dynamic response requirements. From Fig. 3.4, the
closed loop transfer function APi/AP*(s) can be written in terms of the controller

proportional gain (Kp), integral gain (K;) and the plant gain (KppanT) as follows:

(s+5% )
AP, - KpK prant . K, :K(S+b) (15)
AP" 14K, K, [s+ KK, ] (s+a)

1+ Ko Kp inr

Equation (15) shows that the closed-loop system has a single pole and a single zero,
the time constants of which can be set independently according to the power flow

controller’s performance specifications.
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As explained in [21] a desired settling time of the controller can be achieved by
appropriate choice of values for the time constant tp = 1/a of the closed loop pole and
the time constant 1z = 1/b of the closed loop zero in the transfer function of equation
(15). Since it is possible to set these time constants independently, the closed loop
zero can be positioned anywhere relative to the closed loop pole in the complex plane.

For example:

1. by choosing Kp = 0, the zero is effectively removed from the closed loop
dynamics, at which point the controller reduces to a simple integral
control scheme;

2. alternatively, astute positioning of the closed loop zero can be used to
compensate for the physical response time of the TCSC itself, or for other

delays in the system.

For the generalized case where the designer specifies the desired dynamic response in
terms of particular values of 1p and Tz, the required gains Kp and K can be determined

directly from equation (15) as follows:

K, = (16)

K,= (17)

3.3.3. Example Case: Calculation of Design Parameters

This section will now explain the process by which the two controller gains (i.e. Kp
and Kj) are calculated by means of a numerical example. In order for the
computations for Kp and K; to be carried out, the correct steady state values of the
variables in the simplified system model of Fig 3.2 must first be determined. These

steady state values are obtained by running a detailed simulation model of the full
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SMIB study system in Fig 3.1 at the desired system operating point, but without the
power flow controller enabled (i.e. with the value of X at the input to the TCSC
kept fixed at Xomer = Xorder 0). Furthermore, the steady state value of the reactance
order of the TCSC (Xorder0) 18 set to a value of 2 (The typical control range of a TCSC
is 1 € Xger < 3; the value Xger 0 = 2 is thus chosen so that the TCSC is in the
middle of its control range at the design operating point). The steady state response of
the detailed simulation model at the desired operating point is then used to calculate
the steady state values of the variables in the simplified model of the system at the

same operating point.

In the case of the numerical design example about to be presented, upon running the
detailed simulation model at the desired steady state operating point it was found that
the power flow in each line was measured to be Py ;= 0.462pu and Py, = 0.307pu. The
voltage at bus 2 in Fig 3.1 (i.e. the voltage at the coupling point of the two
transmission lines in the detailed model) was measured to be 1.065pu. Note that for
the purposes of design calculations, the bus voltage V, in the detailed simulation
mode] is measured and not the voltage at the generator terminals: this is done to
accommodate the simplified network topology (Fig 3.2) that is used for the controller
design calculations (i.¢. in Fig 3.2 an ideal source is assumed to be connected directly
to the sending end of the parallel lines). Thus, for controller design purposes, the
value of [V in the simplified model of Fig 3.2 was set to 1.065pu (equal to the bus 2
voltage in the detailed system model) and the value of |[Vg| in Fig 3.2 was set to 1.0pu
(equal to the actual magnitude of the infinite bus voltage in the detailed system

model).

In order to apply equation (13) to evaluate the plant gain, the correct value of the
angle o between the sending end and receiving end buses in the simplified model had
to be evaluated for the chosen steady state operating point. By using equation (5) and

solving for &, we obtain the following
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5 — i Pl(XL—XTCSCO)Z . {0.462(0.75—0.248)}
o WW 1.065x1.0
= sin~'(0.2178)

5, =12.57°

where Xy = 0.75pu is the line’s inductive reactance and Xrcsco = 0.248pu is the value

of the TCSC’s reactance corresponding to Xordero = 2.
With this value of 8, the plant gain can be evaluated using equation (13) as follows:

(1.065)(1.0)

0.124
(0.75-0.248)

Kppr =0.

_sin (12.57°)

=0.1104

To illustrate the design procedure further, the proportional and integral gain values
required to yield a specific settling time (Ts) of the power flow controller will be
calculated using the formulae derived above. For a first order system, the relationship

between the settling time Tg and the time constant of the system’s pole tp is given by
I =51, (18)

In this numerical design example, the desired value of the power flow controller’s
settling time was specified as Ts = 5 seconds, so that tp = 1 second according to
equation (18). A desired time constant tz = 0.1s was then specified for the controller
zero such that it lies significantly to the left of the controller pole in the complex
plane. With these values of 1p, 1z and KppanT, the controller gains Kp and K; were:

then determined using equations (16) and (17) as follows:
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1

K, =———=10.06
"70.1104(1-0.1)

_ 0.1
77 0.1104(1-0.1)

=1.006

The numerical example shown above illustrates how the feedback controller of Fig
3.3 can be designed to achieve a specific settling time for power flow control in the
SMIB study system of Fig 3.1 at a particular operating point. In the subsequent
studies of the thesis, this same design procedure is used to obtain a range of different
power flow controller response times for comparative analysis. It should be noted that
the simplified transmission network model in Fig 3.2 is used only for the purpose of
designing the power flow controller’s gains for each comparative study. When
analysing the influence of the power flow controller on the stability of a power system
in subsequent chapters, the full power system model associated with the particular
system under study is always used. In addition, because a simplified (and somewhat
1dealised) network model is used to derive power flow controller gains, before each
comparative study is carried out, the intended (designed) response time of the power
flow controller is first verified using the full network model, before embarking on

stability comparisons.
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3.4. Conclusion

This chapter has explained the concepts of power flow control using a SMIB study
system as an example. The operation of the two different power flow control
strategies proposed in the literature, namely the constant power and constant angle
strategies, was discussed in detail. This chapter also included a theoretical derivation
of the method used in the rest of the thesis for designing the power flow controller to
meet a specified settling time in its dynamic response. Furthermore a numerical
example case was documented, in which the power flow controller gain values were
determined for a specific settling time and operating condition in the SMIB study

system.

By applying the design method discussed in this chapter, the required controller gains
will be calculated to yield power flow controller settling times of 5, 10 and 25
seconds. Each of these three settling times will then be considered for both modes of
power flow control (constant power and constant angle control). In each case, the
stability characteristics of the SMIB study system will then be examined following
small-signal and transient disturbances. However, prior to considering these stability
studies, the following chapter describes the detailed models of the SMIB study
system, and the TCSC itself, that have been developed to conduct these studies.
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CHAPTER FOUR

MATHEMATICAL MODELLING

4.1. Introduction

The previous chapter explained the concepts of power flow control for the SMIB
study system being considered in this thesis. The previous chapter also considered the
various parameters responsible for altering the flow of power in a specific line in the
SMIB study system. The two control strategies proposed in the literature, namely the
constant power and constant angle strategies, were also discussed with reference to
the SMIB study system. Furthermore, Chapter Three also included a theoretical
method, in conjunction with a numerical example, for designing the power flow

controller to meet a specified settling time in its dynamic response.

This chapter now focuses on the mathematical models of the various system
components required in order to study the influence of power flow control on power
system stability. The chapter describes the development of a simulation model of the
SMIB study system that is to be used to analyse the effect of closed-loop control on
small and large signal stability in Chapter Five. In addition, this chapter discusses the
various components of the SMIB study system and describes how they are
represented in the simulation model. Furthermore a detailed description and analysis
of the TCSC and power flow controller models developed for this study will be
outlined in this chapter. Finally a simulation model of a two-area, four-generator
study system together with its associated components will be presented; this latter

system is used to study the impact of power flow control on multi-generator systems

in Chapter Six.
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4.2. The SMIB Study System

In order to study the effect of closed-loop control on small signal and large signal
stability, a single machine infinite bus study system is initially considered. In this
chapter the detailed PSCAD model of the single machine infinite bus (SMIB) study
system is described. Fig 4.1 shows a single-line diagram of the SMIB study system
modelled in PSCAD. The full graphical schematic of the PSCAD model itself is
shown in Fig A.1 of Appendix A. Fig 4.1 shows that the SMIB study system consists
of two parallel transmission lines, each of lumped impedance Ry + jX), connecting a

3-phase synchronous generator to an infinite busbar.

2

w

TCSC

R jX,
GEN 1 L1 {ﬁ A~
| TRFR Py
(H=© |

L2 A ]

PL2

EXCITER

AVR

RN RN

Fig.4.1. Single-line diagram of the SMIB study system

Transmission line L1 is supplemented with a thyristor controlled series capacitor,
which is a device that makes it possible to alter the impedance of a transmission line
by providing a variable series compensating reactance. The generator’s step-up
transformer is represented in the simulation model by its leakage reactance. The
synchronous generator is represented by a detailed two-axis model provided in
PSCAD [9] that includes stator and field circuit dynamics and the effect of damper

windings.
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Finally, the synchronous generator in Fig 4.1 is equipped with an automatic voltage
regulator (AVR) and a static exciter. The inclusion of the generator’s AVR and
exciter is important when considering the stability characteristics of a study system,
since the combination of the AVR and exciter is known to influence these stability

characteristics [8].

4.3. Detailed TCSC Model

4.3.1. Overview

The thyristor controlled series capacitor is an actively controlled device that is capable
of altering the reactance (capacitive or inductive) that it provides in series with a
transmission line. In this thesis, the variable capacitive reactance facility of a TCSC is
used as a means of controlling the power flow in an interconnected transmission
system. The following subsections will now discuss the operating characteristics of
the TCSC and will describe the detailed simulation model of a TCSC that was
developed in PSCAD.

4.3.2. TCSC Characteristics

Fig 4.2 shows a single-line diagram of a TCSC, which comprises a capacitor in
parallel with a thyristor-controlled reactor. This device is inserted in series with the
transmission line, much like a series compensating capacitor. The net compensating
reactance -jXrcsc that the TCSC provides to the system is the parallel combination of
its fixed capacitive reactance -jXc and the variable inductive reactance, jXrcr of its
TCR where the latter’s magnitude is a function of the thyristor firing angle c. Fig 4.2
illustrates the main circuit of the TCSC, where the main circuit parameters are defined
as:
1

X.=- 19
¢ w;C ( )

and,
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X, =wsL (20)

where wg is referred to as the system frequency.

Firing Logic
%y, <l
Tl 5
R
Oo——=— ITCR . H —0
ILINE
\ (X%

Fig 4.2: Single-line diagram of a TCSC

The resonant frequency (og) of the TCSC in Fig 4.2 is the frequency at which the
capacitive reactance (Xc) equals the inductive reactance (X) of the TCR branch. The
resonant frequency is thus defined by the following equation,

Wp = —— 21

Solving for the capacitance (C) and inductance (L) in equation (19) and (20)
respectively, and substituting these terms in equation (21), yields a representation of

the resonant frequency (wg) of the TCSC as a function of the system frequency (ws):

(22)

The quotient between the resonant frequency of the TCSC (wg) and the system

frequency (ws) is defined as the parameter A, where:
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(23)

Generally, numerical values of A for a TCSC lie between 2 and 4 [14], which means
that at the system frequency, the reactance of a TCSC’s capacitor is typically 4 to 16
times larger than that of its inductor. For the purpose of interfacing a TCSC to a high-
level controller, the device’s control input is not the thyristor firing angle o but rather
the TCSC’s reactance order Xoqer. The reactance order Xyqger of @ TCSC is a
dimensionless ratio (gain) that defines the extent to which the device’s net
compensating reactance (Xrcsc) is inéreased over the value of its fixed internal
capacitive reactance (Xc). A mathematical formula can be used to calculate the
reactance order of the TCSC as a function of the conduction angle (B) of its thyristors
[14]:

(Atan 43— tan B)- p— 2225

2 2
PR [2cos B

nd 24
order 7 /12 -1 /12 -1 :\ ( )

where A is defined in equation (23), and B =180 - a.

The TCSC is capable of operating in various modes, where each mode exhibits unique
values of net compensating reactance. The following operating modes will now be

outlined:

> Blocking Mode
» Bypass Mode
> Vemier Mode
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4.3.2.1. Blocking Mode

In this mode of operation, the thyristor gates are not triggered (a=180°), so that the
thyristors do not conduct current. Hence at a=180° the TCSC is regarded as operating
in blocking mode. As a result of the line current (I e in Fig 4.2) passing only through
the capacitor, the TCSC’s net reactance is effectively the reactance of the capacitor
(-jXc) in blocking mode. Furthermore, according to equation (24), the value of Xorder

is 1 in blocking mode.
4.3.2.2. Bypass Mode

In this mode of operation, the thyristors are gated continuously (¢=90°) and conduct
constantly, with the resulting net TCSC reactance being the parallel combination of
-jXc and jX;. In this mode of operation, with the thyristors gated continuously, most
of the current flows through the TCR branch as a result of its reactance being 4 to 16
times smaller than that of the series capacitor. Thus only a small amount of current
flows through the capacitor of the TCSC, which results in this mode being referred to

as the bypass mode.
4.3.2.3. Vernier Mode

The vernier operation mode consists of two categories: the inductive mode and the
capacitive mode. Although a TCSC can also operate as a variable inductive reactance,
in this thesis, only the capacitive vernier mode of operation will be considered. In the
capacitive vernier mode of operation, the TCSC’s reactance can be varied from a
minimum value, equal to the capacitive reactance of its internal capacitor (-jX¢), to
approximately four times the value of jX¢, as « is decreased below 180°. Thus the
range of the reactance order X,wer lies between 1 and 4, where the maximum
reactance order Xrder max at @ particular line current is determined by the design of the

TCSC’s main circuit parameters.
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4.3.3. Impedance Characteristic

In order to illustrate further the relationship between the reactance order of the TCSC
and the firing angle o, equation (24) can be modelled using software to obtain the

Korder VETSUS 0. characteristic.

120 140 160 180
& (degrees)

Fig 4.3 X,r4er versus « characteristic curve

Fig 4.3 shows the two important aspects related to variation of the TCSC’s reactance
order as a function of firing angle. Firstly, the relationship between the reactance
order Xower and the firing angle a is highly hon-linear; this non-linearity has to be
catered for when designing high-level control systems around the TCSC. Secondly, in
a control application the TCSC’s initial (steady-state) value of reactance order

(Xordero) 1s typically set to a value that lies approximately in the middle of its control

range.
4.3.4. TCSC Modelling

The previous subsections have considered the principles of operation of a TCSC
together with its impedance characteristics in its various operating modes. This
subsection now describes the detailed simulation model of the TCSC developed in
this thesis in the simulation package PSCAD. Fig 4.4 below shows a single-line
diagram of a TCSC together with its internal controls as they have been modelled in

Mathematical Modelling



Chapter Four Page 4-8

PSCAD. Fig A.2 in Appendix A shows the full schematic diagram of this TCSC and
controller model developed in PSCAD.

Ipme C[ Firing | o aD Xorder
+ Control -
- Xorder
ni2

Fig 4.4: Single-line diagram of a TCSC with its internal controls

As explained previously, the control input to the TCSC that is manipulated by a high-
level device is the desired value of reactance order (Xorder). In the PSCAD model of
the TCSC used in this study, a linearisation function, (in the form of a look-up table
for Xorder to thyristor firing angle (o) mappings), is used to calculate the correct value
of TCSC firing angle o for the demanded Xoyqer value at the input to the TCSC [21].
The PSCAD model of the TCSC developed in this thesis represents the individual
power electronic switches of the device in all three phases, as well as their low-level
fining controls. The firing angle a of a TCSC is defined as the angle frorﬁ the zero
crossings of its capacitor voltage V¢, to the start of conduction of the forward-biased
thyristor. However, in practice the synchronisation of the thyristor firing controls is
usually carried out indirectly by means of a phase locked loop (PLL) synchronized to
the transmission line currents [14] in order to ensure stable operation of the TCSC. In

other words, the PLL determines the instantaneous angle 8, _of the transmission line

currents; subtracting 90° from this angle then yields the instantaneous angle 6,
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of the TCSC’s capacitor voltages required for calculation of the thyristor firing
instants. The PSCAD model of the TCSC includes a detailed representation of a phase

locked loop which calculates the instantaneous angle 6, of the TCSC voltages from

the measured line currents; the model also includes the low-level controls used to

generate thyristor firing signals in each phase by comparing 6, to a. Finally, the

PSCAD model includes a surge arrester connected across each phase of the TCSC as
shown in Fig 4.4. Such surge armresters are always a feature of TCSC installations in
the field [1,14]; it has been found necessary to include them in the TCSC model in
transient stability studies [24] to ensure satisfactory performance of the TCSC’s
capacitor voltages, and hence of its PLL-based firing controls, following short-circuit

faults in the transmission line.

A characteristic curve of the TCSC’s reactance order versus firing angle for the
PSCAD model was generated and compared to the theoretical curve in order to verify
the correctness of the PSCAD model, and to develop a linearisation function for the
simulated TCSC based on its actual characteristics. The reactance order versus firing
angle for the theoretical curve was generated using equation (24) for a range of firing
angles between 140° and 180°(capacitive vernier mode). The component values for
the capacitive reactance (Xc) and the inductive reactance (X ) are based on those of a
laboratory-scale TCSC that has been designed for use in the Machines Research
Laboratory [22]. The full details of the parameters are given in Appendix A. In order
to measure the reactance order versus firing angle for the TCSC modelled in PSCAD,
the net compensating reactance (Xrcsc) of the TCSC had to be determined. In
practice, in a TCSC, there are harmonics, particularly within the capacitor voltage
(Vc). Therefore, in order to measure the reactance of the TCSC, the fundamental
frequency components of the line current (I vg) and capacitor voltage (V) have to be
distinguished from their harmonic components. The fundamental frequency
component of the line current and capacitor voltage were obtained in the simulation
model by means of a Fast-Fourier Transform (FFT). Using these fundamental

frequency components of the line current (I ve) and the capacitor voltage (V¢), the
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net compensating reactance (Xrcsc) of the TCSC was determined for each value of o
within the specified range. Fig 4.5 below shows the comparison of the simulated and

the theoretical curve.

1 i | 1 |
L S R i poomnees | — PSCAD Simulated Xarder
H . i | ---- Thearetical Xorder

Xorder

0 i i _ |
140 145 150 185 160 165 170 175 1680
Alpha (Degrees)

Fig 4.5 Theoretical and simulated X,,4e» as a function of «

From the result shown in Fig 4.5, the general shape of the simulated TCSC’s Xgrer
characteristic is similar to the theoretical curve, with close agreement between the two
curves occurring over most of the range of trigger angles. However, at low trigger
angles (i.e. below 145°), the steepness of the simulated curve is less than that of the
theoretical curve. The reasons for this deviation are twofold. Firstly, in a digital
simulation model, a desired firing angle cannot ever be recreated exactly. Secondly,
because of the nature of the non-linearity in the X,er vs. o characteristic, Xomer values
at low firing angles are more sensitive to small errors in firing angle. Hence the small
percentage error in firing angle due to the discrete nature of the simulation model

yields a larger percentage error in the reactance order at low values of firing angle o.
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4.4. Power Flow Controller Model

Chapter Three described the concept of power flow control, with reference to two
particular control strategies, namely the constant power strategy and the constant
angle strategy. Chapter Three also outlined the method used to design the proportional
and integral gains of a power flow controller to obtain a desired settling time for a
particular operating condition. This subsection now discusses the actual structure of
the control loops used in the thesis to implement power flow control in both the
constant power and constant angle modes of operation. In each case a block diagram
representation (detailed model in Fig A.2 of Appendix A) will be included to ensure
clarity and to show how certain controller components differ functionally in each

mode.
4.4.1. Structure of the Power Flow Controller

As mentioned previously in Chapter Three, the power flow controller developed in
this thesis can apply either of the aforementioned two modes of control to the SMIB
study system shown in Fig 4.1. The SMIB study system in Fig 4.1 consists of a line
L1 compensated by a TCSC while the parallel line L2 is uncompensated. A simplified
block diagram of the power flow controller is considered for the purposes of

explaining each mode of control.
4.4.1.1. Constant Power Mode

In the constant power mode of control, the task of the TCSC-based power flow
controller is to ensure that the active power transferred by the compensated line L1
remains constant at some set-point value (determined by an operator) despite any
changes in generator output power. Fig 4.6 illustrates how the power flow controller

performs its functions so as to maintain a constant power transfer in line L1.
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Fig 4.6: Block diagram of the power flow controller for constant power mode
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At the beginning of its operation, the power flow controller is always set to constant
power mode by default: that is, the “Mode select” switch in Fig 4.6 is set to position
A, such that the output of this switch is zero. The required power transfer in line L1
(shown as signal Prq 1) in Fig 4.6) is then obtained by adding the output of this mode
select switch to the set-point value of line L1’s power transfer, as determined by the
operator (input signal Pgesired L1 1n Fig 4.6). In other words, in constant power mode,

the required power transfer in line L1 is the same as the set-point input value, i.e.

PreqLi = Peesired L1. The actual (measured) value of power transfer in line L1 (Py;) is
then subtracted from the required value Preq1; to form the error €py, at the input to the

PI controller. The PI controller then adjusts the reactance order of the TCSC via its
output AXqger in order to drive the error €p; in the power transfer in line L1 to zero.

The change in reactance order (AX ) at the output of the PI controller is added to
the set-point value of the reactance order (Xorgero) to form the overall commanded
value of the reactance order X qer at the input to the TCSC. This overall commanded
reactance order is then mapped to a corresponding firing angle by the TCSC’s internal

controls as explained before.

Thus, depending on the overall commanded Xowqer at the output of the power flow
controller, the net reactance of the TCSC in line L1 will be altered, which will in turn
result in the flow of power in the compensated line L1 (Py,) being altered until the

actua] power in line L1 is equal in magnitude to the requested power (Preq11).

Mathematical Modelling



Chapter Four Page 4-13

4.4.1.2. Constant Angle Mode

In the constant angle mode of control, the function of the power flow controller is to
ensure that the compensated line L1 absorbs any change in power dispatched from the
generator in Fig 4.1. Hence in this modé, the power transfer in the uncompensated line
L2 should remain constant, at its initial (set-point) value, thus keeping the angle
across both transmission lines constant. The block diagram in Fig 4.7 below illustrates

how the TCSC-based power flow controller performs this task.

=,
P1 on‘ler e Xor

Fig 4.7: Block diagram of the power flow controller for constant angle mode
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req P
Mode select Ll L1
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As explained previously, at the beginning of its operation the power flow controller is
always set by default to the constant power mode of operation. Once started in
constant power mode, the controller can be switched to constant angle mode by
activating the toggle switch “SW” in Fig 4.7. When switch “SW?” is activated in this
way, it performs two functions:
(1) it changes the Mode select switch to position B (for constant angle
mode);
(i1) it activates a sample and hold circuit which samples the active power P;
measured at the terminals of the generator and saves the particular
value of P, recorded at the onset of constant angle control to a value

P

Fig 4.7 shows that a signal AP, is then created by subtracting the continuously-

measured value of P, from its value F, that was sampled and held at the onset of

constant angle control. In other words, the signal AP, represents the change in active

power dispatch from the generator (either positive or negative) from the time at which
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constant angle control commenced. In constant angle mode (Mode select switch in
position B) this signal AP, is then added to the initial set-point value of power transfer
in line L1 (Pgesired11) to form the new power transfer required in line L1 (Preq 1) at the
input to the power flow controller. In this way, when the power flow controller is
switched to constant angle mode, the reference input to the power flow controller (i.e.
the desired value of power transfer in line L1) 15 now Preq 11 = Peesirea L1 + AP; such
that line L1 is forced to transfer its initial power, plus any change in generator

dispatch AP,.

Note that the power flow control loop itself functions in the same way in constant
angle mode as it does in constant power mode — that is, the actual value of power
transfer in line L1 is subtracted from the reference value Preq 11 and used to drive a PI
controller that adjusts the reactance order of the TCSC in line L1. However, in
constant angle mode, as a result of the different calculation method for the reference
input Preq11 to the power flow controller, the end result of forcing Py, to follow Preq 11
1s that all additional dispatch flows in line L1 so that the power transfer in line L2

remains constant.
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4.5. The Multi-Generator Study System

4.5.1. Overview of the Real-Time Digital Simulator (RTDS)

In addition to single-generator system studies, Chapter Six of this thesis considers the
performance of the power flow controller in a multi-generator study system. The
multi-generator system chosen for study is a two-area four-generator system that has
been used extensively in other research for the analysis of inter-area mode
oscillations. This section thus discusses the simulation models used to study the
impact of closed-loop power flow control on this two-area system. The modelling and
analysis of the multi-generator study system was conducted at the Real Time Power
System Studies (RTPSS) centre at the Durban Institute of Technology. The RTPSS
centre is equipped with real-time digital simulator (RTDS) hardware [10] for

simulating complex power systems in real time.

In the RTDS environment, a real-time simulation model of a power system is
developed using specialised software referred to as RSCAD, on a computer host. The
RSCAD software comprises two important sub-programs, namely Draft and Runtime.
The Draft sub-program includes pre-coded simulation models of all major power
system components such as generators, transformers, transmission lines and
symmetric or asymmetric faults. Once the user has constructed a desired power
system model using these building blocks, this model is then compiled to produce
real-time executable code that is downloaded to the RTDS simulation hardware
(rack). The second sub-program (Runtime) is then used to run the simulation model
and apply different disturbances and faults to the study system to evaluate its

performance.
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4.5.2. Four-Generator Model

For many years, researchers have studied a particular small-signal stability problem
that occurs in many power systems, that being poor damping of the electromechanical
oscillations between interconnected synchronous generators. Oscillations between
groups of generators in different parts of a power system are referred to as inter-area
mode oscillations. Generally inter-area mode oscillations and their characteristics are
complex to study and require a detailed representation of the interconnected system.
In order to study and analyse the factors that affect inter-area mode oscillations,
researchers [25,26] have considered the use of a two-area, four-generator study
system; although this system is relatively small, its system parameters and general

structure are realistic.

Fig B.2 of Appendix B shows a single-line diagram of the four-generator study
system as it has been used in [25,26]. The system consists of two distinct areas, (Area
1 and Area 2) which are interlinked by a weak tie line. Each area consists of two
generators and step-up transformers. Each generator in this study system is
represented by a detailed two-axis model, which is considered to have an automatic
voltage regulator and a power system stabiliser (which can be turned on or off as
required in the study). The dynamic data for the generators as well as the relevant
parameters for the transformers and transmission system can be found in Appendix B.
Shunt capacitors are installed at buses 7 and 9, in order to ensure a suitable voltage
profile across the system. Furthermore, during normal operating conditions the system

in Fig B.2 exports approximately 400MW of power from area 1 to area 2.
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Fig 4.8: Single-line diagram of the two-area, four-generator study system with an
additional transmission line and a TCSC.
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The objective in Chapter Six of this thesis is to apply the TCSC-based power flow
controller model to the aforementioned four-generator system, in order to ascertain if
either mode of operation of the power flow controller is beneficial or detrimental to
the damping of the system’s inherent inter-area mode oscillations. As a result of other
work done previously in the Real Time Power System Studies Centre [27], a working
real-time model of the two-area study system (as it appears in [25,26]) was available
for use in the work of this thesis. However for the purposes of this thesis, some
additional components were added to this model of the two-area system obtained from
[27] in order to study the impact of power flow control on this system. The modified
version of this study system considered in Chapter Six is shown in Fig 4.8. Using the
four-generator system model from [27] as a foundation, another transmission line (L1)
with identical parameters to those of the two original transmission lines (12 and 13)
was added to the system as shown in Fig 4.8. Furthermore, a real-time model of a
TCSC, together with its associated firing controls and a power flow controller was

added to this new transmission line in the modified study system.
4.5.3. TCSC Model
4.5.3.1. Structure

The earlier parts of this chapter have outlined the development of a detailed PSCAD
mode] of a TCSC and its firing controls. In RSCAD, a pre-coded, detailed real-time
model of a TCSC is already available, so that for the studieé in Chapter Six, only the
TCSC’s firing controls and power flow control loops had to be modelled. The
structure of the TCSC firing controls and power flow control loops is similar to that
developed in PSCAD as described earlier in this chapter. A schematic diagram of the
RSCAD real-time models of these controls is shown in Fig B.4 of Appendix B. In the
four generator study syétem, the line voltage of the transmission system in which the
TCSC is to be connected is 230kV. Thus, parameters of a TCSC suitable for use in

this system had to be found. A review of the literature uncovered a set of published
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parameters for an actual TCSC that has been in service in a 230kV transmission

system for some years [17] and these TCSC parameters were adopted for this study.

4.5.3.2. Impedance Characteristic

In order to verify that the real-time simulator model of the 230kV TCSC and its firing
controls was functioning correctly, the reactance order versus firing angle
characteristic obtained from this simulation model was compared with the theoretical
characteristic governed by equation (24). In a similar manner to the verification of the
PSCAD TCSC model, the real-time simulation was used to determine the reactance
order of the 230kV TCSC for a range of trigger angles by carrying out a Digital
Fourier Transform (DFT) to obtain the fundamental frequency components of the
capacitor voltage and transmission line currents. By dividing the fundamental
frequency component of the TCSC capacitor voltage by that of the transmission line
current, the net compensating reactance (Xrcsc) of the TCSC at the fundamental
frequency was obtained at each firing angle. The comparison of the theoretical and

RSCAD simulated X,4er versus o characteristic is shown in Fig 4.9 below.
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Fig 4.9: Theoretical and RSCAD simulated X,,4., as a function of a
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From Fig 4.9, the general shape of the RSCAD simulated curve is similar to that of
the theoretical curve, with once again, the simulated curve deviating from the
theoretical curve at lower firing angles. As explained in section 4.3.4, the most
plausible reason for this deviation is that, due to the non-linearity of the Xoqer versus
o characteristic, X,rqer Values at low firing angles are more sensitive to the small

errors in firing angle caused by the discrete nature of the simulation.

4.5.4. Power Flow Controller Model

The structure of the power flow controller model that was applied to the four-
generator study system in Fig 4.8 is identical to the model designed for the SMIB
study system. The following two subsections discuss each mode of control, namely
the constant power mode and constant angle mode, with the inclusion of a block

diagram in each case illustrating the controller’s actions.

4.5.4.1. Constant Power Mode

In the constant power mode of operation, the TCSC-based power flow controller
ensures that the power in the compensated line L1 in Fig 4.8 remains constant
irespective of any increase or decrease in the dispatch of power from area 1 to area 2.
When the constant power mode of control is activated, the power flow controller’s

actions are illustrated by the block diagram in Fig 4.10 below.

Xoxﬂern
ene N
A=0
I o g 0 0
B=AP; @ qu @ €p Pl AXo e Xorder
Mode select L1 L1

Paesiredy;  PLi

Fig 4.10: Block diagram of power flow controller in constant power mode
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The functionality of the block diagram representation of the constant power mode of

operation follows the explanation in section 4.4.1.1.

4.5.4.2. Constant Angle Mode

In the four-generator study system, the constant angle mode of operation of the power
flow controller ensures that any increase in the dispatch of power from area 1 to area
2, is transferred by the line compensated with the TCSC. When the constant angle
mode of control is activated, the power flow controller, depending on the change in
power transfer from area 1 to area 2 (an increase or decrease in power dispatch), will
alter the capacitive reactance of the TCSC in Line L1. This change in TCSC reactance
ensures that the power transferred by the two uncompensated parallel lines (lines 1.2

and L3 in Fig 4.8) remains constant. This control action is depicted in Fig 4.11 below.
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Fig 4.11: Block diagram of the power flow controller in constant angle mode

The detailed analysis of the controller block diagram for the constant angle mode of

control follows the explanation in section 4.4.1.2.

4.6. Analytical Approach

The software programs PSCAD and RSCAD that are used in this thesis for stability
analysis are time domain simulation tools. However, a main focus of study in this
thesis is the impact of the power flow controller on the small-signal stability
characteristics (damping) of the study system. In general, linearised models are
recognised as the accepted tool for the analysis of small-signal stability issues, where

an important linear systems analysis technique is the calculation of the eigenvalues of
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the system model. Eigenvalues, when plotted in the complex plane, convey specific

information about the small-signal stability characteristics of the system; in addition, -
they allow quantitative stability judgments about the system to be made at particular
operating points. Nevertheless, it is still possible, using time domain simulation tools
such as PSCAD and RSCAD, to make a qualitative analysis of the impact of the
power flow controller on the small-signal stability characteristics of the study system.

4.7. Conclusion

This chapter has described the model of the single-machine infinite bus study system
that was developed within PSCAD. The function of each of the pre-coded components
that were used in the SMIB study system such as the synchronous generator,
automatic voltage regulator and static exciter were outlined in this chapter. In addition
this chapter has included a brief description of the two-area four-generator study
system considered for the investigation of inter-area mode oscillations. The various
modifications made to the ,original four-generator system were also outlined in this
chapter. Furthermore, this chapter presented the model of the TCSC that was
developed for the SMIB study system and for the four-generator study system. Both
the low-voltage TCSC model and 230kV TCSC model, were benchmarked against the

theoretical curve in order to test each model for correctness.

This chapter also included a detailed description of the power flow controller model
that was implemented on both the single-machine infinite bus study system and the
four-generator study system. For each mode of control and for each study system, a
block diagram of the power flow controller was included to explain how the reactance
of the TCSC in both the SMIB study system and the four-generator system can be
manipulated, such that all additional power is either transferred by the compensated
line or forced to flow through the parallel lines. Using the various simulation models
developed in this chapter, the effect of closed-loop power flow control on small and
large signal stability can be investigated. Secondly, by implementing the TCSC-based
power flow controller oﬂ the four-generator system, the possible improvement of

inter-area mode oscillations inherent to the four-generator system can be investigated.
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CHAPTER FIVE

INFLUENCE OF POWER FLOW CONTROL
STRATEGIES ON A SINGLE GENERATOR SYSTEM

5.1. Introduction

The previous chapter has described in detail the simulation model of the single
machine infinite bus study system developed in PSCAD. In that chapter the
representation of the various components in the SMIB study system, such as the
synchronous generator, automatic voltage regulator and the transmission system were
outlined. The previous chapter has also described and confirmed the correctness and
performance of the TCSC model developed in PSCAD for the SMIB study system. In
addition, Chapter Four has described the power flow controller model that was

implemented on the SMIB study system for power flow scheduling.

This chapter now focuses on the effect of closed-loop power flow control on the
stability characteristics of the single machine infinite bus study system. In particular
this chapter presents a theoretical study into the influence of closed-loop control of ac
power flow on the small-signal and transient stability characteristics of the SMIB
study system. Both the constant power and constant angle strategies are examined for
small and large signal disturbances to determine if either mode of control is beneficial
or detrimental to the stability characteristics of the SMIB study system. Furthermore,
the influence on the stability characteristics of the SMIB study system of the design of
the power flow controller’s settlihg time for each mode of control is investigated in

this chapter.

Influence of Power Flow Control Strategies on Single Generator System



Chapter Five Page 5-2

5.2. Small-Signal Behaviour

5.2.1. Overview

Dynamic (small-signal) stability generally refers to the characteristics of the
electromechanical oscillations that occur in a system following a small disturbance or
after surviving a transient event. This section thus examines the impact of the two
closed-loop power flow control strategies on the small-signal dynamic characteristics
of the study system in Fig 5.1 below, which is the same study system as described in

Chapter Three (Fig 3.1), the diagram being shown again here for convenience.
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Fig 5.1: Single-line diagram of the SMIB study system

However, prior to considering the effect of closed-loop power flow control on small-
signal stability, the characteristics of the two modes of power flow control need to be
verified. The objectives of the following subsection are: firstly, to ensure that each
mode of the power flow controller (constant power and constant angle mode) is
operating correctly, and secondly, to confirm that the response rate of the power flow
controller in each mode of control agrees with the response rate designed using the
method described in Chapter Three. Once these two requirements were satisfied, the
effect of closed-loop control on the small-signal stability characteristics of the SMIB
study system was investigated.
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5.2.2. Control Mode Verification

In order to test the performance of the power flow controller in each of its two modes
of control, in each mode the simulation study was started from the same steady state
condition in which the generator’s active power output was P; = 0.769 p.u, with this
active power being initially transferred by the two lines L1 and L2 as follows: P =
0.462 p.u and P, = 0.307 p.u. Subsequently, the mechanical input power to the
generator was increased by a small amount APy, = 0.04 p.u. such that the total active
power P, dispatched by the generator increased to 0.809 p.u. The response of the
system to this increase in generator output power was then studied for the system with
no power flow controller (i.e. with the TCSC’s X:qer held constant at a value of 2) as
well as with the constant power and constant angle control modes activated with a

settling time (Ts) of 10 seconds.

5.2.2.1. Control Disabled
Fig. 5.2 shows the simulated response of the study system to an increase in generator
output power with the power flow controller disabled; the variables shown are the

active power transfers in each line as well as the TCSC’s Xqer value.
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Fig 5.2: Response of the SMIB study system with the power flow controller disabled
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The results in Fig 5.2 confirm that, with no power flow controller present, the
additional power dispatched by the generator is shared between both of the two
parallel transmission lines, with transmission line L1 transferring a larger proportion
of the additional power: transmission line L1 transfers a larger share of the dispatched
power since it is electrically shorter than line L2 as a result of the (in this case) fixed
TCSC compensation. In this scenario (fixed TCSC compensation) any increase in
generator output power (P,) results in both transmission lines transferring a proportion
of the increased power, and no form of power flow control along a contract path can

be instituted.
5.2.2.2. Constant Power Mode

Fig. 5.3 now considers the study system with the power flow controller active and set
to the constant power mode. The results show that, following the increase in the
generator’s output power, initially the power transfer in both lines L1 and L2
increases, which then results in the power flow controller reducing the degree of

capacitive compensation provided by the TCSC.
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Fig 5.3: Response of the SMIB study system with the power flow controller operating

in constant power mode
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By reducing the capacitive reactance of the TCSC, the power transfer in transmission
line L1 decreases accordingly and returns to its nominal operating point of 0.462 p.u.
All of the additional power dispatched by the generator is thus forced to flow through
transmission line L2, where the power transfer is increased to 0.347 p.u. This response
thus satisfies the basic philosophy of the constant power strategy discussed in Chapter
3, and confirms that the constant power flow controller is correctly implemented in

the PSCAD model of the SMIB study system shown in Fig.5.1.
5.2.2.3. Constant Angle Mode

Fig 5.4 shows the behaviour of the SMIB study system (Fig 5.1) following the
increase in generator output power with the power flow controller now set to operate
in constant angle mode. According to [3,6] the constant angle strategy should ensure

that the compensated line (L1) transfers all the additional output power of the

generator.
052 T T T T T
3 05 |
& \
o 048+ \ .
046 i L 1 L Il
0 2 4 6 8 10 12
T T T T
=)
&
3
a

Xorder

Time (s)

Fig 5.4: Response of the SMIB study system with the power flow controller operating

in constant angle mode
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Fig 5.4 shows that initially, following the increase in the output power of the
generator, the active power transferred by both transmission lines (L1 and L2)
increases; however, the power flow controller responds by increasing the degree of
capacitive compensation provided by the TCSC such that the power transfer in
transmission line L2 returns to its nominal operating point of 0.307 p.u and all the
additional power dispatched by the generator is transferred by transmission line L1
(P, increases to 0.502 p.u). Fig 5.4 thus confirms that the constant angle controller is
correctly implemented in the PSCAD model of the SMIB study system shown in Fig
5.1.

5.2.3. Influence of Power Flow Control on Small-Signal Stability Characteristics

The previous section has thus far confirmed the correct operation of the power flow
controller in the constant power and constant angle modes of control for a settling
time (Ts) of 10 seconds. This section now examines the impact that each of these
power flow control modes has on the small-signal stability characteristics of the study
system when the power flow controller is designed to respond at different rates.
Chapter Three has described a technique for designing the dynamic response
characteristics of the closed-loop power flow: éontroller. In this subsection, the design
method of Chapter Three has been used to amive at three different settling times for
the power flow controller implemented on the study system of Fig 5.1. The settling
times considered are, Ts = 5s, Ts = 10s and Ts = 25s. For each of these settling times,
and for both modes of power flow control, the response of the SMIB study system in
Fig 5.1 was examined for a small step increase in the mechanical input power (AP;, =

0.04 p.u.) of the generator.
5.2.3.1. Constant Power Mode
Fig 5.5 compares the small-signal response of the study system to an increase in

generator output power (Py) for the three different settling time designs of the power

flow controller in constant power mode.
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Fig 5.5: Small-signal response for different power flow controller settling times:

constant power mode

In considering the responses in Fig 5.5, there are two aspects to the behaviour of the
system that are affected by the design of the power flow controller. Firstly, the rate at
which the power transferred by each line is returned to the correct post-disturbance
steady state value is different in each case, which is the expected (and intended)
consequence of adjusting the controller design. However the results show that the
damping of the generator’s electromechanical oscillations is also affected by the
power flow controller’s response time: close inspection of Fig 5.5 shows that the rate
of decay of the oscillatory components of the line powers Pr; and Py, becomes greater
as the settling time of the power flow controller is made shorter. The
electromechanical swing mode of the generator in this particular system has a
frequency of approximately 1 Hz. As such, one would expect that the power flow
controller would be more likely to influence the characteristics of this
electromechanical swing mode (via the associated oscillations in the line power

transfers) as the response of the power flow controller is made faster.
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Conversely, one would expect the power flow controller to have less of an influence
on the characteristics of the system’s electromechanical oscillations when its response
time is designed to be significantly longer than the period of these oscillations.
However, the results in Fig 5.5 show not only that the power flow controller has a
greater influence on the electromechanical oscillations of the study system as its
response time is made shorter, but in addition that this influence is to increase the

damping of these oscillations, at least in constant power mode.

5.2.3.2. Constant Angle Mode

Fig 5.6 once again compares the response of the SMIB study system to an increase in
output power of the synchronous generator for the three different settling times of the
power flow controller, but with the power flow controller now operating in constant

angle mode.
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Fig 5.6: Small-signal response for different power flow controller settling times:

constant angle mode
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As in the case of constant power mode, the design of the controller’s settling time
influences not only the rate at which the power transfers in each line are returned to
their correct steady state values, but also the damping of the post-disturbance
oscillatory components present in these power transfers as a result of the generator’s
electromechanical swings. Close inspection of Fig 5.6 shows that in constant angle
mode, the influence of the power flow controller is to decrease the damping of the
system’s electromechanical oscillations: the results show that as the settling time of
the power flow controller is made shorter, the system’s electromechanical oscillations

take progressively longer to diminish following the disturbance.

5.2.4. Effect of Control Mode and Settling Time on Small-Signal Damping

The results of the small-signal investigations in this subsection have thus shown that
in both modes of operation, the closed-loop power flow controller has an increasing
influence on the damping of the system’s electromechanical oscillations as its
response time is made shorter. However the nature of this influence of the power flow
controller has been shown to be dependent on its mode of operation. In the constant
power mode of operation the influence is beneficial, 1.e. a shorter settling time of the
power flow controller tends to aid the inherent damping of the SMIB study system by
increasing the rate of decay of the electromechanical oscillations. Conversely in the
constant angle mode of control the influence is detrimental, i.e. a shorter settling time
results in the power flow controller negating the system’s inherent damping, which
results in the electromechanical oscillations of the system taking longer to diminish.
Although the reason for the opposite influences on system damping for the two power
flow control modes cannot be categorically explained, the conclusion is clear: the
operation of the power flow controller in constant angle mode is detrimental to the
inherent damping of the system, particularly at short settling times of the power flow
controller. As a result, careful design of a constant-angle controller would be required,
m conjunction with any other damping controllers present in the system, prior to

practical implementation of such a scheme.
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5.3. Large Signal Behaviour

5.3.1. Overview

The previous section has considered the impact of power flow controller design and
controller mode on the small signal characteristics of the SMIB study system shown
in Fig 5.1. This section now examines the impact of closed-loop power flow control
on the behaviour of the study system under the transient conditions that typically
follow a large system disturbance such as a short circuit fault. Once again the
characteristics of the SMIB study system in Fig 5.1 are investigated firstly with the
power flow controller disabled (i.e. the X mer 0f the TCSC being set to a fixed value of
2), and thereafter with the controller enabled in each of the two modes of power flow
control. For each mode of control, the controller parameters were designed (using the
techniques outlined in Chapter Three) for a settling time (Ts) of 5 seconds. The SMIB
study system shown in Fig 5.1 was then started from a steady state condition with the
generator’s total active power output (P;) of 0.733 p.u. being shared between the two
transmission lines (L1 and L2). Subsequently a three-phase short circuit fault was
applied on transmission line L2, at a distance of 33% along the length of the
transmission line. The short circuit fault was applied at this location for a duration of

700ms and thereafter removed.

5.3.2. Response of the System for Different Control Modes
5.3.2.1. Power Flow Control Disabled

Fig 5.7 shows the simulated response of the SMIB study system following the three-
phase short circuit fault with the power flow controller disabled. The variables shown
are the transmission angle and speed deviation of the generator as well as the TCSC’s
reactance order (Xorer). The power flow controller is disabled, with the reactance

order of the TCSC being set to a value of 2.
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Figure 5.7: Response of SMIB study system to 3-phase short circuit fault: power flow

controller disabled

From Fig 5.7, when the fault occurs, the electrical output power of the generator is
reduced (since the fault is applied some distance from the generator, there is still some
power transfer on the unfaulted line L1) while the mechanical input power remains
constant. As a result of the imbalance between the mechanical input power and
electrical output power (P,) of the generator, during the fault, the transmission angle
increases as the generator starts to accelerate. When the fault is removed the electrical
output power increases abruptly, such that the electrical output power of the generator
now exceeds the mechanical input power to the generator, hence causing the generator
to decelerate. Fig 5.7 shows that, for this fault location and duration, the generator is
transiently stable — that is, the generator rotor angle is bounded and the generator

returns to synchronous speed following clearing of the fault.
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5.3.2.2. Constant Power Mode

Fig 5.8 shows the response of the SMIB study system with the power flow controller
now active in the constant power mode of operation. During the period that the fault is
applied on transmission line L2, the total output power of the generator (P,) decreases
causing the power in the compensated line to fall below its nominal operating point

(i.e. below the set-point to the constant-power mode power flow controller).
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Fig 5.8: Response of the SMIB study system to a 3-phase short circuit fault: constant

power mode

The results show that the response of the power flow controller in constant power
mode is initially to increase the TCSC’s reactance order X,qqer value in an effort to
return the compensated line L1 to its nominal operating point. However once the short
circuit fault is removed, the electrical output power of the generator increases, which
results in the compensated line’s power exceeding its nominal operating point value.
This results in the power flow controller then decreasing the TCSC’s reactance order

accordingly in order to return the power in the compensated line (L1) to its pre-

disturbance operating point value.
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5.3.2.3. Constant Angle Mode

Fig 5.9 shows the response of the SMIB study system with the power flow controller
now active in the constant angle mode of operation. The results show that in this
mode of operation, the power flow controller responds to the short circuit fault by
initially sharply decreasing the compensation in line L1 during the period that the
fault is applied.
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Fig 5.9: Response of the SMIB study system to a 3-phase short circuit fault: constant

angle mode.

Recall that in constant angle mode of control all additional output power of the
generator must be transferred by the compensated line (L1). With the short circuit
fault applied to transmission line L2, the output power (P;) of the generator
temporarily decreases: this results in the power flow controller reducing the degree of
compensation of transmission line L1 in an attempt to maintain a constant angle
across both transmission lines. Once the fault is removed, the electrical output power
of the generator increases, which results in the power flow controller increasing the
amount of compensation accordingly to ensure that the compensated line (L1) absorbs

all additional power dispatched by the generator.
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5.3.3. Comparison of Control Modes

Comparison of Figs 5.8 and 5.9 shows that the power flow controller initially
responds in the opposite manner to the same short-circuit fault in its two different
modes of operation: in constant power mode the power flow controller initially
responds by reducing the net impedance of the compensated line (L1), with the effect
being that the total power transfer out of the generator during the fault is increased by
the action of the controller; in constant angle mode, the controller initially responds
by increasing the net impedance of the compensated line (L1), with the effect being
that the total power transfer out of the generator during the fault is reduced by the
action of the controller. It is well known that the transient (first swing) stability of a
generator is enhanced by any action that results in improved transfer of active power
out of the generator during, and immediately after a fault condition [21]. The results
in Figs 5.8 and 5.9 therefore suggest that the mode of operation of the power flow
controller will have an effect on the first swing characteristics of the generator in

response to a short circuit fault.
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Fig 5.10: Comparison of responses to short-circuit fault: no control; constant power;

constant angle

Influence of Power Flow Control Strategies on Single Generator System



Chapter Five Page 5-15

Fig 5.10 therefore compares the response of the generator’s transmission angle and
speed deviation to the short circuit fault for the cases where the power flow control is
inactive; active in constant power mode; active in constant angle mode (i.e. the results
of Figs 5.7, 5.8 and 5.9 are now plotted again on the same set of axes). The results in
Fig 5.10 confirm that the power flow controller, and its mode of operation, both
influence the first swing characteristics of the generator: the amplitude of the first
swing of the generator angle is slightly smaller in constant power mode than for the
case when there is no power flow control; by contrast, the amplitude of the first swing
of the generator angle is noticeably larger when the power flow controller is in
constant angle mode. The post-fault behaviour of the generator’s speed deviation in
Fig 5.10 is also consistent with the findings in section 5.2 — the small-signal damping
is significantly improved by the power flow controller in constant power mode
whereas the small-signal damping is clearly reduced by the power flow controller in

constant angle mode.
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5.4. Conclusion

This chapter has presented an investigation into a thyristor controlled series capacitor
based closed-loop power flow controller for power flow control on a single machine
infinite bus study system. The study included an investigation of the two power flow
controller modes (constant power and constant angle) for both small-signal and large
signal behaviour. Initially, for small-signal behaviour, the constant power and
constant angle control modes were tested for correctness and to ensure that the rate at
which the power flow controller responds correlated with the designed specifications.
Furthermore, a series of results were presented to study the impact of closed-loop
power flow control on the behaviour of the SMIB study system under transient

conditions.

This chapter has demonstrated that the power flow controller’s mode of operation has
a noticeable influence on both the small-signal and transient stability characteristics of
the SMIB study system. In particular, it has been shown that the constant angle mode
of control can be detrimental to both small and large signal stability characteristics:
the constant angle control acts so as to negate the system’s inherent damping and
increases the amplitude of the generator’s first swing during a large disturbance.
Conversely, the constant power mode of operation has been shown to have a
beneficial impact on both small-signal and first-swing stability: the power flow
controller’s action adds to the inherent damping of the system and reduces the

amplitude of the first-swing of the synchronous generator during transient conditions.

Furthermore, the small-signal investigations have also shown that the power flow
controller has an increasing influence on the system’s electromechanical oscillations
for a faster responding power flow controller. This influence was shown to be
dependent on the mode of operation: in constant power mode of control, as the

settling time of the power flow controller was made shorter, the damping added to the
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system by the power flow controller was found to be more pronounced. Conversely in
constant angle mode of control, for a fast acting power flow controller (i.e. a short
settling time), there was an increasing impact of the power flow controller negating

the system’s inherent damping.

The following chapter now makes use of these findings by considering a well-known
four-generator study system and examines the influence of the two power flow

controller modes on the inherent mter-area mode oscillation of that system.
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CHAPTER SIX

INFLUENCE OF POWER FLOW CONTROL
STRATEGIES ON A MULTI-GENERATOR SYSTEM

6.1. Introduction

The previous chapter has shown that the power flow controller’s mode of operation
has an important influence on both the small-signal and transient stability
characteristics of the SMIB study system. In particular, it was shown in Chapter Five
that for a fast acting power flow controller the constant angle mode of control can be
detrimental to both small and large signal stability characteristics: the constant angle
mode of control acts so as to diminish the system’s inherent damping and increases
the amplitude of the generator’s first swing during a large disturbance. Conversely,
the constant power mode of operation was shown to have a beneficial impact on both
small-signal and first-swing stability characteristics: in this mode, the power flow
controller’s action adds to the inherent damping of the system and reduces the

amplitude of the first-swing of the synchronous generator during transient conditions.

This chapter now focuses on the effect of the closed-loop power flow control
strategies on the stability characteristics of the two-area, four-generator study system.
This chapter initially reviews the well-known small-signal characteristics of the four-
generator study system as described in [8], including the system’s eigenvalues and
mode shapes. The chapter then presents results to demonstrate the small-signal
characteristics of the modified four-generator study system, which includes an
additional transmission line and a TCSC-based power flow controller. In particular,
investigations are presented to determine whether either mode of power flow control
is beneficial or detrimental to the inter-area mode of oscillation of the modified study
system. Finally, investigations are presented to determine whether the two modes of
power flow control have any influence on the ability of power system stabilisers to

damp this inter-area mode of oscillation.
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6.2. Small-Signal Characteristics

Before considering the impact of the power flow controller on the modified two-area,
four-generator study system, the small-signal characteristics of the original study
system are reviewed in this section. The small-signal characteristics of the four-
generator study system (in its original form as shown in Appendix B.3) are
reproduced here from the information presented in [8]. In particular, reference [8]
presents an analysis of the small-signal behaviour of the study system based on the
linearised eigenvalues and mode shapes of the system. The following subsection thus
presents an overview of the linearised eigenvalues and mode shapes of the original
study system as found in [8], in order to obtain an understanding of the time-domain
simulation results of the modified version of this study system that will be discussed

in subsequent sections of the chapter.

6.2.1. Eigenvalues of the Four-Generator System

Table 6.1 below shows the eigenvalues, frequencies and damping ratios of the three
main oscillatory modes of the four-generator study system as obtained from [8] for the

specific case when the four-generators are fitted with high-gain thyristor exciters.

Table 6.1: Eigenvalues of the original four-generator study system shown in Appendix
B3 [8].

Parameters | Inter-area Mode | Area 1 Local Mode | Area 2 Local Mode
Eigenvalues +0.031453.84 -0.4904j7.15 -0.49647.35
Frequency (Hz) f=0.61Hz F=1.14Hz F=1.17Hz
Damping Ratio £=-0.008 £=0.07 £=0.07

Using the information in Table 6.1, the expected small-signal behaviour of the four-
generator study system can be described. Table 6.1 shows that there are three main
oscillatory modes in the four-generator system: there is an inter-area mode of

oscillation and two local modes of oscillation (one in each area). The inter-area mode
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of oscillation has a frequency of 0.61Hz and is negatively damped ({ = -0.08).
Conversely the local modes (Area 1 and Area 2) have an identical degree of positive
damping (§ = 0.07), whilst the frequencies of oscillation for the Area 1 and 2 local
modes, are 1.14Hz and 1.17Hz respectively.

6.2.2. Mode Shapes of the Four-Generator System

The normalised eigenvector components (mode shapes) associated with the rotor
speeds of each of the four generators in the study system are shown in Fig. 6.1 [8].
For the inter-area mode of oscillation (Fig. 6.1(i)), there are three important
characteristics of the mode shape vectors that predict the behaviour of the generators

in the inter-area mode of oscillation.

» From the phase of the eigenvectors shown in Fig 6.1(1), it is apparent
that in the inter-area mode of oscillation, the generators in Area 1 (Gl
and G2) swing in anti-phase with the generators of Area 2 (G3 and
G4).

» The amplitudes of the eigenvectors of generators G3 and G4 are larger
than those of generators G1 and G2 showing that in the inter-area
mode, the amplitudes of the oscillations of the generators in Area 2 are
larger than those of the generators in Area 1.

> From the phase of the eigenvectors it is also apparent that in the inter-
area mode the generators of Area 1 (Gl and G2) swing approximately

in phase with one another, as do the generators of Area 2 (G3 and G4).

Figs 6.1 (ii) and (iii) show the mode shapes of the local modes of oscillation in Areas
1 and 2 respectively. In particular, in the Area 1 local mode, generator G1 swings in
anti-phase with generator G2; similarly in the Area 2 local mode generator G3 swings

in anti-phase with generator G4.
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G2 G4

(i) Inter-area Mode

G2

A 4

G1

(ii) Area 1 local mode

G4

G3

(iii) Area 2 local mode

Fig 6.1: Mode shapes of the three oscillatory modes of the four-generator study
system in Fig. B.2 [§].

This section has thus far presented an overview of the small-signal characteristics of
the original (unmodified) four-generator study system (Fig B.2) using eigenvalues and

mode shape information obtained from [8].
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The following sections present the results of simulation studies carried out using the
real-time simulator model of the modified four-generator system that is shown in Fig.
4.8. In particular, the studies consider the impact on the inter-area mode oscillations
of adding the TCSC-based power flow controller to the four-generator system, as well
as examining the impact that the TCSC-based power flow controller has on the
performance of the power system stabilisers (PSS) in the study system. However the
following section is dedicated to first verifying the validity of the real-time model of

the modified four-generator system.

6.3. Verifying the Validity of the Real-Time Model

The purpose of this particular section is to verify that the modified four-generator
study system (shown in Fig 4.8) that has been developed in RSCAD, has similar inter-
area mode characteristics to the original four-generator study system described in [8].
The detailed RSCAD model of the four-generator study system is shown in Appendix
B.4 together with the parameters and initial operating conditions of the study system.
The following subsection investigates the characteristics of the inter-area mode
oscillations of the modified study system both with and without the power system
stabilisers on the generators enabled but with the power flow controller disabled — that
is, the reactance order of the TCSC (Xomer) Was set to a constant value of 2. Finally,
additional results are presented with the power flow controller enabled in order to
confirm the correctness of the power flow controller model developed in RSCAD, and

to confirm that its dynamic response can be made to correspond to a design value of

settling time.

6.3.1.Response with the Power System Stabilisers and Power Flow Controller
Disabled

This subsection now considers the characteristics of the modified four-generator study
system which includes an additional transmission line together with a TCSC-based

power flow controller. The reactance order (Xower) of the TCSC is set to a value of 2,
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which is approximately midway along the TCSC’s control range. For this particular
simulation study the power system stabilisers (PSS) on each of the generators were
disabled. Fig 6.2 shows the response of the study system when a 5ms short circuit
fault is applied at bus 7(Fig 4.8). Fig 6.2 shows the output power of all four generators
together with the power transfer Prcscri in the additional TCSC-compensated line
(Fig 4.8) as well as the TCSC’s constant reactance order (Xorder)- In order to obtain a
clearer understanding of the characteristics of the individual generators (G1 to G4) in
the various modes of oscillation, their responses are shown both immediately

following the fault, as well as some time after the fault has been applied and removed.
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Fig 6.2: Response of the modified study system to a temporary fault with both the
power system stabilisers and the power flow controller disabled.

Fig. 6.2 shows that immediately following the short circuit fault, the generators of
Area 1 (G1 and G2) oscillate approximately 90° out of phase with one another: this
corresponds to a combination of the Area 1 local mode of oscillation and the inter-

area mode of oscillation. However Fig 6.2 shows that some time after the fault, the
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generators of Area 1 oscillate almost in phase with each other, with generator 1
having a larger amplitude of oscillation than generator 2. Similarly, several seconds
after the fault, the generators of Area 2 oscillate in phase with each other and in anti-
phase with the generators of Area 1. Furthermore the generators of Area 2 (G3 and
G4) oscillate with a larger amplitude than that of the generators in Area 1. Thus the
nature of the system oscillations some time after the fault, when the well-damped
local mode oscillations have died away, is consistent with the mode shape of the inter-
area mode of the original study system as outlined in the previous section.
Furthermore, the results in Fig. 6.2 show that these inter-area mode oscillations are
slightly negatively damped. However, close inspection of Fig 6.2 shows that the
frequency of the inter-area mode oscillations is 0.75Hz in the modified study system,
which is greater than the value in Table 6.1 (0.61Hz) for the original study system.

This increased frequency of the inter-area mode oscillations in the modified study
system is to be expected, because of the strengthening of the intertie between the two
areas as a result of the inclusion of the third, TCSC-compensated line between busses
7 and 9. A strengthened transmission system (lower overall transmission system
reactance) between the two areas results in higher synchronising torques in the
generators in each area and hence in an increase in their natural frequency of
oscillation in the inter-area mode. However, notwithstanding this change, the results
in Fig 6.2 show that the modified study system still has the same essential
characteristics in its inter-area mode of oscillation as does the original study system:
the inter-area mode has the same mode shape and results in slightly negatively

damped oscillations between the groups of generators in each area at a low frequency.

6.3.2.Response of the Study System with the Power System Stabilisers Enabled
and the Power Flow Controller Disabled

This subsection now considers the behaviour of the modified four-generator study
system (Fig 4.8), once again with the power flow controller disabled (i.e. the TCSC’s

reactance order set to a constant value of 2), but with the power system stabilisers at
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each of the four generators enabled. Fig 6.3 shows the response of the modified four-
generator study system under these conditions to a 5ms short circuit fault applied at
bus 7. The plots in Fig 6.3 show the electrical output power of each of the generators
(G1 to G4), the active power transfer (PrcscLi) by the line compensated by the TCSC
and the TCSC’s reactance order (Xorer) for the duration of the simulation.
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Fig 6.3: Response of the modified study system to a temporary fault with the power

system stabilisers enabled and the power flow controller disabled.

Fig 6.3 shows that the responses of all the generators are now well damped; in
particular, the 0.75Hz inter-area mode oscillations no longer increase in amplitude
with time, but rather die out completely after a few seconds. This is the expected
behaviour of the system with the power system stabilisers at each of the generators
enabled, since their function is to damp out any inter-area mode oscillations [26]. The

active power (Prcscy)) transferred by the line compensated by the TCSC is also
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shown to be influenced by the action of the power system stabiliser, where the power

oscillations are shown to be positively damped.
6.3.3. Verifying the Design of the Power Flow Controller

The objective of this subsection is to verify the correct operation of the power flow
controller, for both its constant power and constant angle modes of operation, in the
real-time model of the modified four-generator study system shown in Fig 4.8. In
particular, the correct scheduling of the power (Prcscr)) transferred by the
compensated line in each of the two modes of power flow control will be verified. In
addition, the designed value of the response rate of the power flow controller will be
- verified by examining the rate at which the power flow controller adjusts the
controlled variable (in this case the power Prcscr) transferred by the compensated
line) to track the desired power flow for each of the two control modes. Such
verification using the full four-generator system model is necessary because, as
explained in Chapter Three, a simplified (and somewhat idealised) model of this
system has initially been assumed during the design calculations for the power flow

controller gains.

In order to perform these verifications, in each of the two modes of power flow
control the real-time simulation model was started from a stéady state condition in
which the power transferred from Area 1 to Area 2 was shared between the three
transmission lines as follows: Prcscry = 0.178pu; P, = 0.141pu and Pr3 = 0.141pu.
The iitial reactance order (Xorder) of the TCSC was set to a value of 2. Subsequently
the mechanical input power of generator G1 in Area 1 was increased by a small
amount APg; = 0.039pu. The response of the study system was then investigated for

the two modes of power flow control with a designed value of controller settling time
(Ts) of 25s.
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6.3.3.1. Constant Power Mode

Fig 6.4 shows the simulated response of the study system for the aforementioned
small step increase in the mechanical input power to generator G1, with the power
flow controller set to the constant power mode of operation; the variables shown are
the active power transfers in each of the three transmission lines as well as the
TCSC’s reactance order (Xomer). The results in Fig 6.4 show that following the
increase in active power output from generator G1, the power transfer from Area 1 to
Area 2 by all three transmission lines initially increases. The power flow controller
subsequently reduces the TCSC’s capacitive reactance in order to ensure that the
power in the compensated line (Pycscyr) returns to its pre-disturbance operating point
value, so that all the additional dispatched power from Area 1 is then forced to flow
through transmission lines L2 and L3.

PrescLr®PY

PL, (V)

Py 5 (PU)

Time (s)

Fig 6.4: Response of the four-generator study system, with power system stabilisers
enabled, to a small step increase in Ppey at generator G1; power flow controller

operating in constant power mode.
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Although the responses of the transmission line power transfers in Fig 6.4 thus
confirm the correct operation of the power flow controller in constant power mode,
the settling time of these responses is clearly somewhat longer than the nominal
design value of 25 seconds in this case. The reason for this discrepancy can be
attributed to the assumptions made in the design of the power flow controller gains in
Chapter Three. Recall that in the design of the controller gains in Chapter Three, the
assumption made was that the simple paralle] transmission system was connected to
fixed voltage sources at its sending and receiving ends. The controller gains were then
calculated for a particular operating point and TCSC reactance order set point value.
However in the four-generator study system, the transmission system is more
complex, in that it is connected at its sending and receiving ends (buses 7 and 9) to a
set of generators, resistive, capacitive and inductive loads as well as additional
interconnecting transmission lines.  In practice, dynamic changes in these
abovementioned power system components result in some degree of variation in the
voltage magnitudes at the sending and receiving end busses of the line in which the
power flow controller 1s connected. However the result in Fig 6.4 shows that the
power flow controller satisfies the basic philosophy of the constant power mode of
control, even though the actual settling time of the power flow controller does not
match the design value as closely as in the more simplified case of the SMIB study
system of earlier chapters. Nonetheless, repeated such tests for a number of design
values of controller settling time from Ts = 5s to Ts = 25s have shown that the power
flow controller can still be designed to meet a specified response time with a

reasonable degree of consistency over the range of desired settling times of interest.

6.3.3.2. Constant Angle Mode

Fig 6.5 shows the behaviour of the four-generator study system following the small
step increase in the mechanical input power to generator G1 when the power flow
controller 1s operating in the constant angle mode of control. Recall that in the
constant angle mode of control, the transmission line compensated by the TCSC
should transfer all additional output power dispatched from Area 1 to Area 2 of this
study system. Fig 6.5 shows that following the increase in the active power output
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from generator G1 the power transfer from Area 1 to Area 2 by all three transmission
lines initially increases. The power flow controller then responds by increasing the
TCSC’s capacitive reactance such that the transmission lines L2 and L3 both return to
their pre-disturbance values of power transfer, and all the additional output power
dispatched from Area 1 is transferred by the compensated line. However, as was seen
in the case of constant power mode (Fig 6.4), the settling time of the constant angle
mode controller is not exactly 25 seconds as nominally intended, again as a result of

the validity of the simplifying assumptions made in the controller design method used.

Prescur (P

PLo (PW)

P 3 (pu)

Time (s)

Fig 6.5: Response of the four-generator study system, with power system stabilisers
enabled, to a small step increase in Puech to generator G1; power flow controller

operating in constant angle mode.

This section has thus far presented a review of the small-signal characteristics of the
modified four-generator study system, and compared them with the known
characteristics of the original four-generator system. Furthermore, this section has

also verified the correct operation of the power flow controller for each of its control
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modes in the modified four generator study system when its power system stabilisers
are enabled. The following section now considers the impact that the power flow
controller has on the four-generator study system for each of the two modes of power
flow control when the power system stabilisers on the generators of the system are

disabled.

6.4. Influence of the Power Flow Controller with the Power System Stabilisers
Disabled

The previous section verified the correct operation of the power flow controller in the
four-generator study system and has reviewed the various oscillatory modes of this
study system. This section now considers the influence that the power flow controller
has on the oscillatory modes of the modified four-generator study system for the case
when the power system stabiliser on each of the four generators is disabled. In
particular, the investigations are conducted for each of the two modes of power flow
control and for three different nominal controller settling times: 5 seconds; 10 seconds
and 25 seconds. To conduct these investigations, the system has been started from the
same steady state operating condition in all cases, that is with the steady-state power
transfers in each of the three lines connecting Area 1 to Area 2 set to the same initial
values in each simulation study. Furthermore, in each case the same disturbance is
used to provoke the system’s oscillatory response: a Sms short circuit fault at bus 7.
The following subsections now present the time domain simulation results obtained

for the constant power and constant angle modes of control.
6.4.1. Constant Power Mode

Fig 6.6 shows the behaviour of the active power outputs of each generator in the
modified study system when the power system stabilisers are disabled and the power
flow controller is in constant power mode for the three different nominal settling
times of the controller. In considering the responses of Fig 6.6, there are two
important observations that can be made regarding the inter-area mode oscillations of

the system and how they are affected by the selected settling time of the power flow
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controller. Firstly the behaviour of the active power outputs of each generator shows
that for all three controller settling times, the inter-area mode oscillations of the
system are negati\}ely damped. Secondly, comparison of the system responses in Fig
6.6 demonstrates that the extent of this negative damping of the inter-area mode is

influenced by the selection of the settling time of the power flow controller.

Pgq(MW)

Pz MW

Pga (MW)

P MW

Fig 6.6: Response of the modified study system with no power system stabilisers and

constant power mode power flow control for Ts = 5, 10 and 25 seconds.

In particular, as the settling time of the power flow controller is decreased, the
system’s inter-area mode oscillations become less negatively damped. The frequency
of the inter-area mode oscillations is approximately 0.75Hz, corresponding to a period
of oscillation of 1.33 seconds. Thus, superimposed on the output power of the
generators 1s a 0.75Hz inter-area mode oscillation that gradually increases in

amplitude with time, and this negatively damped oscillation is shown in Fig 6.6 to be
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more pronounced for longer selected settling times. Thus a slow acting power flow
controller (i.e. a power flow controller with a long settling time, in this case Ts = 25s)
operating in constant power mode results in the inter-area mode oscillations of the
system being more negatively damped, while the inter-area oscillations are less

negatively damped with a fast acting power flow controller.

6.4.2. Constant Angle Mode

Fig 6.7 now compares the behaviour of the four-generator study system in response to
a short circuit fault for the three selected settling times, with the power flow controller
now operating in the constant angle mode of control. As in the case of the constant
power mode of operation, Fig 6.7 shows that for all three settling times, the system’s
inter-area mode oscillations are negatively damped. In addition, the design of the
power flow controller’s settling time is also shown to influence the negatively damped
inter-area oscillations of the study system. However, in contrast with the constant
power mode of operation, for this mode of control as the settling time of the power
flow controller is made shorter, the system’s inter-area mode oscillations become
more negatively damped. The results in Fig 6.7 therefore demonstrate that in the
constant angle mode of control a fast acting power flow controller (i.e. a short settling

time) results in the inter-area mode oscillations of the system being more negatively
damped.
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Fig 6.7 Response of the modified study system with no power system stabilisers and

constant angle mode of control for Ts = 5; 10 and 25 seconds.

The results obtained in both the constant power and constant angle mode of control
have demonstrated that the design of the power flow controller’s settling time has a
significant influence on the damping of the inter-area mode oscillation of the study
system when the power system stabilisers are disabled. The nature of this influence
has been shown to be mode dependent: in particular, in constant power mode of
operation the influence is beneficial, i.e. as the settling time of the power flow
controller is made shorter the system’s inter-area mode oscillations become less
negatively damped. Conversely in constant angle mode of control the influence is
detrimental, in that, as the settling time of the power flow controller is made shorter
the system’s inter-area mode oscillations become more negatively damped. The
findings of this chapter thus correlate with the results of the single generator studies
presented in Chapter Five, and further emphasise that a power flow controller,
depending on its mode of control, can be either beneficial or detrimental to the

damping of system oscillations.
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6.5. Influence of the Power Flow Controller on the Performance of the Power

System Stabilisers

The results of the previous section have demonstrated that the power flow controller
can have either a detrimental or beneficial impact on the damping of inter-area mode
oscillations; furthermore, the influence was also shown to be dependent on the mode
of operation of the power flow controller as well as the length of the settling time
(Ts). This section now considers the impact that the power flow controller has on the
performance of the power system stabilisers of the four-generator study system.
Published literature has shown that the power system stabiliser is the accepted method
for mitigation of inter-area mode oscillations [25]. Therefore it would be logical to
consider what effect the power flow controller has on the performance of the power

system stabilisers.

Hence, this section considers the influence that each of the two modes of power flow
control (constant power and constant angle mode) have on the performance of the
power system stabilisers for a single value of the controller settling time. Specifically,
the investigation is carried out for a fast acting power flow controller (i.e. a power
flow controller designed with a short settling time). In the previous section the
shortest controller settling time (Ts = 5s) resulted in the inter-area mode oscillation of
the system being least negatively damped (in comparison with the range of selected
settling times) in the constant power mode of control while in the constant angle mode
of control the inter-area mode oscillations of the system were most negatively damped
for Ts = 5s. In other words, the shortest settling time of the controller was shown to
have the most influence (either beneficial or detrimental) on the system oscillations
when no power system stabilisers are employed. For this reason, only the shortest
settling time (Ts = 5s) of the power flow controller has been selected for further study
in this section. This section now considers the effect of a fast acting power flow
controller on the power system stabilisers of the study system, as compared to the
performance of the power system stabilisers when the power flow controller is

disabled (i.e. Xoder fixed to a value of 2).
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In order to conduct such an investigation, the system was started from the same steady
state operating condition in all cases, that is, with the steady-state power transfers in
each of the transmission lines connecting Area 1 to Area 2 set to the same initial
values in each simulation study. Subsequently in each case the same disturbance is

used to provoke the system’s oscillatory response: a 5ms short circuit fault at bus 7.

6.5.1. Constant Power Mode

Fig 6.8 shows a comparison of the response of the four-generator study system firstly
with the power flow controller disabled, and then with the power flow controller
operating in constant power mode of operation: in each case the power system
stabilisers are enabled. The results in Fig 6.8 show the oscillations in speed of each
generator for both simulation cases to be positively damped; this is an expected
occurrence as a result of the action of the power system stabilisers. Comparison of the
two simulation results shows that the amplitude of the initial oscillation in speed for
the constant power mode of operation is slightly larger when compared with the
response when the power flow controller is disabled. However, the long time scale
plots in Fig 6.8 do not readily make clear what effect the constant power mode of
control has on the subsequent damping of the oscillations in speed. In order to show
the effect that the constant power mode of control has on the damping of the
oscillations in speed of the generators, a zoomed-in version of the comparison of the

speeds of generator G1 is shown in the second plot of Fig 6.8.
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Fig 6.8: Influence of the power flow controller on the performance of the power

system stabilisers: constant power mode of control.

The second plot of Fig 6.8 shows that when the power flow controller is operating in
constant power mode, the oscillations in speed (wg;) of generator Gl decay in
amplitude at a faster rate in comparison with the response when the power flow
controller is disabled. The response in Fig 6.8 thus demonstrates that the power flow
controller operating in constant power mode of control, results in the inter-area mode
oscillations of the study system being more positively damped in comparison with the
oscillations when the power flow controller is disabled. Hence, the comparison in Fig
6.8 shows that the power flow controller operating in the constant power mode of
control has a positive influence on the performance of the power system stabiliser: the
ability of the power system stabiliser to mitigate the inter-area mode oscillations of

the study system is improved.
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6.5.2. Constant Angle Mode

Fig 6.9 shows a comparison of the response of the four-generator study system firstly
with the power flow controller disabled (Xorger St to a value of 2), and then with the

power flow controller operating in constant angle mode of operation.
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Fig 6.9: Influence of the power flow controller on the performance of the power

system stabilisers: constant angle mode of control.

As was the case with the constant power mode of control (section 6.5.1), the
oscillations in speed of each generator for both simulation studies in Fig 6.9 are
shown to be positively damped. In addition, Fig 6.9 shows that when the power flow
controller is operating in constant angle mode, the amplitude of the initial oscillation
in speed of each generator is larger compared with that when the power flow

controller is disabled.
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" However, in order to analyse the subsequent damping of the inter-area mode
oscillations in more detail, a zoomed-in view of the comparison of the speeds of
generator G1 is shown in the second plot of Fig 6.9. From the results shown in this
second plot of Fig 6.9, the power flow controller operating in the constant angle mode
of control clearly reduces the rate at which the oscillation in speed decays in
amplitude, in comparison with the response when the power flow controller is
disabled. In other words, the figure demonstrates that the subsequent inter-area mode
of oscillation of the study system is less positively damped when the power flow
controller operates in the constant angle mode of control compared with the response
when the power flow controller is disabled. The results in Fig 6.9 therefore suggest
that the action of the power flow controller operating in constant angle mode has a
detrimental influence on the performance of the power system stabilisers (i.e. the
inter-area mode oscillations of the study system take longer to diminish when the

constant angle mode of control is enabled).

Based on the investigations conducted for the both the constant power and constant
angle modes of control, the results have shown that the action of the power flow
controller, depending on the mode of operation, has either a beneficial or detrimental
influence on the performance of the power system stabilisers. In particular, the power
flow controller operating in the constant power mode of control results in the inter-
area mode oscillations of the study system being more positively damped, while in the
constant angle mode of control, the inter-area mode oscillations of the system were
shown to be less positively damped in comparison with response when the power flow
controller is disabled. The behaviour of the generators’ speed deviations in this
section was found to be consistent with the results obtained throughout the earlier
studies in this chapter as well as with those obtained in Chapter Five (i.e. the single
generator studies), where the constant power mode of control proved to be beneficial
and resulted in the small-signal damping of the study system being improved, while in
the constant angle mode of control the influence was detrimental and resulted in a

reduction in the small-signal damping of the study system.
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6.6 Conclusion

This chapter has focussed on the implementation of a TCSC-based power flow
controller in a two area four-generator study system, with the intention of
investigating the impact of the power flow controller on the small-signal stability
characteristics of the system. Initially, simulation results of the modified four-
generator study system were presented iq order to venfy that the modified study
system exhibits the same essential characteristics in its inter-area mode of oscillation
as the original study system. In addition, this chapter also verified that the TCSC-
based power flow controller operates correctly in each of its two modes of power flow

control in the modified four-generator study system.

The chapter has considered the impact that the power flow controller has on the
damping of the inter-area mode of oscillation of the system with the power system
stabilisers disabled. The results have shown that the influence that the power flow
controller has on the damping of the inter-area mode of oscillation of the system is
once again control mode dependent. In particular, in the constant power mode of
control, a fast acting power flow controller resulted in a beneficial influence on the
damping of the inter-area mode oscillations. Conversely in the constant angle mode of
control, a fast acting power flow controller resulted in a detrimental effect on the

damping of the inter-area mode oscillations of the modified study system.

Finally, this chapter has demonstrated the impact that the power flow controller has
on the performance of power system stabilisers (PSSs). Once again, the findings have
correlated with earlier results, where the power flow controller, depending on its
mode of control, has either a beneficial or detrimental impact on the performance of
the power system stabilisers: the inter-area mode oscillations of the study system were
shown to be more positively damped when the power flow controller operated in the
constant power mode of control while the inter-area mode oscillations of the study
system were shown to be less positively damped when the power flow controller

operated in constant angle mode.
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CHAPTER SEVEN

CONCLUSION

7.1. Introduction

This thesis has investigated the stability characteristics of a SMIB study system as
well as the inter-area mode oscillations of a four-generator study system, when a
thyristor controlled series capacitor was applied in each system as part of a power
flow controller scheme. The results obtained from the above mentioned investigations
have shown that a TCSC-based power flow controller can influence the stability
characteristics of both single generator and multi-generator systems. This chapter
highlights the various findings of the thesis, and thereafter suggests further work that

could be carried out in this particular area of research.

7.2. Findings from the Literature Review

Chapter Two reviewed the broad subject area of controllable series compensation for
closed-loop power flow control in an ac transmission system. In that chapter the
concept of power flow control was outlined and explained in terms of its potential role
in the performance of the power system as a whole. Three different FACTS devices
that could be used for this application of closed-loop power flow control were
reviewed, namely the UPFC, the SSSC and the TCSC. However, the particular focus
of this thesis has been the use of the TCSC for closed-loop power flow control. A
technical review of the published literature outlined the key issues regarding this
particular form of closed-loop control. In particular, Chapter Two outlined two
distinct control strategies that have been proposed for closed-loop power flow control,
namely the constant power strategy and the constant angle strategy. In addition,
Chapter Two considered the issue of the appropriate speed of response of a power

flow controller and briefly described the range of response rates that have been
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proposed by other researchers. The objective of this thesis was to consider the effect
of both a fast and slow acting power flow controller on the stability characteristics of
the study system. These investigations were to be conducted for each of the two
possible modes of power flow control proposed in the literature in order to identify
the effects on the dynamic and transient behaviour of the study system. Finally, a
power flow controller design approach was identified from the literature review in
Chapter Two, that enables a simplified system representation of a more-detailed study

system to be used for controller gain design purposes.

7.3. Design of Power Flow Controllers

Chapter Three initially focussed on explaining the concepts of power flow control and
then subsequently described the design and implementation of a power flow control
scheme in a single-machine infinite bus (SMIB) study system. In particular, the
various components that comprise the SMIB study system together with their
functionality were discussed. Using the example of the SMIB study system presented
in Chapter Three, the operating principles of both the constant power strategy and

constant angle strategy of power flow control were described in detail.

Chapter Three also included a theoretical derivation of the method used in the thesis
for designing the power flow controller to meet a specified settling time in its
dynamic response. In addition a numerical example was presented in which the power
flow controller gains were determined for a particular operating condition and various
settling times in the SMIB study system. By utilising the design method discussed in
Chapter Three, suitable controller gains were calculated for power flow controller

settling times of 5, 10 and 25s for use in subsequent studies in later chapters.
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7.4. Simulation Models Developed

Chapter Four described the development of detailed simulation models of the single
machine infinite bus study system, and of a two-area, four-generator study system.
The topology of the single machine infinite bus study system was based on a similar
system considered by others, but in this study the system parameters were based on
the equipment in the Machines Research Laboratory at the University of KwaZulu-
Natal. The four-generator study system was based on a well-known system that has
been used extensively by other researchers to study inter-area mode oscillation
problems. Chapter Four presented a brief description of the original four-generator
study system and subsequently outlined the various modifications made to the original
study system for the evaluation of inter-area mode oscillations in the presence of a
power flow controller. Chapter Four also described the detailed simulation models of

the TCSC that were developed for each study system.

Finally Chapter Four provided a detailed description of the simulation model of the
power flow controller itself that was developed for both the SMIB study system and
the four-generator study system. A block diagram of the power flow controller was
shown for each study system, and for each mode of control, in order to demonstrate
how manipulation of the reactance of the TCSC is used to force the additional
dispatched power in the system to be transferred by specific transmission lines in each
case. The simulation models developed in Chapter Four were used in the subsequent
investigations carried out on both the SMIB study system and four-generator study

system 1n the remainder of the thesis.
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7.5. Findings of the Thesis

7.5.1. Influence of Power Flow Controller on a Single-Machine Infinite Bus
Study System

The literature review in Chapter Two identified two distinct strategies that have been
proposed for controlling the flow of power in an interconnected transmission network
using a particular FACTS device; each of these control strategies was implemented on
the SMIB study system in order to then analyse the stability characteristics of the
system. However, before analysing the effect that each mode of power flow control
has on the small and large signal stability characteristics of the study system, the basic
operating characteristics of the two modes of control were verified. The two
objectives of this initial verification exercise were, firstly, to ensure that each mode of
the power flow controller operated correctly (i.e. the power transfer in each
transmission line was scheduled accordingly depending on the mode of control) and
secondly, to confirm that the response rate of the power flow controller correlated
with the designed response time. The findings from this exercise confirmed that both

objectives were attained for a particular settling time.

Subsequently Chapter Five then examined the impact that each of the two modes of
power flow control has on the small-signal stability characteristics of the SMIB study
system when the power flow controller is designed to operate for different settling
times. Using the design method described in Chapter Three the controller gains were
computed for the three settling times of 5, 10 and 25 seconds — for each of these
settling times, and for both modes of power flow control, the response of the study
system was examined. The results from the small-signal investigation yielded the

following findings:

(a) In both modes of power flow control (constant power and constant angle) the
closed-loop power flow controller has a progressively larger influence on the
damping of the system’s electromechanical oscillations as the settling time of

the controller is made shorter.
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(b)  However, the nature of the influence of the power flow controller on small-

signal damping was shown to be control mode dependent, that is

(1) in constant power mode of control the influence was shown to be
beneficial — as the settling time of the power flow controller is made
shorter, the rate of decay of the system’s electromechanical oscillations

becomes more pronounced;

(i1)  in constant angle mode, the influence was shown to be detrimental — as
the settling time of the power flow controller is made shorter, the rate
of decay of the system’s electromechanical oscillations becomes less

pronounced.

Although the reasons for this opposite influence of each mode of control on small-
signal damping were not examined in detail, a clear conclusion was drawn: the
constant angle mode of control with a short settling time is detrimental to the system’s
inherent damping, and as such a supplementary damping controller would be required
in conjunction with the power flow controller, in a practical implementation of such a

scheme.

The investigations in Chapter Five then considered the effect of the two closed-loop
power flow control strategies on the large signal stability characteristics of the SMIB
study system. As in the case of the small-signal investigation, the study system was
initially analysed for the case when the power flow controller was disabled and then
subsequently with the power flow controller enabled for each mode of control. These
investigations were conducted to evaluate the transient stability characteristics of the
SMIB study system for each mode of control. Comparison of the constant power and
constant angle mode results showed that the power flow controller in each mode of
control responds in the opposite manner to a short circuit fault: in constant power
mode of control the power flow controller responds to a short circuit fault by initially

increasing the degree of compensation provided by the TCSC, thereby increasing the

Conclusion



Chapter Seven Page 7-6

amount of power transferred out of the generator; in constant angle mode of control
the power flow controller responds to a short circuit fault by initially decreasing the
degree of compensation provided by the TCSC, thereby reducing the amount of power
dispatched by the generator. Comparison of the rotor angle response of the generator
following a short circuit fault for each mode of control led to the following findings:
the power flow controller influences the first swing stability characteristics of the

generator in both modes of control. In particular,

(a) the amplitude of the generator’s first swing is reduced when the power
flow controller is operated in constant power mode as compared to the

response when the power flow controller is disabled;

(b) by contrast, the amplitude of the generator’s first swing is increased
when the power flow controller is opérated in constant angle mode as

compared to the response when the power flow controller is disabled.

These findings from the transient stability studies correlated with those of the small-
signal investigations, where the power flow controller operating in constant power
mode of control was shown to be beneficial to small-signal stability, whereas when
operating in constant angle mode of control it was found to be detrimental to system

stability.

7.5.2. Influence of Power Flow Controller on a Four-Generator Study System

Chapter Six of the thesis considered the implementation of a TCSC-based power flow
controller in a well-known, two-area, four-generator study system in order to examine
the influence of the power flow control strategies and their response times on the
inter-area mode oscillations of the study system. Initially Chapter Six reviewed the
small-signal characteristics of the original four-generator study system as presented in
[8], which included the system’s eigenvalues and mode shapes. Simulation results

were then presented using a detailed real-time simulator model of the modified four-
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generator study system to ensure that this modified study system still exhibited the

same essential inter-area mode characteristics as the original study system.

In addition, Chapter Six verified the operation of the power flow controller for both
the constant power and constant angle modes of control. Once again, the two aspects
that were verified were firstly, the correct scheduling of the power transfers along the
parallel transmission lines in both the constant power and constant angle modes, and
secondly, the rate at which the power ﬂoW controller adjusted the controlled variable

to track the desired power flow for each of the two control modes.

Chapter Six then considered the influence of the power flow controller on the inter-
area mode oscillations of study system for the case when the power system stabilisers
in the study system were disabled. In particular, the investigations were conducted for
each of the two modes of power flow control and for three different controller settling
times. Analysis of the results showed that with the power system stabilisers disabled,
the power flow controller influences the damping of the inter-area mode oscillations
of the study system. The nature of this influence was again shown to be mode
dependent. In constant power mode the influence is beneficial: as the settling time of
the power flow controller is made shorter, the inter-area mode oscillations of the study
system become less negatively damped. Conversely in constant angle mode of
control, the influence is detrimental: as the settling time of the power flow is made

shorter the system’s inter-area mode oscillations became more negatively damped.

Finally Chapter Six examined the effect of the power flow controller on the
performance of the power system stabilisers in the study system for each of the two
modes of power flow control. The results from the simulations demonstrated that the
impact of the power system stabilisers is influenced by the action of the power flow
controller. In particular the power flow controller operating in the constant power
mode of control results in the inter-area mode oscillations of the study system being
more positively damped than is the case when the stabilisers operate when no power

flow control is employed. The power flow controller operating in the constant angle
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mode of control results in the inter-area mode oscillations of the system being less
positively damped in comparison with the response when stabilisers operate with the
power flow controller disabled. The findings obtained from the study conducted in
Chapter Six thus demonstrated that the power flow controller operating in the constant
power mode of control, in conjunction with the power system stabilisers, could be
used as an effective tool to successfully alleviate inter-area mode oscillations in a

multi-generator system.

7.6. Further Work

This thesis set out to investigate the application of a TCSC for closed-loop power
flow control in an ac transmission system. However, it was not possible to cover
every aspect of the research problem. Nonetheless, the results obtained from the thesis
have identified certain issues that require a more thorough treatment. Thus the
particular areas that could not be addressed in this thesis and require further research

work are highlighted below.

a) The small-signal analysis could be extended by developing linearised models
of the study systems to allow for quantitative analysis of the trends established

in the thesis.

b) In the stability studies for the single machine infinite bus study system, the
torsional dynamics of the turbine shaft of the synchronous machine were not
considered as part of the simulation model. Thus in order to simulate the
characteristics of the synchronous machine more accurately, a more detailed
multi-mass model of the synchronous machine’s mechanical shaft should be
considered; this will allow any impact of power flow control strategies on

shaft torsional phenomena to be studied.

c) Part of the thesis focussed on the transient stability characteristics of the SMIB
study system, in particular when a three-phase, short-circuit fault was applied
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d)

on the uncompensated line. This study could be extended by considering the
impact of a three-phase, short-circuit fault applied on the compensated line

itself for each mode of power flow control.

The results presented on the SMIB study system for both the small-signal and
large signal stability characteristics showed that the constant angle mode of
control is detrimental to both the transient and dynamic stability of the study
system. As such, this study could be extended by considering the inclusion of
a damping controller and transient stability controller in conjunction with the
power flow controller, in order to improve the transient and small-signal
stability characteristics of the SMIB study system in the constant angle mode

of operation.

Finally, practical implementation of the power flow controllers developed in
the thesis could be considered using the laboratory-scale TCSC that has been

developed by other researchers in the Machines Research Laboratory.
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APPENDIX A

PARAMETERS OF THE SINGLE MACHINE INFINITE
BUS (SMIB) STUDY SYSTEM

This Appendix lists the parameters used in the SMIB study system in Chapter Five.
This appendix also includes the PSCAD representation of the SMIB study system

together with the TCSC internal controls and power flow controller models.

A.l. Parameters of the study system

A.1.1 Generators

R, =0.005 p.u
X4 =0.920 p.u
Xd =03 pu
X4y =022pu
X4 =0.51 p.u
Xy =0228pu
X? =0290p.u
T =52s
Ta” =0.0295s
T =0.85s
T =0.034s
H =5.68144s

Base Voltage = 0.22 kV 1.ims)
Base Current = 0.007873 kA ms)
Base Power =3 kVA

Parameters of the Single-Machine Infinite Bus (SMIB) Study System
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A.1.2 Trapsmission Line System

Line L1 & L2: Ry =0.033 p.u.
XL =0.75p.u
Base Power =3kVA
Base Voltage = 0.22kV

A.1.3 Transformer

Rrrer =0p.u
XTRFR =0.13p.u
Base Power =3kVA
Base Voltage =0.22kV

A.1.4 Thyristor-Controlled Series Capacitor

Xc =0.124 p.u
XL =0.025 p.u
Base Power =3kVA
Base Voltage =0.22kV

Parameters of the Single-Machine Infinite Bus (SMIB) Study System
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Appendix A

A.2. PSCAD Representation of the SMIB study system
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Fig A.1: A detailed PSCAD representation of the SMIB study system
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Appendix A

A.3. Detailed Representation of the TCSC with its Internal Controls and the

Power Controller Model.
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APPENDIX B

PARAMETERS OF THE FOUR-GENERATOR SYSTEM
AND THE DESIGN OF THE CONTROLLER GAINS

This Appendix lists the parameters used in the four-generator study system in Chapter
Six and outlines the method used to design the power flow controller gains in the
four-generator system. In addition this appendix includes the RCSAD representation
of the four-generator system complete with the TCSC internal controls and power

flow controller model.

B.1. Parameters of the Study System

B.1.1 Generators

R, =0.0025 p.u

Xy =0.2pu

X4 =1.8p.u

Xy =03pu

Xy” =025pu

X4 =1.7pu

Xy =0.55pu

Xy? =025pu

Ta> =80s

Ta” =0.03s

Te> =04s

Tew” =0.05s

H = 6.5s [for G1 and G2]
H =6.175s [for G3 and G4]

Base Voltage =20 kV
Base Power =900 MVA

Parameters of the Four-Generator System and the Design of the Controller Gains
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B.1.2 Transmission Line System

r =0.0001 p.u./km
XL =0.001 p.u./km
bc =0.00175 p.u./km

Base power =900MVA
Base voltage =230kV

B.1.3 Transformer
RTRFR =0.0 p-u
XTRFR =0.15 p-u
Base power =900MVA

Base voltage =20/230kV

B.1.4 Initial Conditions

Gl: P=700MW, 0 = 185MVar, E,=1.03220.2°

G2: P=700MW, 0 =235MVar, E,=1.01£10.5°

G3: P=719MW, Q= 176MVar, E,=1032-6.8°

G4: P=700MW, 0 =202MVar, E,=101£-17.0°
B.1.5 Loads

Bus 7: PL=96TMW, 0L =100MVar, Oc =200MVar

Bus 9: P =176TMW, O, = 100MVar, Oc=350MVar

Parameters of the Four-Generator System and the Design of the Controller Gains
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B.1.6 Thyristor-Controlled Series Capacitor

C =0.255p.u
L =0.044 p.u
Base power =900MVA
Base voltage = 230kV

B.2. Design Method for Power Flow Controller Gains

This particular subsection illustrates the design method followed for obtaining the
proportional and integral gains for the power flow controller in the studies of Chapter
Six. However before getting into the computational steps, a brief overview of the
parameters of the system will be highlighted. Firstly in order to decide on a desired
operating point, the TCSC’s reactance order (X,rqer) Was set to a value of 2. For this
steady state reactance order a detailed simulation model in Fig B.2 was executed with
the power flow controller loop disabled. During this condition the relevant parameters

were measured:

Power Flow in the Transmission Line
PTCSC =0.178 p.u

P, =0.1408 p.u.

P;  =0.1408 p.u.

Output Power of Generator’s

Pci =0.83pu.
Ps; =0.82pu
PG3 =(0.85 pu

Pgs =0.82pu

Parameters of the Four-Generator System and the Design of the Controller Gains
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Bus Voltages

Similarly as in section 3.3.3, the bus voltages are measured at the coupling point of

the transmission lines. The bus voltages measured were:

Vs =099 pu
Vg =0.999 p.u

TCSC Data

The set-point value for the TCSC’s reactance order (Xorer 0) Was chosen to be a fixed
value of 2. This resulted in the net compensating reactance (Xtcsc o) having a

magnitude of 0.509 p.u.

Transmission Line Data

In order to apply the design approach adopted in Chapter 3, the four-generator study
system has to be simplified into a paralle] transmission network with two equivalent
transmission lines. Thus the transmission lines L2 and L3 are simplified to form one
equivalent line L,/;. The parameters of line L,/ are:

Rys  =0.099 pu

Xun =099 pu

| i | afula et dir =
| VRfE - slo! | V(s L
I Ry 18, TCSC 1 1 %, 1
) ) 1 R; 181, ICsC 1
! Ll I 1 L1 1
] ] 1 ]
I . i —
! R, iX1, Fu1 : i R :
i 12 P—" i ! ‘ Rz X 1
| ! ! i 1
)¢ 12 13 1 Lz]n
: b R; 1Ly : | 12113 :
1 f ] 1
] I ] Pm,m ]
: fis : : :
e e e e e e = = 4 e c e e e s e e e e e e 4
Transmission System 5 ]
Transmission System

Fig. B.1 Diagram of the actual transmission system and simplified system for power

flow controller design purposes
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Using the parameters obtained from the RSCAD simulation, the transmission angle &

can be computed from equation 3.
Rearranging equation 5, and solving for 3, yields,

5= Prcsc ‘XL "chsci
el

~ 0.178]1.980~0.509)
~ 0.991]0.999

=15.32°

Now using the transmission angle 8, the plant gain can be calculated using equation

(12),

Vile
> sind

K =Xg—m—mm—
(XL "chsco)

PLANT — “*C

0.991(]0.999]
(1.980 -0.509)

=(0.255) sin(15.32)

=0.0308

In this example a settling time (Ts) of 5s will be considered. For this settling time, a
desired time constant tp = 1s and the 1z = 0.1s is specified. With the values for

KpLanT, Tp, Tz established, the controller gains Kp and K can be determined using

equations (15) and (16) as follows:

Parameters of the Four-Generator System and the Design of the Controller Gains
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1

K, =——————=36.07
" 0.0308(1~-0.1)

_ 0.1
" 0.0308(1-0.1)

=3.607

The numerical example shown above illustrates how the feedback controller can be
designed to achieve a specific seftling time for power flow control in the four-
generator study system of Fig B.2 at a particular operating point. The same design
procedure can thus be used to obtain a range of different power flow controller

response times for comparative analysis.

Parameters of the Four-Generator System and the Design of the Controller Gains
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B.3. Four-Generator Study system

An eleven-bus four-generator study system considered for analysis in Chapter Four

and Six is depicted in Fig B.2 below.
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Figure B.2: An eleven bus four-generator study system
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B.4. RSCAD Representation of the Four-Generator Model
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Fig B.3: Detailed RSCAD representation of the modified four-generator study system
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B.5. TCSC Internal Control Model and Power Flow Controller Model

Fig B.4: Detailed RSCAD representation of the TCSC internal controls and power

Slow controller model
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